Proceedings

The Effects of Terminal Groups in 4-Aminoazobenzene
and Disperse Dyes Related Thereto

GEOFFREY HALLAS

Department of Colour Chemistry and Dyeing
The University
Leeds LS2 9JT

The changes brought about by structural variations on the
properties of disperse dves derived from 4-aminoazobenzene
and related compounds are described and discussed, with
particular reference to modifications in terminal substituents,
Relationships between electronic effects, steric effects,
tautomeric equilibria and colour, and berween fastness
properties and dye structure are examined,

Paper presented to the Leeds Studenr Section on 5 December
1978, and to the Bradford Student Section on 30 January
1979,

Introduction

Dyes based on 4-aminoazobenzene and related heterocyclic
compounds have been the subject of intense patent activity by
the dye manufacturers for many years and the structural
variations encountered are almost endless. Nevertheless,
research has proceeded along fairty well-defined lines [1-4],
and the most important group of dyes is represented by the
general formula 1. This type of structure can be classed as a
donor—acceptor chromogen [5] in which the 7 elecirons are
polarized in the ground state since, in general, substituents X,
Y and Z (when present) are electron withdrawing, whereas A
and B groups are electron donating. Variations in R' and R?
are often associated with changes in substantivity, light- and
wet-fastness properties [1]; these substituents also have an
effect on the hue. Dyes in this group are especially important
for polyester fibre, and recent wark has been concerned with
improvements in fastness properties. In this connection, useful
reviews on structural factors affecting the fastness to light of
dyed fibres [6] and on relations between the molecular
structures of dyes and their technical properties [7] are
included in the final volume of the Venkataraman series.
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Although the patent literature contains many examples of
dye structures, it is often difficult to discover the actual
constitutions of commercial products. However, modern
physico—chemical techniques, such as nuclear magnetic
resonance spectroscopy and mass spectra, have greatly
strengthened the analytical approach to dyestuff chemistry
and several disclosures have appeared in a recent book edijted
by Venkataraman [8). Thus, for example, C.I. Disperse Red
72 (C.I. 11114) (II) and C.I. Disperse Blue 165 (C.I. 11077)
(IIT) both belong to the general category [
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Intensive efforts have been made in the investigation of
analogous dyes in which a heterocyclic system replaces one or
both of the carbocyclic systems in structure I [1,4,9,10].
Many different heterocyclic diazo components have been
studied, especially derivatives of thiazole, isothiazole, thio-
phene and the thiadiazoles, owing to the marked batho-
chromic effect of such groups when compared with the
corresponding benzenoid compounds. Fewer heterocyclic
coupling components have been cited which are related to
dialkylanilines; of some interest are dyes (IV) derived from
2-amino-4-arylthiazole, in which the presence of an electron-
donating substituent in the 4-aryl group gives rise to a green
disperse dye for polyester fibre [11]. Quaternization of
heterocyclic azo disperse dyes can lead to useful basic dyes
suitable for acrylic fibres, as in the case of dye V [12].
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Much of the research by dye manufacturers is concerned
with ringing the structural changes in dyes of formula [, and
reiated compounds, in order to design products for particular
application processes or of certain standards of fastness
[3,10]. It is impertant to realise that structural variations can
improve one property at the expense of another and also that
inter-relationships are often complex. Some of these relation-
ships will now be considered under several separate headings
for convenience,

Electronic Effects and Colour

The parent 4-aminoazobenzene (VI; R' = R* = X = H) is
yellow and absorbs maximally at 385 nm (e 24,500) in ethanol
(Table 1) [13]. Tt is of interest to point out that, of the three
aminoazobenzenes, dye VI (R' = R? = X = H) is the least
bathochromic isomer, contrary to the predictions of resonance
theory but in accordance with PPP molecular orbital calcula-
tions [5]. These results [14] demonstrate that in dye VI and
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TABLE 1

Absorption Bands of some Derivatives of 4-Aminoazobenzene

(VI

R! R? X Amax/nm loge A\/nm AX/nm
H H H 385b 4.39

H Et H 400¢ 442 15fF

Et Et H 415b 447 30f
C,H,OH C,H,OH H 407¢ 447 22f —8¢g
C;H,C1 C;H,C1 H 3974 441 12f —18¢
C,H,CN C,H,CN H 382¢ 429 —3f _33
H H NO, 444e 4.43

H Et NO, 468 450 24h

Et Et NO, 490b 456 46h
C,H,0H C,H;OH NO, 475¢ 448 3ihb —15i
C,H,Cl C;H4C1 NO, 446d 4.50 2h —-44i
C,HsCN C,H4;CN  NO, 432¢ 447 —12h —58i

agolvent ethanol fRelative to (VI; R' = R* = X = H)

bRef, 13 gRelative to (VE; R' = R? = Et, X = H)
CRef. 16 hgelative to (VI; R! = R* = H, X = NO,)
dRef, 38 iRelative to (VI; R! = R? = Et, X = NO,)
€Ref. 28

analogous compounds the visible electronic transition involves
a migration of electron density from the donor group towards
the azo group; alkylation of the terminal amino group
increases the electron-donating strength of the substituent and
leads to bathochromic shifts (Table 1). The position of Ag,y
is related to the basicity of the nitrogen atom of the coupling
component [10]. Thus, the introduction of electron-
withdrawing substituents into the terminal alkyl groups leads
to hypsochromic shifts of the visible absorption band (Table
1) f10,15,16]. It is clear that the inductive electron with-
drawal by OH, Cl and CN is relayed to the amino nitrogen
atom; preliminary experiments [17] show that the hypso-
chromic effect of a morpholino group (VI R'R* =
—C,H,;0C,H,—) is virtually as great as that of two §-cyano-
ethyl substituents.

The introduction of an electron-withdrawing group into
ring A of dye VI produces a bathochromic movement of the
long wavelength absorption band (Table 1). In this type of
system it is usually observed that, for a given series of dyes,
the wavelength shift produced by an acceptor substituent (X)
is approximately related to the appropriate Hammett o-con-
stant [5,16—20]. This finding can be accounted for qua-
litatively in terms of the valence—bond resonance approach
[21]. Thus, the parent dye system may be regarded as a
resonance hybrid of two extreme canonical structures, VI and
VI, of different energies. Factors which tend to bring the two
structures closer in energy lead to bathochromic shifts of the
first band. Consequently, the high-energy dipolar structure
(VII) is stabilized when X is an electron-withdrawing group, so
that such substituents exert a bathochromic effect. Additivity
of substituent effects in ring A of dye VI is apparent in the
absence of steric complications [22—24].

th?w=N r KRt RGN—NGNR'RZ
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The effect of electron-donating groups in ring A of dye VI
and related compounds is less straightforward, In the parent
system (VI; R! = R? = Me) donor substituents such as Me and
OMe have little effect on the position of the visible absorption
band [18]; when X = NMe, a marked bathochromic shift (43
nm) is found, but such substitution leads to a symmetrical
contrapolarized system [25] . It is curious that donor groups in
the closely related terminally bridged julolidine (VIII) and
lilolidine (IX) dyes give rise to bathochromic and hypso-
chromic effects, respectively (Table 2) [19,20,22]. Thus, for
example, the introduction of a methoxy group into dye VIII

TABLE 2

Comparison between Julolidine and Lilolidine Derivatives
(VIII and IX)?

Am ax/nm
X Dye VIIId Dye IXe Alnm Op
OMe 452b 417 35 -0.27
Me  446b 422 24 -0.17
H 442b 425 17 0
Br 464b 448 16 0.23
CF3 471b 461 10 0.54
CN  496¢ 487 9 0.66
NO, 52l¢ 515 6 0.78
aS¢lvent ethanol dy = H
DRef. 19 eRef. 20
CRef, 22

(X = OMe, Y = H) gives a shift of +10 nm, whereas the same
substituent in dye IX (X =0Me, Y = H) produces a movement
of —8 nm. The terminal nitrogen atom in the lilolidine
derivatives (IX) is less able to conjugate with the aromatic
system than that in the julolidine analogues (VIIT) [20]. The
lilolidine azo dyes absorb at shorter wavelengths (and with
decreased intensities) than their julolidine counterparts and
the hypsochromic shift increases with the electron-donating
capacity of the substituent (Table 2). A reasonably good linear
correlation exists between AN and oy, so that the variation in
A\ is due to substituent effects. The introduction of a donor
substituent into the acceptor ring of a dye which already
contains an electron-withdrawing group can also give a
bathochromic shift. Thus, the OMe group in dyve X shifts Ap,ax
from 470 nm to 474 nm in acetone solution [26]. A slightly
bigger bathochromic shift (6 nm) is observed in the case of dye
XXII (R! = R? = R* = X = H, R? = OMe) [27]. This type of
result is difficult to explain in terms of resonance since the
appropriate dipolar structure should be destabilized, leading to
a hypsochromic shift. It would appear, however, that the
presence of an electron donor at a conjugating position in the
acceptor ring modifies the overall electron distribution; the
PPP method is capable of accommodating such changes [28] .
When a substituent such as OR is situated meta to the azo
linkage, inductive electron withdrawal brings about a batho-
chromic movement of the absorption band {18].
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In dyes derived from 4-aminoazobenzene, the ground state
is less polar than the excited state and such compounds exhibit
a positive solvatochromism. Thus for the system VI<—VII,
since structure VI is a fairly close representation of the ground
state of the molecule, and structure VII can be taken as a
reasonable approximation to the excited state, then an
increase in solvent polarity will have only a small effect on VI,
whereas VII will be stabilized (Figure 1), giving rise to a
bathochromic shift [29]. Dipole moment measurements on a
series of para-substituted 4-dimethylaminoazobenzene dyes
[30] suggest that the contribution of charge-separated
structures, such as VII, to the ground state of the molecules
does not exceed 7%.

S Excited state

Ground state

Figure 1 — Change in energy levels on moving from (a) a
non-polar to (b} a polar solvent for a system, such as VI <«
VII, in which the ground state is less polar than the excited
state {AE, < AE,)

In many examples of commercial dyes, the desired
bathochromic shift is enhanced by incorporating further
electron-withdrawing substituents into ring A (VI); the
greatest effect is obtained at positions ortho and para to the
azo group. As might be expected of a donor—acceptor
chromogen, the introduction of additional electron-donating
groups into ring D (VI) also has a bathochromic effect; the
most favourable positions appear to be 2 and 5, as shown in
structure I, but the effects are not necessarily additive [15].
Thus, for example, the 3-methoxy group in dye XI (X = OMe,
Y = H) produces a bathochromic shift of 18 nm and the
2acetylamino group in the same dye (XI; X = H, Y =
NHCOMe) gives rise to a shift of +20 nm, but the disubstituted
derivative has a positive shift of 53 nm [15]; this type of
behaviour has been encountered in simpler benzene derivatives
[31]. Complications arise since substituents in the 5-position
normally exert a steric as well as an electronic effect. In the
absence of steric hindrance, in the case of terminal amino

derivatives, electron donors have a bathochromic effect,
whereas acceptor groups are hypsochromic. Thus, for example,
the methyl groups in dye XI (X = Me) produce a shift of
about +8 nm [32] in the position of the first band, with little
change in intensity, whereas the fluorine atoms in the
corresponding compound (XII; X = F) bring about a change of
—13 nm [33]. In 4-amino-4 ‘nitroazobenzene, a 3-methyl
group gives a bathochromic shift of approximately 6 nm which
is increased to 12 nm in the 3,5-dimethy] derivative [28]. The
spectral shifts observed by introducing substituents at or
adjacent to the terminal nitrogen atom are in agreement with
the predictions of PMO theory {21] in which 4-aminoazo-
benzene is regarded as isoconjugate with an odd alternant
hydrocarbon (AH) anion: electron-donating substituents at
active positions should produce bathochromic shifts, whereas
electron-withdrawing groups at these sites should give a
hypsochromic response [34]. However, it is clear that sub-
stituents in the 2-position (inactive) disobey Dewar’s rules
[35). Thus, the introduction of a 2-methyl group into
4-dimethylaminoazobenzene (XIII; R' = R? = X = Me, Y = H)
leads to a bathochromic shift of 5 nm without loss of intensity
[36]. Similarly, the 2.methyl group in dye XIV
(R' = R? =X =Me, Y =H) produces a positive shift of 15 nm
[37]; a corresponding shift is found on passing from dye XIV
(R' = Et, R? = C,H,CN, X=Y = H) [16] to dye XIV (R =
Et, R? = C,H4CN, X = Me, Y = H) [26]. Likewise, the
2-methoxy group in dye XIII (R’ = R? = C, H,Cl, X = OMe, Y
= H) brings about a bathochromic movement of 8 nm [38]. It
is well known that the 2-acetylamino group has a batho-
chromic effecy [1,15]. Conversely, the difluoro compound XIT
(R' = R* = Me, X = Y = F) shows a hypsochromic shift of 25
nm [39], although it is likely that part of this response is of
steric origin. The failure of Dewar’s rules in the case of aza
dyes represented by VI<=—VII can most probably be associated
with the lack of uniform bond order in these compounds;
uniformity of bond order is obtained in odd AH anions and in
related basic dyes [34].
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Highly substituted dyes of this type (I) are usually blue
and represent attractive alternatives to blue anthraquinonoid
disperse dyes, being of greater intensity and possessing
satisfactory fastness properties. Dyes in which the acceptor
ring is an appropriately substituted heterocycle absorb at
considerably longer wavelengths and usually more intensely
than their benzene counterparts. Thus, for example, dye XV
has Apax 538 nm in acetone, whereas the 4-nitrobenzene
parent absorbs at 470 nm [26]. An even greater shift (97 nm)
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is found with the thiophene derivative XVI (Amax 582 nm)
[40]; a further bathochromic movement can be obtained by
modifying the donor ring as, for example, in dye XVII (Amax
652 nm) [41]. The bathochromic response brought about by
the incorporation of a heterocyclic ring system can be
attributed to greater stabilization of the appropriate dipolar
resonance canonical [42], but is probably associated with the
diene character of the heterocycle [5]. As previously indicated
with structure IV, dyes possessing a heterocyclic donor ring
also exhibit bathochromic shifts when compared with their
benzenoid analogues. An interesting example is the thiophene
dye XVIII (X = NO,, Y = H) which absorbs at 554 nm (e
50,000), a bathochromic shift of some 75 nm [43] which can
be explained in terms of the easier ionizability of the thieny!
residue [44].
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Steric Effects and Colour

Although the electronic effect of a substituent can be divorced
from its steric effect, the converse is not true. Nevertheless,
the consequences of steric hindrance in dyes derived from
4.aminoazobenzene are apparently mnot always appreciated
[45].

It is generally assumed that azo dyes exist preferentially in
the trans configuration under normal conditions. However,
partial isomerization to the cis form can be brought about by
exposure to light [46], and this process may lead to a
detectable colour change (photochromism). Fortunately, the
lifetime of the cis isomer is usually short in dyes containing
powerful electron-donor groups, so that photochromism rarely
becomes a problem in aminoazobenzene derivatives 45].

Steric crowding is most often relieved by bond rotation, to
give a non-planar molecule, leading to either a hypsochromic
or a bathochromic shift [47]. Most crowded molecules give a
hypsochromic response, together with a decrease in intensity
owing to a reduction in p-orbital overlap, since it is much
easier to twist an essential single bond than an essential double
bond. It is generally true that a bond in the ground state of a
molecule, which is of low 7 bond order, has a high order in the
first excited state (and vice versa). Thus, steric hindrance will
cause a greater increase in the energy of the excited state than
of the ground state, with a consequent hypsochromic shift
(Figure 2).
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Figure 2 — Change in energy levels on moving from (a) a
planar molecule to (b) a crowded molecule in which rotation
occurs about a bond of low order in the ground state (AEy, >
AE,)

In a dye such as VI, steric hindrance can occur at the azo
group or at either end of the conjugated system. In each case,
rotation about essentially single bonds will occur, leading to a
hypsochromic shift and a drop in intensity [45] .

Methyl groups have been used to hinder terminal dimethyl-
amino groups [48—51]. For example, a hypsochromic shift of
33 nm together with a fall in intensity is brought about by the
introduction of a 3-methyl group into 4-dimethylaminoazo-
benzene {XIX; X = Me, Y = Z = H) (Table 3); in this case, the

TABLE 3

Absorption Bands of Some Dyes with Sterically Hindered
Terminal Groups?

Dye X Y Z Amayx/0M € AN/nm
XIX H H H 408t 28,250

XIX Me H H 3750 18,200 33z
XIX Me Me H ~380b ~10,300 -28s
XIX F H H 392b 22900 —l6s
XX (Cl H H 377b 19900 —3is
XIX Br H H 374b 19.000 34z
XIX F F H 387¢ 18,600 -21#
XIX H H NO, 479b 31,300

XIX Me H NO, 422b 19,500 —57h
XIX Me Me NO, 423b 11,200 —56h
XX F H NQ; 449b 25,700 -30h
XIX Cl H NG, 4220 20,600 —57h
XIX Br H NG, 415% 20,200 —64h
XX —(CH;);— H 393d 19400 158
XX —(CH,)s— H 3804 17300 28
XX Me Me H 3774 17400 —3le
XX —(CH;);— NO, 4664 21,800 —13h
XX —(CHy)s— NO, 4304 18,200 —-49n
XX Me Me NO, 425d 17,900 --54b
XXl H H H 460¢ 32,000 —19h
XXI H H Me 443e 31,000 36t
XX{ Me Me Me 382f 8,500 -97h
a8otvent ethanol €Ref, 54

bRef. 51 fRef. 55

CRef. 33 ERelative to XIX (X =Y =Z=H)
dRef. 53 hRelative to XIX (X =Y =H, Z=NO,)



steric and electronic effects of the substituent are opposed. It
is interesting that the shift is increased te 57 nm in the
corresponding nitro derivatives (XIX; X =HorMe,Y=H,Z =
NO,). The eleciron-withdrawing nitro group, by increasing the
degree of charge transfer in the excited state, raises the 7 bond
order of the terminal bond («) to a greater extent in the first
excited state than in the ground state; this is confirmed by PPP
caleulations [48]. Consequently, steric crowding will raise the
energy of the excited state of the nitro compound more than
that of the unsubstituted dye, leading to an enhanced
hypsochromic shift. Similar but increased responses are
observed when the size of the crowding group is increased
[49,51] as well as when two methyl groups are present (XIX;
X =Y = Me, Z=Hor NO,) (Table 3) [51]. Introduction of a
3-methyl group into 4-diethylamino-4 ‘nitroazobenzene has a
greater effect than in the corresponding dimethylamino
compound, changing the spectral parameters from Ay ., 490
nm (e 37,000) to Ap,, 420 nm (e 21,300) [52]. A t-butyl
group next to a terminal dimethylamino substituent effect-
ively prevents conjugation [51]. The presence of two fluorine
atoms in dye XIX (X = Y = F, Z = H) produces a
hypsochromic shift of 21 nm and a decrease in intensity
(Table 3) [33]. In this case, the steric and electronic factors
coincide; comparison between the hindered dye and the
corresponding amino derivative (XII; X = H) suggests that
approximately half of the overall effect is of steric origin.
Simultaneous substitution in the 2- and 3-positions {XX) also
leads to hypsochromic shifts and reductions in intensity (Table
3) [53].

Methyl groups have also been used to hinder terminal nitro
groups [54]. Again the expected hypsochromic response is
observed, but the drop in intensity is small (Table 3). Thus, a
3 “methyl group in 4-dimethylamino-4 “nitroazobenzene (XXI;
X =Y = Z = H) produces a shift of --19 nm which is increased
to --36 nm by introducing a second such substituent (XXI; X
=Y = H, Z = Me). Deconjugation of the terminal dimethyl-
amino group in dye (X=Y=Z=Me) then gives rise to
a large hypsochromic shift and a marked reduction in intensity
(Table 3) [55].
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Crowding effects at the azo group only become important
when two ortho substituents are present in the same ring [24].
Thus, the influence of 2- and 2"-methyl groups on the first
band of 4-dimethylaminoazobenzene and the corresponding
4'-nitro derivative is largely electronic (Table 4) [36,56,57];
intensity changes are minimal. However, the introduction of a
second o-methy! group in compound XXII (R! = R® = R4 =
Me, R? = X = H) leads to a notable hypsochromic shift of the
absorption band together with a reduction in €., [58];
analogous behaviour is shown by dye XXIL{R! = R? = Me, R?
= R* = H, X = NO,), where the bathochromic response {15
nm) shown by one methyl group becomes hypsochromic to

TABLE 4

Absorption Bands of some ortho-Substituted Azo Dyes (XXII)

R' R* R?® R* X Amax/NM € AN/nm  Ref.
H H H H H 400a 30,400 36
Me H H H H 4052 30,200 +5¢ 36
H H Me H H 394a 29,900 —6¢ 36
Me H Me H H 400a 28,800 Oe 36
Me H Me Me H 3850b 21,000 —15¢ 58
H H H H NO, 480b 30,400 37
Me H H H NO, 495% 31,000 +154 37
Me Me H H NO, 4680 26,800 -—12d 37

a%olvent cyclohexane

bSolvent ethanol

CRelative to XXII(R' = R?=R®=R*=X=H)
dRelative to XXII (R! = R? = R* = R* = H, X = NO,)

the extend of 12 nm when the additional crowding group is
present (Table 4) [37]. Further confirmation of these trends is
found in a study of some related dyes (XXIII) [24]. Thus, for
example, when the second methyl group is introduced into
dye XXIII (X = Me, Y = H, Z = NO,) the spectral parameters
change from 454 nm (e 42,000) to 383 nm {e 24,000); a
similar response is obtained with the corresponding chloro
derivatives (XXIII; X = Cl, Y = Hor Cl, Z = NO;) (Table 5).

TABLE 5

Absorption Bands of some Derivatives of Dye XXIIIa

X Y Z Amax/nm € AX/nmb
H H NO, 453 44000

Me H NG, 454 42,000 1
Me Me NO, 383 24,000 70
Cl H NO, 475 40,000 22
Cl Cl NO, 417 31,000 =36
CN H H 434 42,000

H H CN 433 45,000

CN H NO, 504 45,000 51
CN CN NO, 549 38,000 96
NO, H H 425 36,000 28
NO, H NO, 491 38,000 38
NO, NO, NO, 520 48,000 67

aSplvent methanol
bRelative to XXIII (X = Y = H, Z = NO,)

These results can be explained by reference to the two possible
planar conformations for an ortho-substituted tramns azo-
benzene (Figure 3). Steric hindrance is greatest between the
substituent and the lone pair orbital of the g-nitrogen atom, as
shown in conformation {a). Such crowding can be relieved by
rotation into conformation (b), so that a single substituent will
not exert much of a steric effect. It is clear, however, that
when two ortho-substituents are present in the same ring, both
conformations are hindered and non-planarity is the likely
outcome. Spherical substituents produce the greatest crowding
effect [24]. Cyano groups, owing to their rod-like shape, do
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Figure 3 — Alternative conformations for an ortho-substituted
azobenzene

not have an obvious steric effect and the absorption character-
istics of the 2'- and 4'-cyano dyes (XXIII[; X=CNorH,Z=H
or CN, Y = H) are virtually identical; additivity of substituent
effects is apparent on comparing the parent dye (XXIII; X =Y
= H, Z = NO,) with the corresponding 2'-cyano and
2’ 6'-dicyano derivatives (Table 5) [24] . Planar groups, such as
nitro, when in ortho positions, appear to minimize steric
interactions by bond rotation so that the 2'-nitro dye (XXIII;
X = NQ,, Y = Z = H) is 28 nm less bathochromic than the
4'.nitro isomer. Furthermore, the incorporation of o-nitro
groups into the parent 4’-nitro dye (XXIII; X =Y =H,Z=
NO,) results in progressively smaller bathochromic shifts of
the first band (Table 5) [24]. [t may be concluded, therefore,
that many of the examples of aminoazobenzene dyes appear-
ing in the patent literature do not represent the optimum in
terms of depth of colour and intensity of absorption; unless
one of the substituents is a cyano group, it is sterically
disadvantageous to include electron-withdrawing substituents
in both 2'- and 6'-positions [45].

R3 R
el e
R4 R?

(Xxm)

X
O
z N=N- N
4 ~C,H,CN

(xxin)

The hypsochromic shift of 25 nm shown by dye XIII (R
= R? = Me, X = Y = F) is increased to 32 nm when two further
fluorine atoms are incorporated into the same ring (XXIV);
€max falls from 25,000 to 16,000 [39]. Since the 3,5-difluoro
derivative (XIX; X = Y = F, Z = H) shows a hypsochremic shift
of 23 nm [33], it is obvious that in dye XXIV the substituent
effects are far from additive. The tetrafluoro compound
(XXIV) is also of interest as an outstanding example of
photochromic behaviour; the ¢is form is unusually stable [39].

(XXIV)

Terminal bridging in analogues of 4-aminoazobenzene
forces the lone pair electrons into greater conjugation with the
aromatic system, leading to bathochromic shifts and increases
in absorption intensities. The optimum effect is observed with
derivatives of 9-phenylazojulolidine (VIII) [19}. For example,
the p-nitro derivative (VIII; X = NO,, Y = H) absorbs at 521
nm (log € 4.58) in ethanol [22], whereas the diethylamino
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parent (VI; R' = R? = Et, X = NO,) absorbs at 430 nm (log €
4.56) [13]. Similar, but less pronounced, behaviour is shown
by various tetrahydroquinoline derivatives [15]. Thus, the
p-nitro derivative (XXV; R = Me, X = NO, ) absorbs at 496 nm
(log € 4.56) [52]; replacement of the methyl group by
B-cyanoethyl (XXV; R = C,H4CN, X = NO;) has a marked
hypsochromic effect (Apa,y 476 nm) owing to electron
withdrawal by the cyano substituent [59]. The incorporation
of an electron-withdrawing carbonyl group into the terminal
bridging system of the julolidine dyes (VIII) also has a
substantial hypsochromic effect [22].

o
“R

(XXV)

Tautomeric Equilibria and Colour

Many dyes derived from 4-aminoazobenzene undergo a pro-
nounced colour change on addition of acid (halochromism)
[60]; a typical acid—base indicator of this class is Methyl
Orange (C.I. 13025) (VI; R' = R* =Me, X = S0O;H). Numer-
ous papers have been published on protonation equilibria of
aminoazo compounds and a useful review has appeared [61].
It is generally found that solutions of the mono-acid salt of
derivatives of 4-aminoazobenzene show two absorption bands,
one in the region 500—550 nm and the other near 320 nm,
this being consistent with an equilibrium mixture of two
tautomeric forms in which the proton is attached to the
B-nitrogen atom of the azo linkage [62] and to the amino
group, respectively (Figure 4) [63]. The ammonium tautomer
(XXVI) absorbs at a much shorter wavelength than the
azonium species (XXVII), since protonation at the terminal
group prevents electron donation by the nitrogen lone pair.
Substituents cause an inverse variation of the two bands, since
they stabilize preferentially one form or the other [61,63].
The tautomeric equilibrium constant, Kz = [azonium|/
[ammonium], is dependent on the solvent and generally
increases with increasing acid concentration [63] . The relative
amounts of the two species can be estimated spectroscopically
or from pK, values [61].

The equilibrium is markedly dependent upon steric effects,
particularly in the case of 3-substituted derivatives [64,65].
Thus, for example, the amount of azonium tautomer falls to
virtually zero for solutions of 4-dimethylamino-3,5-dimethyl-
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Figure 4 — Protonation equilibria of derivatives of

4-aminoazobenzene



azobenzene and the corresponding 4'-nitro derivative (XIX;
X=Y=Me, Z=H or NO,) in ethanolic hydrogen chloride
[65,66]. Similarly, the hindered difluoro derivative (XIX;
X =Y =F, Z=H) exists almost entirely as the ammonium salt
in acid: with the parent amino compound (XII; X=F),
however, the two tautomers are present in roughly equal
amounts {39]. Clearly, the effective prevention of conjugation
by crowding substituents leads to ready protonation of the
then more basic terminal group. Conversely, the equilibrium is
almost entirely on the side of the azonium form in the case of
the julolidine dyes (VIII) in which conjugation of the terminal
nitrogen atom is probably optimal [19]. It is quite well
established that the basicities of the §-nitrogen atom and the
aminc nitrogen are mainly governed by the degree of
resonance interaction between the amino group and the rest of
the molecule [36,67].

In contrast to substitution at the 3-position, an electron
donor, such as methyl, at the 2-position increases the
contribution of the azonium tautomer by increasing the
electron density at the S-nitrogen atom [36]. The situation is
very different with a 2".methyl substituent which sterically
hinders protonation at the f-nitrogen atom, as jllustrated by
conformation (b) (Figure 3), and leads to a marked increase in
the proportion of the ammonium tautomer [36,56]. An
exception among 2’-substituted derivatives is Methyl Red (C.I.
13020) (XXII; R! = R? = R* = X = H, R?® = CO, H), where the
azonium tautomer is thought to be stabilized by intra-
molecular hydrogen bonding [38,56].

The azonium cation can be regarded as a charge-resonance
system, XXVII«—=XXVIII, but is best represented in the
ground state by the quinonoid structure (XXVIII) so that the
visible absorption band is associated with a migration of
electron density from the B-nitrogen atom {Figure 4) [60].
Thus, the direction of charge migration accompanying elec-
tronic excitation is the opposite to that obtained in the neutral
dyes. Consequently, the usual bathochromic shift (positive
halochromism) observed on protonation of dye VI increases as
the electron-donating strength of substituent X increases;
conversely, the bathochromic shift decreases when X is
electron withdrawing [18-20]. Qualitatively, if structure
XXVIII predominates in the ground state and structure XXVII
makes the major contribution to the excited state, electron
donors will stabilize the excited state, whereas electron
acceptors will stabilize the ground state and vice versa (Figure
5). Thus, the displacement of the absorption band is again
approximately proportional to the Hammett ¢ value of the
substituent. However, excellent linear correlations are found
between the wavelength shift (A, onium—Aneutral), OF MOre
strictly the frequency difference (Av), and the appropriate
Hammett ¢ constants [18—20], in accordance with theoretical
expectations (Table 6) [68].

The value of AN decreases steadily as the electron-with-
drawing capacity of X increases and can in fact become zero or
even negative. In the latter situation, the azonium cation
absorbs at a shorter wavelength than the neutral molecule.
. Such examples of negative halochromism are fairly rare when
only one electron-withdrawing group is present, as in the case
of dye VI (R! = R? = Me, X =N3) where Ay, moves from
596 nm in ethanol to 506 nm in hydrochloric acid [27]. A
similar, but less pronounced, effect is observed with the
tricyanovinyl derivative (VI, R! = R? = Et, X = CH=C(CN),)
[69]. A p-nitro group is sufficient to bring about negative

- - —‘T""'
P wana - Excited state
---—-—r-—-—--’ -
E AF, AF AEp,
~ - Ground state
= ———
(a) (b)

Figure 5 — Changes in energy levels brought about by
introducing (a) electron donor and (b} electron acceptor
substituents { X) into the azonium dye ( XXVII) {AE, < AE <
AEy)

TABLE 6

Halochromic Effects in some Azo Dyes

Amax/nm  (10™e in parentheses)
Dye X Y (EtOH)  (EtOH + HCI) AA/nm Ref,
IX OMe H 417 (222) 553(5.09) 136 20
IX Me H 422 (206) 532(509) 110 20
IX H H 425 (217) 519(5.40) 94 20
IX Br H 448 (2.50) 520(5.50) 72 20
IX CF; H 461 (243) 501 (5.33) 40 20
IX CON H 487 (278) 504 (5.55) 17 20
IX NO, H 515 (286) 506(651) -9 20
VI NO, H 521 (378) 517(6.76) -4 22
VIII NO, Cl 545 (3.24) 499 (5.04) —46 22
VI NO, CN 575 (420) 500(527) —75 22
XVIII H H 482 (498) 474(499) -8 43
XVIII NO, H 554 (5.00) 464 (5.03) —-90 43

halochromism if the electron-donating capacity of the amino
nitrogen atom is increased, for example, by terminal bridging
in the julolidine (VIII) and lilolidine (IX) dyes [20], or by the
incorporation of a heterocyclic ring (Table 6) (XVIII) [43]. It
is interesting that the parent dye (XVIII; X =Y =H), which
absorbs at 482 nm (e 49,800) in ethanol, itself shows negative
halochromism (8 nm) in acid. The presence of more than one
electron-withdrawing group in the acceptor ring can aiso lead
to negative halochromism [22,27]. These effects have been
discussed in theoretical terms [70]. By the inclusion of
suitable substituents, it is possible to design dyes which are not
pH sensitive (AX ~ 0) [27]. Although such dyes will show no
colour change in acid, the absorption intensity is likely to
increase considerably [18—20]. Recent work has shown that
halochromic effects are solvent sensitive [28].

Dye Structure and Fastness Properties

Many attempts have been made to correlate the chemical
structure of a dye with the fastness to light of a dyed fibre 6]
and with other factors such as dye affinity, sublimation
fastness and fastness to wet treatments [7] . Inter-relationships
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are often complex, but various useful generalizations can be
made.

(a) FASTNESS TO LIGHT

Fastness to light is one of the most important properties
required of a dyed fibre; of particular importance is the
inherent photochemical stability of the chromogen and the
way in which this stability is affected by the chemical nature
of the substrate [6]. On a particular substrate, structural
modifications within any one class of dye can lead to
variations in fastness to light. With a particular dye, the light
fastness is dependent on the differing interactions with various
substrates.

A recent survey [6) of the fastness data listed for disperse
dyes in the Colour Index has confirmed an earlier observation
[71] that the highest fastness to light is found on polyester
and the lowest on nylon fibre.

In the case of dyes derived from 4.aminoazobenzene, a
general trend on polyester fibre is for fastness to light to
increase with the electron-withdrawing capacity of the para
substituent, as exemplified by dye XXIX (Table 7) [26];
analogous results are given by dye XXV (R = C,H;CN) [72].
Similar behaviour is seen on polyester fibre when the
2'-substituent in a 4'-nitro dye (XXIX; Y =NO0,) is varied
(Table 7) [10], but the effect of the 2-nitro group is
exceptional; the general trend is essentiaily reversed on nylon.
It is also found that variations in the terminal alkyl groups in
dyes of this type (XXX) have a significant effect on the
fastness to light (Table 7) [10]. The presence of a free
hydroxyl group in the side chain is clearly detrimental.
Acylation of the OH group brings about a dramatic improve-

TABLE 7
Fastness to Light and to Heat of some Azo Dyes

Light Fastness

ment in the light fastness and has been confirmed in a similar
study (Table 7) [73]. High fastness to light on polyester fibre
can be associated with the presence of one or more N-f-cyano-
ethyl groups.

X
e
X ™CyHCN

(XXIX)

Cl
2\ ~CaHX
ON@N=N‘©N
N \

~CH,Y

(XXX)

The incorporation of electron-withdrawing groups into the
6-position of benzothijazolylazo disperse dyes (XXXI) leads to
greatly improved fastness to light on polyester fibre [26]. In
particular, on passing from dye XXXI (X =H) to dye XXXI
(X =NO;) the fastness increases from 2 to 6. For a group of
related monohalogenobenzothiazolylazo dyes (XXXII), the
differences between individual dyes are small, but the fastness
to light is considerably higher on secondary cellulose acetate
than on polyester fibre [74].

N
e
X s —/ “SCHEN

(XXX1)

Heat Fastness

Dye R X Y Polyester Nylon  Polyester Ref.
XXIX Me H OMe 2 26
XXIX Me H H 2 26
XXiX Me H SO, NEt, 3 26
XXIX Me H COMe 4 26
XXIX Me H NO, 5 26
XXIX H OMe NO., 34 4 2-3 10
XXIX H Me NO, 4.5 4--5 2--3 10
XXIX H H NO, 5 4 2-3 10
XXIX H NO, 6 34 2-3 10
XXIX H CN NO, 6—7 1-2 3-4 10
XXIX H NO, NO, 1 34 10
XXX H H OH 3 2-3 10
XXX H H H 3-4 1-2 10
XXX H OH CN 4 4-5 10
XXX H H CN 6 2-3 10
XXX H 0COMe CN 7 4 10
XXX H CN CN 7 4-5 10
XXX H O0COCH,ClI ¢N 5-6 73
XXX H OCOEt CN 67 73
XXX H OCOCH,Ph CN 67 73
XXX H OCOPh CN 67 73
XXX H OCONHEt CN 67 73
XXX H OCSNHEt CN 6—7 73
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~N .
xm \}.N=N-(/:\>N/ C;H,OH
T g Qe \“CQH‘CN

{XXXH)

Although the photochemical degradation of aminoazo-
benzene disperse dyes is not a simple process [75], certain
correlations have been found in series of dyes having limited
structural variations [76}. Thus, for solutions of the dyes
XXXII in ethanol, the fading rate is linearly related to the
appropriate pK, values, being themselves an approximate
measure of the electronegativity of the S-nitrogen atom of the
azo group (Table 8). The resulting negative slope is consistent
with a reductive fading mechanism in ethanolic solution. This
finding contrasts with the results obtained on cellulose acetate
and polyester fibres (Table 8); derivatives exhibiting low
photostability in ethanol now have the highest fasiness to
light, in accordance with an oxidative fading process. It would
appear from the limited data in Table 7 that photochemical
degradation on nylon is a reductive process [6]. A correlation
has also been observed between the mass spectral behaviour of
these dyes and their light fastness, thereby suggesting that the
two modes of fission, electron impact and photochemical, are
related [77]. Complications arise, however, when additional
photodegradable groups, such as nitro, are present in the diazo
component.

( Y -N:N—ﬁ’\/\/ﬁ>NR‘R2

— —
X

(XXXt

(b) FASTNESS TO HEAT

Fastness to heat is particularty important in the case of
disperse dyes on polyester fibre, both from the dyeing point of
view, high-temperature batchwise or thermofixation processes,
and also in relation to end use [1,7,78]. Heat or sublimation
fastness is, like rate of dyeing, dependent upon the diffusion
coefficient of the dye in the synthetic-polymer substrate. In
general, fastness to heat increases with increase in relative
molecular mass (i.e., decrease in diffusion coefficient) or
polarity of the dye molecule; the ability of substituent groups
to form hydrogen bonds with the fibre can be very significant
[7i. Thus, for example, the diffusion coefficient for dye
XXXIV (X=Z=H, Y =CI) on polyester fibre is 0.26 x 107"
em? s whereas that for dye XXXIV (X=0H, Y = H, Z = Cl)
is 0.06 x 10! ¢cm? s7'; at the same time, the saturation

TABLE 8

adsorption increases from 23 to 112 mmol/(kg fibre) at
100°C {79].

C
4 2R
OZNC\r NN INICH,X),
Br Yy
(XXXIV)

Variations in terminal substituents have 2 marked effect on
the fastness to heat of dyes derived from 4-aminoazobenzene
(Table 7) [10]. It is clear that N-B-cyanoethyl groups can be
associated with improved heat fastness as well as with high
fastness to light. The presence of a free hydroxyl group in the
side chain leads to improved thermofixation fastness [10}, but
also to inferior fastness to lighi. Acylation of the OH group
lowers the fastness to sublimation [10,73], but raises the light
fastness. The influence of nuclear substituents on heat fastness
is less marked, as illustrated by dye XXIX (Table 7), although
electron-withdrawing groups appear to be beneficial [10]. In
order to obtain good fastness to both thermofixation and
light, a judicious choice of substituents is required. The
presence of an acylamino group in the 2-position is often
associated with an improvement in fastness properties [1].

Improvements in sublimation fastness, relative to the
corresponding  benzene analogues, are shown by various
heterocyclic dyes, such as the benzothiazolylazo compounds
{(XXXI) [26].

Small differences in structure can lead to marked differ-
ences in dyeing behaviour and fastness properties, as illustrated
by dye XXXV [80]. Thus, dye XXXV (R = Me) shows good
substantivity for polyester fibre, whereas the ethyl homologue
(XXXV; R = Et) does not; this finding can be associated with
differences in solubility parameter between dye and fibre. For
a group of azo disperse dyes derived from 4-aminoazobenzene,
it has also been observed that a correlation exists between
solubility parameter, as calculated by the summation of molar
attraction constants, and sublimation temperature [80].

A Cl 2
Me025< SV --ONE12

NHCOR
{XXXV)

In conclusion it shouid be pointed out, for the sake of
completeness, that the properties required for efficient trans-
fer printing are essentially the opposite of those necessary for
high fastness to heat [7].

Fastness to Light, pK; Values and Fading Rates for some Azo Dyes (XXXIII)

Light Fastness

R} R? X Polyester Acetate  pK,
H Et H 3 5 2.76
H C,H,CN Me 5 5-6 2.26
C,H40H C,H4CN Me 3 4-5 1.81
it C,HiCN H 4 5 1.19
CoH4CN  CoH4ON Me 5 6 0.74
C,H,CN CoHACN H 5 6 0.24

Fading Rate/mole 1™ h™
0.69
0.76
0.71
0.84
0.86
1.04
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