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THE COLOUR OF DYES AND STERIC
HINDRANCE IN THEIR MOLECULES

A.I.Kiprianov, G.G.Dyadyusha,
and F.A. Mikhailenko

Steric hindrance in the molecules of organic dyes has a
marked influence on their colour, ability to fluoresce,
solubility, and many other physical and chemical proper~
ties. The presence of steric hindrance in the molecule

quite often makes a dye unsuitable for practical application.

With direct dyes the rule exists !»2 that factors — includ-
ing steric hindrance — which disturb bond conjugation
weaken the affinity of the dye for the fibre, and may result
in complete loss of this affinity. Moreover, steric
hindrance lowers the intensity of absorption, so that dyes
having non-planar molecules yield weaker colours?.

Steric hindrance in the molecules of cyanine dyes sharply
diminishes their ability to sensitise a silver halide emul-
sion4. Thus the problem of steric hindrance in the mole-
cules of organic dyes is of great practical importance.

The chief method for detecting steric hindrance in dye
molecules, as in other organic compounds, consists in
examining their absorption in the visible or the ultraviolet
region of the spectrum.

The absorption spectra of organic compounds depend to
a considerable extent on the spatial arrangement of the
atoms in their molecules, and sometimes this factor is
dominant. The intense and longer-wavelength absorption
bands typical of dyes (Burawoy's K bands$) are associated
with 7-7* electronic transitions, and are caused by the
presence in the molecule of an extended system of con-
jugated double and single bonds, the chromophore®.
Henceforward we shall confine our discussion to these
bands.

Hiickel” and Pauling ® showed that the maximum con-
jugation of multiple bonds is achieved when the molecule
has a planar structure, since the axes of the p orbitals
are then parallel, and the orbitals overlap to the maxi-
mum extent. This theoretical conclusion was sub-
sequently confirmed by the X -ray examination of a large
number of compounds containing systems of conjugated
bonds (trans-stilbene, phthalocyanines, cyanine dyes,
etc.).

According to the conclusions of quantum-mechanical
theory and the results of X-ray structural analysis, the
principal structural features of an organic dye molecule
are: (1) atoms forming part of the conjugated bond sys-
tem lie in the same plane; (2) the angles between the
bonds involving atoms in the conjugated chain are close to
120°; (3) double bonds in conjugated chains are usually
arranged in tvans—frans-positions; and (4) the lengths of
bonds between directly linked atoms in the conjugated
chain lie within the range 1.34-1.48 A (the lengths of
bonds between carbon atoms in buta-1,3-diene).

These rules may break down when bulky substituents
are present in the conjugated system or adjacent to it.
The departures from the normal geometry of the molecule
are due to steric hindrance and the mutual repulsion of
atoms which are not directly interlinked. If normal
angles and a planar structure had been preserved in the mole~
cule, these atoms would have been very close together.

Repulsive forces fall off very rapidly with increase in
the interatomic distance. When the latter exceeds the
sum of the van der Waals radii, repulsion between the
atoms dies away. The van der Waals radii correspond to
the minimum distances between atoms in various molecules
and molecular crystals, and can be determined from X-ray
data.

According to Kitaigorodskii® the van der Waals radii of
atoms and radicals remain constant to within 0.01 A on
passing from the molecule of one substance to that of
another. The van der Waals radii of several atoms and
radicals, determined by the above method, are listed in
Table 1.t

It must be remembered, however, that, as a result of
some compression of the electron clouds, atoms can
approach, without any considerable consumption of energy,
to distances less than the sum of the van der Waals radii.
Magat !! introduced the concept of “effective” radii of
atoms and radicals as a limit closer than which atoms
could not approach. These effective radii or radii of
action depend on the temperature in the sense that the
higher the temperature the greater the energy of the
colliding atoms, and the more strongly are they deformed
on collision.

Although repulsive forces begin to act at distances equal
to the sum of the van der Waals radii, the radii of action
are in practice more suitable for detecting steric hindrance

TABLE 1.

H1.20 A 51.85 A
C1.80 A  CH, 2.00 A
N1.50 A (C;Hs) 1.70 A*
0 1.40

* Half the thickness
of an aromatic ring.
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in a molecule. The radii of action of atoms and radicals
are known only very roughly. In the case of atoms con-
taining 7 electrons, they have different values parallel and
perpendicular to the plane of the molecule. In view of
the difficulty of determining radii of action, somewhat
diminished van der Waals radii are often employed 2.
Some workers !3 use the relationship :

o
Ract =Rgoy+ 0.8 Al

The presence or absence of steric hindrance in a planar
conjugated molecule is established by drawing the mole-
cule graphically to scale with the normal bond lengths and
valency angles. Around each atom or radical is described
a circle of radius corresponding to the radius of action.
Steric hindrance is then detected from the overlapping of
circles belonging to atoms or radicals which are not
directly interlinked.

Table 2 gives bond lengths, bond angles, and radii of
action for the most important atoms and radicals occurring
in dye moleculest.

Fig. 1 shows as example a graphical representation of
the cation of 2,2’ ,9-trimethylcarbocyanine (I).!* It indi-
cates that a coplanar conformation of this cation is
impossible.

More accurate information on steric hindrance is pro-
vided by Stuart-Briegleb molecular models ¢, which not
only enable steric hindrance to be detected in a molecule
but also permit the extent of breakdown of molecular
coplanarity to be estimated. In these models interatomic

TABLE 2,
Length of bond, A Radius of action, Au Angle*

C=C 1.543 H 1.08 cC C

C...C (benzene) 1.387 C 1.40 \é’ 125°
Cc=C 1.353 N 1.35 cC C

Cc-0 1.43 (¢] 1.26 \s/ 105°
C—N 1.475 S 1.67 cC C

CoN (pyridine) 1.37 cH, L8 N\g s
C=N 1.291.31 CHy 20 C C

C—-S 1.78—1.82 N4 105°
C—H 1.007—1.10 (o]

@Jiﬂm

du,

T Fuller data on bond lengths and angles in various organic
compounds can be found in Wheland's book .
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distances and angles are strictly fixed, while atoms are
incompressible. The only variable parameters are pro-
vided by the angles of displacement about bonds. By con-
structing the model in such a way that atoms are located as
close as possible to a single common plane, we can mea-
sure or calculate angles of displacement about individual
bonds. Fig.2 illustrates a Stuart-Briegleb model of the
dye (II).

From simple geometrical considerations it may be
supposed that steric hindrance changes the structure of a
molecule in three ways — (1) by the stretching of bonds
between atoms, (2) by the distortion of valency angles in a
plane, and (3) by displacement about a bond, with one part
of the molecule emerging from the plane of the remainder.

Actually, however, bond lengths remain almost
unchanged, since the energy required to stretch C-C
and C=C bonds is very large (3.25 and 7.05 kcal mole™!
respectively to lengthen these bonds by 0.01 A, Con-
siderably less effort is necessary to distort valency angles

The energy of deformation of the H>C\

angle in the methane molecule and of the >C= angle in
the ethylene molecule by 5.73° (0.1 radian) is respectively
0.39 and 0.26 kcal mole~t.” However, displacement about
a bond occurs most easily, as about an axis of rotation.
The energy of displacement by 0.1 radian about an
ethylenic (C=C) and an aromatic (C-C) bond is respec-
tively 0.24 and 0.08 kcal mole™.!* For a bond which
approximates to a single bond, this energy is close to
zero. It follows from these results that the primary
effect of steric hindrance will generally be displacement
about bonds, which will occur more readily the closer a
given bond approximates to a single bond.

in a plane.

When considering the effect of steric hindrance on the
absorption spectrum of a molecule containing a system of
conjugated bonds, we must also bear in mind that the
stretching of bonds and the distortion of valency angles
have relatively little effect on the conjugation of 7 elec-
trons ®, whereas rotation about a bond reflects the axes of
p-electron orbitals from their parallel arrangement. The
m-electron interaction energy varies with the square of the
cosine of the angle of deflection?°~22, On rotation through
90°, the atomic p orbitals cease to interact.

Let us now examine the changes in absorption spectrum
resulting from steric hindrance and the breakdown of
molecular coplanarity in the light-absorbing substance.
These changes consist firstly in a displacement in the
absorption band, which is usually characterised by the
change in wavelength corresponding to maximum absorp-
tion (A\max). Secondly a change, usually a decrease, occurs
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in the intensity of absorption, which is characterised by
the molecular extinction at the absorption maximum (€mgx).

The decrease in absorption intensity is a direct con-
sequence of the diminished mutual overlap of p orbitals in
the conjugated system when its coplanarity breaks down.
A fall in molecular extinction is therefore the first sign of
the appearance of steric hindrance in the absorbing mole-
cule.

The displacement of the absorption band is rather more
complicated, since it may occur either towards longer or
towards shorter wavelengths. Thus methyl-trans-stil-
bene (IV) absorbs at shorter wavelengths than does trans-
-stilbene (III)23:

(] (]
\/I\C/” \ I\c/”
1 )
IAVAN JPAVAN
'3
0 0

A
Amax 294 nm, loge 4.44 Anax 272 nm, loge 4.30
) )

NN-Dimethyl-o-toluidine (VI) absorbs at shorter wave-
lengths than does dimethylaniline (V)24

CH,\N _CH, CH,\N _CHy
I I
() 8
\V4 AV
Amax 300mm, €13.9%10° A .. 277 nm, € 6,0 X 10°
V) (VD)

In 1942 Brunings and Corwin?® were the first to show that
steric hindrance in the dipyrrylmethene (VIII) produces not
a hypsochromic but a bathochromic shift:

o

o o} 0
Il I I il
H5C20—C Hy  HsG —O0CyHs HsC,0—~C Hy  HsC C—0CsHs
nac—z—_gi—t Ha el N CHJ;—C”“
N N
i - |
}ll X éHa X

¥
- ] CHs
470 am, € 13,5 x 10* Amax 510 nm, € 5.7 x 104

(vin {vin

’\mﬂx
A bathochromic shift has been observed to accompany
steric hindrance in Chichibabin's hydrocarbon (IX)?2é:

R H R=H A, 574nm,

Hicﬁ\cj%liﬁ loge 4.9

/ "= Hs R=CH; Apay 597 nm,

HsCe \—_<H R 10353.6 .
(1X)

Absorption of light occurs in the visible and ultraviolet
regions when the energy of the quanta of incident light coincide
with that of the electronic transitions of the molecule from
the ground state to an excited state. The frequency of the
adsorbed light is determined by the difference in energy
between ground and excited states according to the well-
~-known Bohr formula
= E'—E .

c
V=
A h

Hence, in order to ascertain how the frequency (or
wavelength) absorbed by the molecule changes under the
influence of steric hindrance, we must know what changes
are produced thereby in the energy of the ground and of the
excited states (steric hindrance always increases the
energy of a molecule in comparison with one that is free
from steric hindrance).

If steric hindrance increases the energy of the excited
state more than it does that of the ground state, the mole-
cule will absorb light of higher frequency: i.e. the absorp-
tion band will shift to shorter wavelengths, and a hypso-
chromic shift in the absorption band will be observed. In
the opposite case, when steric hindrance increases the
energy of the ground state more than that of the excited
state, the molecule will absorb light of lower frequency:
the absorption band will be displaced to longer wavelengths
(bathochromic shift).

Applying the LCAO approximation?’, we determine the
order of the mobile (7-electron) bond p+s as the derivative
of the energy E of the 7 electrons with respect to the
exchange integral By of the m-electron orbitals of the
atoms 7 and s forming the given bond:

_ 1 _¢E
Drs 2—63,5 .

As we have seen, the influence of steric hindrance on
absorption spectra is due to the disturbance of m-electron
conjugation, represented by a decrease in the absolute
magnitude of the exchange integral 8ys. If the change in
the exchange integral is small, the corresponding change
in the m-electron energy is 2:

dE = ai By = 2prs dBys.

Since excitation involves no change in the relative posi-
tions of atoms, the change in exchange integral produced
by steric hindrance is the same in ground and excited
states. The difference in the change in energy of ground
E, and excited E’ states should depend on the difference in
bond order between ground po,rs and excited ps s states:

d(E'—Ey) = 2dB (pr‘s — Po,rs)-

The exchange integral is a negative quantity. When it
decreases in absolute magnitude, dBys is positive. If,
therefore, the bond order is greater in the excited than in
the ground state, i.e. if pys - py,ps > 0, the energy of the
transition E’ - E, increases, since d(E’ - E,;) > 0, and we
should observe a hypsochromic shift. When, on the other
hand, p#s - Poys < Oandd(E’ - E,) <0, a bathochromic
shift should be observed. In the particular case in which
P#s = bo,ys =02and d(E’ - Ey) = 0, steric hindrance does not
affect the position of the absorption maximum, although it
may influence the fine structure and the intensity of
absorption.

The bond order in the chain of conjugation in a molecule
in its ground state can be determined?® by X-ray examina-
tion of its length. Some information can be obtained from
infrared and Raman spectra 3. The experimental deter-
mination of bond orders in the excited state of a molecule
is difficullt, but some information can be obtained from the
vibrational structure of the absorption bands 3!,

However, the order of the bonds in which we are
interested (only the contribution of the 7 electrons to the
bond order is taken into account), in both ground and
excited states, can be calculated to a sufficiently close
approximation by quantum-mechanical methods. Calcu-
lations by the molecular orbital method are most readily
available. They show that the order of the central bond in
biphenyl (X) increases on excitation. This is consistent
with the observed hypsochromic shift when the coplanarity
of the phenyl groups breaks down:

ground state (X) excited state
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In just the same way calculation shows, in agreement with
experiment, that the order of the bond between the cyclic
system and the carbonyl group in azulene-1-aldehyde (XI)
is lower in the excited state than in the ground state 28:

H~—C=0
excited state

H—C=0 [6:40)
ground state
The comparatively small change in order of the similar
bond in acryladehyde (XII) explains why no shift in its
absorption maximum under the influence of steric hindrance
is observed in its derivatives 28:

CH2=CH0.(13
ground state

C=0 CH,=CH%&_C-0
excited state

&xm

Similar calculations (with the usual values for the para-
meters oy = o + 8 and Bcy = 8 %2) show that the excitation of
symmetrical polymethine dyes is accompanied by a decrease
in order of all bonds in the polymethine chain, for example
(with only the differences pys - Py, indicated)

~0.124 ~0,12¢ —0.124 —0.124 N -, -
oN 1 cu H cH NR, \—aow Hi 0.040 N
x-
(xm) & (x1v) llz X~
—0.029  —0.029 + S e
RyN NR2 + |—o0-048  —0.048
(XV) X~ _
b ox (xvn &
AN =
| —0.032  —0-021  —0.021 —0.032
re H H CH N
b ox- (xXvin )
This rule does not extend to unsymmetrical dyes. For

the 4-p-dimethylaminostyrylpyridinium cation (XVIII) cal-
culation indicates that excitation will be accompanied by
an increase in order of the “single” bonds and a decrease
in that of the “double” bond:

+0,078 +0.110 —0.227 +0-115
RyN: CH=—==—=CH —R
(XViI) X~

Similar calculations have been made for bianthronyls3,
stilbene 3, and nitro-derivatives 35.

Quantum-chemical methods are also useful in enabling
general tendencies and regularities to be detected in the
changes in bond order accompanying excitation. It has
been shown from symmetry considerations, for example,
that the order of the central bond in compounds of general
formula A-A increases on excitation if this bond is single
when the formula is writtenin theusual way, and decreases
if the bond is double or triple (except in the case of
cumulenes) 8. Similar principles have been formulated
for the central bonds of symmetrical compounds of
general formula Hal-X=Hal*, i.e. for dyes %.

If we have data on bond orders only in the ground state,
we can guess the most probable direction of the change.
In fact, if the bond about which deflection occurs is of low
order in the ground state, cases in which this bond will
have a still lower order should be more rarely met than
cases in which it will be of a higher order in the excited
state. 1If, one the other hand, the bond is of high order in
the ground state, it is more likely to have a lower order
in the excited state. It must be borne in mind here that,
on the average, bond orders are lower in an excited state
than in the ground state.

364

This follows from the fact that the energy of a molecule
is an additive function of the bond energies, which are pro-
portional to the bond orders. According to the definition
of bond order which we have adopted, the coefficient of
proportionality between the energy and the order of a bond
should be double the exchange integral. Actually, if

E' =E,+2 3 prfrss

r<s
we have

The mean decrease in bond order on excitation depends
on the transition energy and the number of bonds » involved
in the absorption of light. Writing the mean values p
and B, we obtain

23 pefs = 258 7 — = EEe.
r<s

Substituting in this formula B = 73.2 kcal mole~! 3, the
transition energy, and # = 4 for the dye (XIII) (Amax 409 nm),
we obtain p’ - p, = -0.119, in good agreement with the value
of -0.124 calculated by the molecular orbital method. It
follows from the relationship which has been obtained that
the smaller the transition energy and the larger the number
of bonds, the smaller is the difference in bond order be-
tween ground and excited states. This means that, as the
molecule becomes more complicated and the colour of the
substance deeper, steric hindrance exerts an ever diminish-
ing effect on the transition energy (the displacement of the
absorption band expressed in frequency units decreases).
But this does not mean that the shift in the absorption
maximum expressed in wavelength units should be smaller,
under otherwise similar conditions, in more deeply
coloured substances, since the sensitivity of the wave-
lengths of absorption maxima to changes in transition
energy increases rapidly with increase in wavelength. In
fact if follows from Apax = V nhx that dAgax = -2 %uxd Vinax -

The conclusion that bond orders on the average decrease
on excitation indicates a tendency of steric hindrance to
cause bathochromic shifts. However, deflection about a
bond which approaches a single bond in character requires
less energy, and occurs first if there is a choice®. On
the same principle sterically hindered compounds have a
smaller energy content and are more stable the lower the
order of the bond, rotation about which destroys the con-
jugation. Therefore we more often meet hypsochromic
shifts.

Bond orders in ground and excited states can be esti-
mated also by other quantum-chemical methods, e.g. the
valence bond method. With this method it must be borne
in mind that the “percentage double-bondedness” is
ambigucus owing to a certain arbitrariness in the choice of
canonical structures, and bond orders must be determined
by Penney's method®®. The inconvenience associated with
this last method, as well as the necessity of taking into
account ionic structures for the excited state, complicate
application of the valence bond method in comparison with
the molecular orbital method. Nevertheless, an empirical
approximation of this method, known as the theory of
resonance, -enables the relative orders of difference bonds
in the ground state, or the ratio of the orders of the same
bond in ground and excited states, to be determined simply
and clearly. The conclusions of this simple method do
not usually differ qualitatively from those of the molecular
orbital method. Thus the general conclusion that deflec-
tion about bonds of low order should result in hypsochromic
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shifts, whereas deflection about bonds of high order should
result in bathochromic shifts, was first obtained by
Wheland ¥ on the basis of this particular method.

We can illustrate the application of resonance theory by
an example “°: the change from the styryl dye (XIX), having
an unsubstituted chain, to its methyl derivative (XX) is
accompanied by a diminished intensity of absorption and a
marked displacement of the absorption band to shorter
wavelengths:

@Vc—m CH—@-—N(CHS), @:Vc—c CH—@—WCH“;

C?H

Amax 528 nm, € 11.0 x 10* Am" 481 nm, € 6.2 x 10*
(X1%) (XX)

In the latter dye (XX) steric hindrance arises between the
methyl group in the chain and the sulphur atom or the
N-alkyl group. This interference forces the benzothia-
zole ring system to be deflected through a certain angle
about its bond with the neighbouring carbon atom in the
chain as axis, this bond being predominantly single in the
ground state. On the other hand, the absorption maximum
is displaced to longer wavelengths in merocyanine dyes,
e.g. on passing from (XXI), whose chain is unsubstituted,
to its methyl derivative (XXII):

e \_s ,>:2:m_/ L.

|
CH,

U

éH, (!Hx
Amax 521 nm, € 9.13 x 10* Anax 542 nm,  7.75 x 104
(XXI) (XX11)
In contrast to (XX), the bond about which the ring system
turns in the dye (XXII) in the ground state approximates to
a double bond, not a single bond.

The structure of the molecule of (XIX) in both ground
and excited states is intermediate between the struc-
tures (XIXa ) and XIXb)

CHs -

(X!Xa) {XIXh)
the former predominating in the ground state, and the
latter in the excited state. A similar situation is found
in the dye (XX). Denoting by E, the energy of compound
(XIX) in the ground state and by E} that of compound (XX),
and by E and E{ the energies of these compounds in the
excited state, we find that E{ differs little from E,, since
deflection about a single bond requires no great con-
sumption of energy. But Eix exceeds Ee, since deflec-
tion about a double bond requires a considerable consump-
tion of energy. Consequently the quantum of energy
absorbed by the molecule (XX) kv’ = E& - Ej exceeds that
absorbed by the molecule (XIX) hv = E« - E,. Hence

v >,
o= Uge=iye

Ha (XX1a) CH: (XX1b) Ha

In the case of merocyanines in which a non-polar struc-
ture, e.g. (XXIa), predominates in the ground state,
whereas a polarised structure (e.g. XXIb), predominates
in the excited state, the energy relationships between
ground and excited states are the reverse of those above,
and v’ < v.

In the case of symmetrical polymethine dyes, all
carbon-carbon bonds in the polymethine chain have the
same length of 1.40-1.41 A, as has been shown for the
thiacarbocyanine (XXIII) 4

Qom0 Qpmaromer gD
!Hl aHy

sHs
lXXllh) (XX111b)

The fact that steric hindrance in these dyes produces
bathochromic shifts 2 is explained by the theory of
resonance in terms of diminished interaction between the
limiting structures — (XXIIIa) and (XXIIIb)4® — resulting
from the breakdown of conjugation. The same effect can
be explained by a decrease in bond order in the excited
state in comparison with the ground state owing to the
great weight of bipolar structures of the type (XXIIIc) in
the excited state 4.

o® HHH_C,%;D
:Hs

by

(XXlllc)

These explanations do not contradict, but on the con-
trary supplement, one another. It is impossible to say in
advance which of the effects should be the more important.
This depends on the structure of the given dye. Contrary
to Scheibe's original idea *4, it must be remembered that
completely symmetrical structures, e.g. (XXIVa)

L CH=NG S (xxiv

duy x= dw,

cannot be involved in an incompletely symmetrical excited
state4s. Therefore increase in the weight of such struc-
tures, as e.g. in the compounds (XXV) and (XXVI), results
in a decrease in bond order not in the excited but in the
ground state:

CH; CH:

Apax 388 nm, € 3.04 x 10* Amax 364 nm, € 2.26 x 10*
{(XXV) {(XXVD

As a consequence, steric hindrance in these compounds
produces hypsochromic shifts ¢, instead of the batho-
chromic shifts which are usual for symmetrical dyes.

In the examination of experimental data, it is often
difficult to assess the “pure” effect of steric hindrance,
especially if it is caused by strong electron-donor or
electron-acceptor substituents. In cases of this kind,
steric and electronic effects are superposed, and are
difficult to separate. In the investigation of steric effects,
therefore, they are usually produced by introducing bulky
alkyl groups, whose electronic effect is minimal+4?.

Data known to us on the effect of steric hindrance on the
colour of dyes can be separated, to some extent arbitrarily,
into two groups. The first group comprises cases in which
steric hindrance prevents conjugation of a substituent with
the main chromophore of the molecule. The second group
consists of cases in which the coplanarity of parts of the
chromophore itself is destroyed by steric hindrance.

The effect of steric hindrance on a substituent in a dye
molecule is in general fairly simply revealed. The steric
hindrance forces the substituent out of coplanarity with the
chrowophore, and thus diminishes or altogether eliminates
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its effect on the absorption of light. An example is pro-
vided by replacing the methyl group in the 2-methylbenz-
imidazolium cation (XXVII) by phenyl, which produces a

bathochromic effect 48:
N\
L

H
|
NS
V —CHj
H HSO7

H HSO,
Amax 275 nm, € 0,096 X 10*  Apay 300 nm, € 2,76 x 10*
(XX V11D

(xxvin -

Zz-—T

This effect almost disappears if methyl groups are
attached to the nitrogen atoms, for they prevent the phenyl
from lying in the plane of the heterocycle:

G
N\
o L
(‘;]-[3 cior (l.‘Ha Cl03
277 om, € 0,84 x 10* Amax 280 nm, € 1,52 x 10*
1ax x
(XX1X) {(XXX)

Introduction of a substituent ovtho to a dialkylamino- or
a nitro-group in an aromatic ring produces a hypsochromic
displacement of the absorption band owing to steric
hindrance . Let us examine in this connection the absorp-
tion of thiacarbocyanines of general formula

'C—CH=CH—CH=—=!
T <10

J;/; X |lq

(XXX1)

which were investigated by Kiprianov and Zhmurova %°,
Comparison of dyes 4 and I in Table 3 shows that the
introduction of two dimethylamino-groups into the thia-
carbocyanine cation considerably deepens the colour and
diminishes its intensity (the latter effect being associated
with a broadening of the absorption band). If methyl
radicals are introduced ortho to the dimethylamino-groups
(dye 5), some breakdown occurs in the coplanarity and
conjugation of the dimethylamino-groups with the benzene
rings, and their influence on the colour is somewhat
weakened. In fact we see that the absorption maximum of
dye 5 approaches that of dye 2, and the intensity of absorp-
tion increases. The more bulky t-butyl groups force the
dimethylamino-groups still further out of the plane of the
benzene rings, and practically eliminate their effect on the
colour. The narrow and intense absorption band of dye 6
almost coincides with that of dye 3. In this case steric
hindrance has a similar effect to protons binding unshared
electron pairs in dimethylamino-groups (dye 7).

Similar rules were observed by Levkoev et al.5! on the
introduction of halogen atoms o7tho to dimethylamino-
-groups in thiacarbocyanines.

TABLE 3,
Dye No. R R’ R* /\m. nm 10™¢
H 4
3 C(CHy)s H CH, 563 14,9
i H N(CHa) CH, 808 8.2
5 CHy N(CH,) cH, 575 104
6 C (CHy)s N, CHy 570 141
7 H NH (CHy)y CoHs 558 16.4
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TABLE 4,
R P — 107
H 475 3.20
CH 433 2.20
CH, 25 2.18
iso-C,H, 420 1.86
In azo dyes having the structure
R\
Ve —N—¢ — |
N~ S—N=N—_ N0,

(XXXII)

substituents R o7tho to the dimethylamino-group diminish
its auxochromic action and weaken the colour 52 (Table 4).

If the substituent forms a ring with the amino-group, fixing
the latter in the plane of the benzene ring (dye XXXIH), it
intensifies instead of weakening the colour:

2P0

(XXX

Amax 496 nm,

€3.,6 x10*

Aryl radicals in the 4,4'-positions of the cations of
thiazolo- and oxazolo-cyanines have little effect on the
absorption of light by these dyes, whereas the same aryls
in the 5,5’-positions greatly deepen the colour3*~%5. It
was suggested that, as a result of steric hindrance, aryl
groups in the 4,4'-positions are not coplanar with the
thiazole or oxazole rings:

Q _(u;>c-—cu —cxH—cn‘-({N _Q

2 s

2=5,0)
(XXX1V)

This hypothesis could be confirmeds® by comparing the
absorption curves of the sulphate (XXXV) and the ethyl
sulphate (XXXVI) of 4-phenyl-2-styrylthiazoles:

Q_H@c—-w:cu—@ Hﬁ}—cn:cn—@
)

H HSO(™ CiHs  CiHsSO
Apax 358 nm, € 2.4 X 10* Amax 355 nm, € 1,82 x 10*
(XXXV) (XXXVID)

Steric hindrance was practically absent in the cation of the
sulphate, and the phenyl group produced a bathochromic
displacement of the absorption maximum.

Experimental data on the effect of steric hindrance in
the chromophores of dyes are far more varied. Cyanine
dyes form the most convenient subject for investigations of
this type. In them the length of the conjugated chain can
be altered comparatively easily, as can substituents
differing in bulk and electronic character be introduced
into it, and hydrogen atoms substituted in the heterocyclic
rings. Displacements of maxima resulting from the
appearance of steric hindrance can be very conveniently
observed in cyanine dyes, with their narrow and intense
absorption bands.

The first systematic investigation in this field was
undertaken by Scheibe . He found that introduction of a
methyl group into position 3 of the pseudocyanine
dye (XXXVI), with the formation of (XXXVII), produces
no shift in the absorption maximum if methyl groups are
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attached to the nitrogen atoms. Replacement of these
methyl by ethyl groups produces a bathochromic shift:

\‘ F7CHTIN 7 4+ —CH
)
&n x~ CHs } X~ IIZ

3
Amax 522 nm

(XXXVID) (XXX VIIT)

The substantial change in the absorption maximum on
passing from methyl to ethyl groups attached to the nitro-
gen atoms in itself shows that steric hindrance is involved
here. Passing from (XXXVII) to the dyes (XXXIX)

and (XL) will give an increase in steric hindrance and a
sharp increase in the bathochromic shift:

CH2 C,Hs

g (L A

¢ = +

oy =0

| X
x— Cﬁ; Cy H, X~ CaHs
Amax 575 om Apax 583 nm
(XXX1X) (Xp)

Brooker et al.* showed that the previously mentioned
Brunings-Corwin effect was associated with a loss of
coplanarity, not with the electronic character of the methyl
group. In the vinylogue (XLI) of dipyrrylmethane,
replacement by methyl groups of the hydrogen atoms
attached to the nitrogen atoms produces merely a slight
hypsochromic shift, since the coplanarity of the molecule
is not thereby disturbed:

o

QO
I . !

—C S C—0CyH:
HgC20—C CHjs H;C _ Hs oy Amay 59 am
HAC & CH=CH—CH +—CHs R =CHa )\max 581 nm
N’
N

| X~ |
R (XLD) R

Brooker found an effect, similar to that described for
dyes (XXXVII) and (XXXVIII), on introducing an alkyl
radical into the methine group of pseudocyanines:

X
(xwm)

—Z+

R R Apaxam
CH,4 H 520
CH, CH,  574.5
CeHs 522.5

A H
CH, CHy 584

Similar facts had been observed even before Brooker's
work. They had either remained unnoticed, as occurred,
for example, with the indocyanines

CHy CH. CHy CHy
N N
e WIS VDS ) S g

@ cloT@ (xLum @ ~a+2\ /5

R=H  Apay 482 nm R=H Ay, 482um

R = CeHs Ayay 518 nm R = GeHs A, 526 nm
synthesised by K6nig5® in 1925, or were puzzling. Thus
Gotze ™ in 1936 was the first to prepare meso-methylthia-
-2-quinocyanine (XLIV, R = CH,), but he thought that he
was dealing with a more complicated substance, since its

R
R=CH, Apayg523 R=C,H; Apqey535nm

violet colour differed sharply from the orange colour of the
unsubstituted dyet:

=0
|

CoHs - CoHs
R=H Apgy 486 nm; R=CH, Apqy 545 m®
(XLIV)

Bathochromic shifts accompanying the introduction of
bulky alkyl substituents into the methine groups of mono-
methinecyanines were observed by Kiprianov and Ushenko 4
and by Fry and Kendall®2 in thiacyanines, by Jeffreys
and Knott®? in pyrrolocyanines, and by Hamer ¢ in unsym-
metrical cyanines.

Kiprianov et al.®* showed that this effect is actually
associated with steric hindrance. Studying the mono-
methinecyanines (XLV), they found that replacement of the
methine hydrogen atom by a methyl group produces no
steric hindrance if hydrogen atoms are attached to the
nitrogen atoms. Such replacement results in a loss of
coplanarity and a bathochromic shift only when alkyl groups
are attached 4o the nitrogen atoms:

(xLv)
R R’ Apax wn

CH, H 4%
H CH, 42
CH, CH, 465

A meso-methyl group does not give rise to steric
hindrance in the thiacarbocyanines (XLVI, R = CH,)4. The
slight hypsochromic shift without appreciable decrease in
intensity is explained by its electronic effect®. In the
dye (XLVI, R = C¢H,) the phenyl group, because of steric
hindrance, lies in a plane perpendicular to the rest of the
molecule. Conjugation of the phenyl group with the
chromophore of the dye disappears, and the group has no
significant effect on the colour 9:

ot

|
CqHs CgHs

(XLvop

R=H A, 558 nm, R =CHy Apgy 543 nm,* R=CeH; Apax 560 nm

Even the introduction of polar substituents — N(CH,),,
OH, O° ~ into the para position of this phenyl group does
not significantly affect the absorption maximum 8.

Brooker observed an interesting phenomenon, which he
termed allopolar isomerism %, in some trinuclear dyes.
The dye (XLVII) can be represented by three limiting
structures, a non-polar form (XLVIIa) and two bipolar

1 The non-planar structure of this dye was confirmed in 1960
by X-ray examination, the angle between the planes of the quinoline
and the benzothiazole rings being 60°, &1
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structures — (XLVIIb) and (XLVIIc) — having the same

energy:
5N /
C=CH—C—CH=C{
v I N
HsCo ozc\/c'\c_cﬂ3 CoHs
Hs Cg~—N—]
(XLVIla)
SN /S 5N $
@ Y —cuzi—cnzc\N /C:CH—?:CH—Cg_;D
N
{ |
HsCy - /\?__CH‘ g HsC: o= .y, CeHs
£ )
HsCe—N—N HsCy—N—
(XLVIlb) (XLVIlc)

As can be seen from Fig. 3, it is not possible for all three
ring systems in the dye (XLVII) to lie in the same plane: at
least one of them must be perpendicular to the other two.

In a polar solvent (methanol) this dye gives an absorp-
tion curve (Fig. 4B) which is typical of thiacarbocyanines.
Hence the molecule is polarised in methanolic solution,
the two benzothiazole systems lying in one plane, while the
pyrazolone ring, withanegative charge on the carbonyl oxy-
gen atom, is deflected from this plane as a result of rota-
tion about the single bond, as in structures (XLVIIb)
and (XLVIIc) (Fig.3B). In a non-polar solvent (lutidine)
the absorption curve (Fig. 4C) is quite different in shape,
resembling that of a merocyanine based on a benzothiazole
and a pyrazolone ring. It is obvious that in lutidine solu-
tion the benzothiazole and pyrazolone systems lie in the
same plane, while the second benzothiazole ring system is
deflected out of this plane — structures (XLVIIa)
and (XLVIIb) (Fig. 3C).

Introduction of a methyl group into the meso position of the
2,2'-carbocyanine (XLVII) now causes steric hindrance "°,
which is eliminated by deflection of the quinoline rings
about the bonds of the polymethine chain. The consequence
is a bathochromic shift:

I A R Z
s —cH=t—c
x— |
éH’ (XLVIH) CHa
In the dye (XLVII) with R = C H, the phenyl group lies in a
plane perpendicular to that of the chromophore, but even
in this position it, like the methyl group, causes steric
hindrance.

R=H Amax 607 nm, ™
R=CH; Ay, 649 um,’
R=CeHs Apqy 648 nm,™

Fig.3.
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Kiprianov and his coworkers have shown that alkyl or
aryl groups in the ay positions of the polymethine chain of
thiacarbocyanines (XLIX) cause steric hindrance 42,72:

R R’ Apax BR
CH, H 559

S\ l|2 RY . CHy CH, 577
@ f—czcn—é=c\::© CHy; GH, 571
y _ ! CH, iso-CH, 576

X CHy CoHs 580

R
CHs H 565
CeHs CH, 602

(XLIX)

Deflection of the benzothiazole ring systems about the
bonds of the polymethine chain results in a bathochromic
shift, which is especially marked if phenyl radicals are
attached to the nitrogen atoms.

An interesting case occurs when steric hindrance
present in a lower vinylogue because of the large
volume of the ring systems of the dye disappears when the
polymethine chain is lengthened. For example, 9,9’-bi-
fluorenylidene (L) is more deeply coloured than is its
vinylogue (LI)73. In the non-coplanar dye (L) the ring sys-
tems have been deflected about a bond which approximates
to a double bond. This has led to a bathochromic shift in
the absorption maximum exceeding the vinylene shift in the
maximum on passing from (L) to (LI).

A a0

458 nm 444 nm
x x

w (Ln
A similar phenomenon is observed in the quinone
methides (LII) and (LIII)?4.

@S\C=CH—CH— O
Lo O

Amax 551 nm Apax 537 om
(L - (L

In xanthocyanine (LIV, 7 = 0) the bathochromic shift
due to breakdown of coplanarity is detected from the
decrease in the vinylene shift on passing fromn =0
ton = 1278

CH,

& &, o
=0 Apgy 648 am } 7 om
IS = H—(CH=CH).— n=1 Apgy 705 am
O — B=2 Apgy 785am } 80 nm
X~ \ n=3 865 nm 80 om
(L) W/ Mmax }

The considerable breakdown in coplanarity in acridino-
methinecyanine (LV) is detected from the very low extinction
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of this dye and the wide absorption band without any dis-

tinct maximum 43:

ch—'f\'{f‘ \ CH

N—CH,
L 5

(LV)

In dyes having a high degree of electronic asymmetry
the effect of steric hindrance will depend on the order of
the bond about which the ring systems of the dye have been
deflected.

In styryls (LVI) with substituents in the 8 or o position,
deflection of the benzothiazole and benzene ring systems
occurs about bonds of diminished order, resulting in a
hypsochromic shift 78:

i N(CH —H R'=H Ay, 530um
@\c c= c—Q— s R=CH, R'=H ’\mi 481 om
R=H R'=CH, My, 518mm

H
taty u.vn

Similar results were obtained by Brooker 43 and by Hamer .

The presence of steric hindrance in the styryl dye (LVII)
has been confirmed by Kiprianov and Tolmachev, who
showed that its analogue (LVII), in which steric hindrance
should not be present, absorbs at considerably longer
wavelengths 77:

CH; CH'«
C[V/C_LCH_@MCHJM CL o Do,
CH, X
Amax 478 nm Am‘ 496 nm

LvID LV

The bonds between the heterocyclic systems and the
neighbouring methine groups in merocyanines (LIX) are of
high order, and deflection of the rings about these bonds
results in bathochromic shifts?8:

R R
l AN
=C— <]: C=S CH, 540
/ | | CHs H 536
O=C-—N—CN; H CH; 532
C=H.
(LIX)

Kiprianov and Dyadusha !5 made a spectroscopic study of
steric hindrance in symmetrical and unsymmetrical
meso-phenylcarbocyanines. They showed that in the
4,4’ -pyridocarbocyanines (LX) a meso-phenyl group pro-
duces no change in the absorption maximum, as in the case
of the thiacarbocyanines discussed earlier:

R=H )Lmuﬁosmn,n CeH, ).mxsoam
(L

A phenyl group in the same position in 2,2’-pyridocarbo-
cyanines (LXI) results in appreciable steric hindrance, asin
the dye (XLVIIO, R = C¢H;). Deflection of the rings about
bonds in the polymethine chain produces a bathochromic

shift:
{
(j—cn_c—crl

CH; X~ LH,
R=H Apay 559 nm; R=CgH; Apay 606 nm
(LX)

In unsymmetrical dyes (LXII) bonds of higher and lower
order alternate in the chain. The degree of non-
-equivalence of the bonds is measured by the deviation 79,8
(the displacement, towards shorter wavelengths, of the
absorption maximum of the unsymmetrical dye from the
arithmetic mean of the absorption maxima of the corres-
ponding symmetrical dyes):

R=H Amay 536 nm

OCH.———C—C H‘—(\SD deviation 22,5 nm
é“’ - R=CgH; Apgy 544 nm
deviation 39 nm

(Lxi)

In the dye (LXM) with R = CgH, steric hindrance between
the pyridine ring and the phenyl group is removed by rota-
tion about a bond (shown by the arrow in the formula) of
rather diminished order. This results in a smaller batho-
chromic shift on passing from the dye (LXII) with R = H to
the corresponding dye with R = CgH, compared with the
similar bathochromic shift in the dye (LXI). Deflection of
the pyridine ring about a bond of diminished order results
in a still greater decrease in the order of this bond, and
hence in an increase in the deviation. With a sufficiently
large difference in basic character between the ring sys-
tems, as e.g. in the dye (LXIII), the bathochromic shift is
replaced by a hypsochromic shift:

Olol o™ D

éH; X
R=H A,y 509 nm; R=CgH, )sm-x460nm
(Lxun

Kiprianov and Mikhailenko have investigated, on poly-
methine dyes of several types, how displacement of the
absorption maximum changes with variation in the order of
the bond about which the ring systems of the dye are
deflected. In styryl dyes (LXIV)4° the first of the two
limiting structures

poet et

(Cﬂsh
(LX]V:)
CHa
©:« Fc——cuz'@:N(CHs):
3
(LX1Vb)

predominates in the ground state, and deflection of the
benzothiazole ring system caused by interference with the
methyl group takes place about a bond which approaches a
single bond in character. The consequence of this is a
hypsochromic shift in the absorption maximum on passing
from the dye with an unsubstituted chain to its methyl
derivative. However, the order of this bond — marked
by an arrow in formula (LXIVa) — can be to some extent
varied by introducing various polar substituents into the
benzothiazole system. The electron-donor dimethylamino-
-group, where R = N(CH,),, by increasing the basic
strength of the benzothiazole moiety still further stabilises
structure (LXIVa), lowers the order of the bond shown by
the arrow, and increases the hypsochromic displacement
of the maximum to 80 nm. The electron-acceptor nitro-
-group (R = NO,) will give the opposite effect (hypso-
chromic shift decreases to 50 nm) (Table 5).

In the unsymmetrical carbocyanine (LXV) having an
unsubstituted chain (R = R’ = H) the cationic charge is
located predominantly on the more basic ring system (with
the dimethylamino-group in position 6), and the bond @ is
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TABLE 5. TABLE 6.
R IA)‘M,((H - CH,), nm Solvent A)‘max(:'m" CHyk Solvent A)\mx(:'m‘ CHal
N (CHs), 80 W —
N%: * g(i) M::l::nol _g;, él:leot::&rm iié
600
closer to a single bond, while bond b is closer to a double
bond (deviation 15 nm)3':
(NN (Lxvi, R=H)
e b ™
£
<):H, x- b, _§ 500

R=H R’'=H Anax 586 nm, deviation 15 nm, 3 (Lxvi, k=ch,)

R=CH; R'=H Ay, 556 nm, deviation 44.5 nm, o

R=H R’=CH; Apay 601 nm, deviation 7 nm.

(LXV) 00 30 700

Replacement by methyl of the methine hydrogen adjacent to pyridine, %
thebond @ — dye (LXV) with R = CH, and R’ = H — shifts 5
the absorption maximum to shorter wavelengths, whereas Fig.5.
similar substitution in the methine group adjacent to
bond 6 (R = H and R’ = CH,) displaces the absorption maxi-
mum to longer wavelengths, compared with the dye having
an unsubstituted chain, although the steric hindrance is the with the percentage of pyridine in the water. It is seen

same in the two dyes. In dye (LXV) with R = CH, and

R’ = H, as also in dye (LXH) with R = C;H;, deflection of
the left-hand benzothiazole system about a bond of lower
order increases the deviation to 44.5 nm. Deflection of
the right-hand ring system about bond b in dye (LXV) with
R = H and R’ = CH, lowers the order of this bond. The
electronic asymmetry of the dye is diminished, as is evi-
dent from the decrease in the deviation to 7 nm.

Similar phenomena are observed in unsymmetrical
carbocyanines (LXVI) made up of quinoline ring system
(the more basic) and a 6-nitrobenzothiazole system (the
less basic).

In the zwitterionic anhydro-bases of the p-hydroxy-
styrenes

R
Sl OO
"
é“ (LXVIila) Hs (LXVIIb)

the order of individual bonds in the conjugated chain can
be varied as desired by dissolving the dye in solvents of
different polarities. This is the explanation of the solvato-
chromism of zwitterionic dyes 8. The bond marked by
the arrow in formulae (LXVIIa) and (LXVIIDb) is closer to a
single bond in polar solvents, and closer to a double bond
in non-polar solvents. In conformity with this, substitu-
tion of methyl for hydrogen as the radical R in the dye
(LXVI) will give different displacements of the absorption
maximum depending on the solvent, as can be seen from
Table 6.7¢

If the zwitterionic dyes — (LXVII), R=HandR =
= CH, — are dissolved not in pure solvents but in mix-
tures of the weakly polar pyridine and the strongly polar
water, smooth curves are obtained showing how the dis-
placement (H — CH,) in the absorption maximum varies
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from Fig.5 that, as the pyridine content increases (the
polarity decreases), the colour of the anhydro-bases
deepens, the order of the bond marked by an arrow in-
creases, and the curve of the dye with R = CH, approaches
the curve for the anhydro-base having an unsubstituted
chain (the hypsochromic shift decreases). With a mixture
containing 90% of pyridine, the bonds in the chromophore
of the anhydro-base level out (the colour being the deepest),
and in this region the hypsochromic shift changes to a
bathochromic shift.

Bulky polar substituents may have two effects — steric
and electronic — and it is often difficult to determine the
proportion of each. The introduction of phenyl and p-
-nitrophenyl radicals into the methine group of a mono-
methinecyanine (LXVIII, R = H) causes a bathochromic
shift. These radicals undoubtedly lie in a plane perpendi-
cular to that of the heterocyclic ring systems, and the
observed bathochromic shifts are due, as in the case of
the methyl group, solely to steric effects ®°:

A ? R Amay om
+z = H 486
<N CH, 545
H -
H,

CgHs 552
p-CeH NO, 548

{Lxvin COOC,H; 474

When, however, the hydrogen atom is substituted by an
ethoxycarbonyl group, a hypsochromic instead of a batho-
chromic shift is observed, owing to the predominating
electronic effect of the ethoxycarbonyl group. It is known
that negative substituents in the a position of a chain
should give a hypsochromic displacement of the absorption
band 88,84'

In the styryls (LXIX), the two effects act in the same
direction, which explains the comparatively large hypso-
chromic shift when R = COOC,H,:

R=H Amax 525 nm
@ /C_C=CH N(CHy) R=CH, )‘max 460 nm
R:=COO0C,Hj; Amax 418 nm

(LXIX)
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The effect of polar substituents in the meso position of
thiacarbocyanines is determined solely by the electronic
effect: electron-donor substituents produce a hypsochromic
shift %5, whereas electron-acceptor substituents produce a
bathochromic shift 86,87,

Alkoxy- and aroxy-groups in the ay positions of the thia-
carbocyanine (LXX) cause a bathochromic shift72,88,88 = the
magnitude of which is little affected by the nature of the

aryl:
f R Amax a0
—Cc= = H 558
@:} SEnCOR T
cE,
Hs :Hs p-OC,
’ (LXX) p- OC.H4OéHs 590

565
The slight decrease in intensity compared with the dye
having an unsubstituted chain and the fact that the dye with
R = C¢H, is a good sensitiser ¢ indicate that the electronic
effect predominates in this case.

The effect of steric hindrance on the colour of dyes of
other classes has been far less studied than in the case of

polymethine dyes.
OH
@*N
(Lxxi

(LXX111) Hy

Brode and his coworkers ®%°! studied the effect of steric
hindrance in bisazo dyes which are derivatives of biphenyl.
They found that the absorption curve of the dye (LXXI) with
R = CH, resembles that of the dyes (LXXII) and (LXXII):
i.e. there is no conjugation between the biphenyl rings in
the first of these three dyes. Similar results have been
reported in a series of papers by Krasovitskii%2.

Di- and tri-arylmethane dyes having a symmetrical
distribution of the electron cloud resemble symmetrical
polymethine dyes. In Crystal Violet

W /CHs
He W AN en,

\c/k/

/ \

I

hd

N_  X-
Hy *\CH, (LXXIV)

only the nitrogen and the central carbon atom lie in the
same plane, owing to steric interference (of the o7vtho-
-hydrogen atoms). The benzene rings have been turned
relative to one another in such a way that the structure of
the dye resembles a three-bladed propeller. Calculation
shows that each benzene ring should turn through 18°.93

The introduction of methyl groups o7tko to the central
carbon atom results in further deflection of the rings about
bonds of enhanced order, which leads to an increase in the
bathochromic shift (Table 7)9¢. The uniform displacement
of the absorption maximum with increasing number of
o-methyl groups suggests that all three rings have been
deflected to the same extent (in the 2,2’ 2”-trimethyl
derivative the angle of deflection should be about 34°).

But the 2,6-dimethyl derivative gives a larger shift per
methyl group. It is possible that in this case the xylidine

TABLE 7.

Methylated Crystal Violets | A gy nm Methylated Crystal Violets A maxs M

2,22 “Trimethyl 814

Crystal Violet (LXXIV) 589
2.6-Dimethyl 614.5

2-Methyl 597
2,2 “Dimethyl 805

ring has been greatly rotated, and the charge is con-
centrated on the two dimethylaniline rings, as in Malachite
Green. Similar results have been obtained for Michler's
Hydrol Blue.

Barker % fixed two rings of Crystal Violet in a plane by
means of an additional valency bond, but obtained an
unexpected result: the dye (LXXV) proved to be more
deeply coloured than Crystal Violet. This result was sub-
sequently explained by formation of the new C~C bond and
the greater possibility of conjugation of the rings 9%,°7.

CH,
H,C/ .—/\/ \CH,
\c/
Q X~ Ampax 647 nm
H,C{ *\cw8
(LXXV)

A phenomenon analogous to Brooker's allopolar iso-
merism was observed by Hiinig®® in sterically hindered
triphenylmethane dyes. Of the two possible systems of
conjugation in tetramethyldiaminofuchsone (LXXVI) — the
dimethylaminofuchsone system (broken line in the formula)
and the Malachite Green system (dotted line in the
formula) — only the former is developed. The dye has
one absorption maximum, which migrates with change in
the polarity of the solvent:

HaC\.:'
HyC”

In the dyes (LXXVII) and (LXXVIII), which exhibit great
steric hindrance, the quinone ring is turned relative to the
rest of the molecule, and partly emerges from conjugation:

(LXXVI)

H,c\

HgC
H,C\

(LXXVID HyC

(LXXVIIE)

The spectra of these dyes now reveal two systems of con-
jugation (the dyes each have two absorption maxima, one of
which migrates with change in the polarity of the medium).
When acid is added to solutions of the dyes, only the
absorption maximum remains which does not vary with
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change in the solvent, and this undoubtedly belongs to the
conjugation system of Malachite Green.

N
In the indaniline dye (LXXIX, R = H) the ¢/ \C angle

is less than 180°, and a value of 120° has been assumed®®
by analogy with cis -azobenzene:

(IIR\(/ \N (CHg)y

(LXXIX)

R=H Ay, 634nm
R=CH, Ap,, 653nm

Steric hindrance in the dye (LXXIX, R = CH,) between one
of the o-methyl groups and the dimethylaniline ring is
eliminated only by turning the quinone ring about the double
bond, which causes a bathochromic shift. Rotation of the
dimethylaniline ring about the single bond does not elimin-
ate steric hindrance, which remains between one of the
methyl groups and the plane of the benzene ring of the
dimethylaniline ®. 1In the dye (LXXX, R = CH,), on the
other hand, the dimethylaniline ring turns about a bond
which is close to a single bond, with a hypsochromic shift
as a consequence 01;

IT RA/\N (CHy)

(LXXX)

R=H Apqy 630 nm
R=CH, Apey 61012m

Although the order of the central bond in indigo (0.628) 12
is less than that of an aromatic bond (0.667), it should
decrease on excitation, as has been shown by Dyadyusha %.
This explains the bathochromic shift on passing from
indigo (LXXXI, R = H) to dimethylindigo (LXXXI, R = CH,),
in which Weinstein and Wyman assume the presence of
steric hindrance 13:

@ /°’° I]

(LXXXI)

R=H A . 591n+m
R=CH, A 644.50m

Hofer et al.!? showed that steric hindrance inhibits the
fluorescence of cyanine dyes. Indocyanines (LXXXII) and
4-quinocyanines (LXXXIII) fluoresce only when » = 2 or
above. This observation was confirmed by Kiprianov
and Ushenko %4, who also observed that sterically hindered
dyes show practically no fluorescence.

HiC, /CHy HsCy
@v/ —(CH==C H) s=—=CH==!

b Ln
T (Lxxxm fl

H,c,—%dﬁﬂﬂ);—cvg‘ctﬂi
{LXXXIH)

Finally, the effect of steric hindrance on the thermo-
chromism of spiropyrans (LXXXIV), which has been
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studied by Koelsch '°5, must be noted. The thermochrom-
ism of colourless spiropyrans (LXXXIV, R = H) is due to
their conversion with ring-opening into a coloured form:

/R -
v A

e

In the spiropyran (LXXXIV) with R = CH,, the form with
opened rings exhibits greater steric hindrance than the
spiro-form, in which the rings are mutually perpendicular:
therefore ring-opening does not occur, and thermochromism
is not observed.

(LKXX!V)

Dibenzospiropyran (LXXXV) is non-thermochromic,
since conversion into the form with open rings involves the
formation of an unstable o-benzoquinone ring. Benzo-
naphthospiropyran (LXXXVI, R = R’ = H) exhibits thermo-
chromism, probably with the formation of a naphtha-
quinone ring.

XD

(LXXXV) (LXXXVI)

In this connection, the difference between the spiro-
pyrans (LXXXVI, R = CH, and R’ = H) and (LXXXVI, R = H
and R’ = CH,) is interesting. The former is thermo-
ehromic, since formation of the modification with open
rings occurs without strain. The latter compound does
not exhibit thermochromism, since formation of the
modification with open rings involves steric hindrance.
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