Communications

Crystal Structure Analysis of Azo Pigments involving
B-Naphthol: A Review

A. WHITAKER

Department of Physics
Brunel University
Uxbridge

Middlesex

England

The crystal structures of six azo pigments
involving B-naphthol have been determined
by single crystal X-ray diffraction
technigues. A review of these crystal
structures indicates the existence of
certain common features. it is found that
the molecules exist as keto--hydrazone
tautomers with intramolecular hydrogen
bonding which holds the molecule in the
trans-form. If the phenyi group is ortho
substituted, this hydrogen bond is shared
50 as to hold the two ring systems, and
hence the molecide, in the same plane. In
the case of pigments where there is an
anilide side group on the naphthol, the
amido group is hydrogen bonded ro the
naphthol, bur this bond may also be
shared. The molecules are linked by van
der Waals forces. A relationship between
molecular stacking and the crystal
morphology is pointed out.

Introduction

Although X-ray diffraction has been
known for a considerable time, the
application to the pigment or dye indus-
try has been mainly limited to the use of
powder diffraction techniques as a
method of analysis and identification.

Unlike dyes, which colour either as
single molecules or small groups, pig-
ments are used as colorants in the form of
discrete crystalline particles. In view of
this, colour properties depend not only
on the absorption propertics of the
molecule, but also on their crystallo-
graphic arrangement.

In spite of this, very little crystal
structure analysis has been completed,
probably the most systematic has been
carried out on the phthalocyanines,
originally by Robertson 1], who showed
that B-metal-free, f-copper and f-nickel
phthalocyanines were isomorphs. Subse-
quently the crystal structures of §-metal-
free [2], B-nickel [3] and platinum
phthalocyanine [4] were reported. At a
later stage Honigmann, Lenné and
Schrodel  [5] showed that o and
y-copper phthalocyanine were isomor-
phous with 4-monochloro-copper
phthalocyanine and platinum phthalo-
cyanine, respectively, and by comparing
the structures of the latter were able to

recognize the structural differences
between a-, - and +y-copper phthalo-
cyanines.

However, work has been carried out
recently on the determination of the
structures of several azo pigments involv-
ing B-naphthol and, now that six crystal
structures (Table 1) have been deter-
mined, it may be worthwhile summa-
rizing the results to date and seeing
exactly what has been accomplished. Of
course some of the results could have
been obtained by other techniques.
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Although it is normal to write the
formula of an azo pigment as I, there is
no evidence to show that this is the
correct molecular structure. In fact, the
hydrazone tavtomer, I1, is equally accept-
able as a representation of the molecular
structure. However, the two structures
differ with regard to certain of the bonds.
In the case of I, the azo bond is a double
bond (N=N), the adjacent bond is single
(N-C) and the hydroxyl bond is also
single (C—-OH). With the hydrazone
tautomer these bonds are N-N (azo
bond), C=N and C=0, respectively.
Naturally, the bonds are of different
length depending on whether they are
single or double and these can be deter-
mined from the crystal structure. Table 2
gives these bonds for the various crystal
structures together with the normally
accepted values quoted in the Interna-
tional Tables [6]. It can be seen that, in
the main, this evidence is in favour of the
presence of the hydrazone tautomer. In
addition, in three of the cases (C.L
Pigments Red 6, Red 2 and Red 3), the
hydrogen atoms were found and there
appeared to be a hydrogen connected to
the nitrogen N(1), but there were no signs
of a hydrogen connected to the naphthol
oxygen. (In the other three cases no
attempts were made to find the positions
of the hydrogen atoms). Hence it would
appear that the hydrazone tautomer is
the favoured form.

In addition, the angles that the bonds
subtend at the nitrogen atoms are not
180°, as implied in structures I and II,
but approximately 120°. Strictly speak-
ing this means that the molecule could be
either c¢is- or trans-, but in all cases
investigated the molecule has the trans-
configuration as shown in structure [11.
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This brings N(1) much nearer to the
oXygen on the naphthalene than one
would get from a linear model. In fact the
distances N(1)—O (Table 3, column 2) are
too short for a non-bonded pair of atoms,
and comparison with tabulated hydrogen
bonded distances [7] suggest that there is
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TABLE 1

Determined Crystal Structures of f-Naphthol derived Azo Pigments

Azo Pigment

C.I. Pigment Red 1

Chlorine derivative of
C.1. Pigment Brown 1

Chlorine derivative of
C.I. Pigment Red 9

C.I. Pigment Red 6

C.I. Pigment Red 2

C.I. Pigment Red 2

The chlosine derivatives of C.I. Pigment

the above molecular formulae

TABLE 2

Chemical formula Molecular formula
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Comparison of Bond Lengths in Azo Pigments and with Accepted Lengths of Single

and Double Bonds

Double bonds
Single bonds
C.1. Pigment Red 1

N-N N—C c-0

(&) (A) (&)
124 (1)  1.32% 1.23
144 (4) 147 1.43

1.345(7)  1.331(10) 1.259(10)

Cl derivative C.1. Pigment Brown 1 1.32 (1) 133 (1) 1.26 (1)
(1 derivative C.1. Pigment Red 9 1.336(8) 1.322(9) 1.255(9)

C.I Pigment Red 6
C.I. Pigment Red 2
C.1. Pigment Red 3

1.313(10)  1.331(10) 1.231(11)
1.19 (4) 133 (5) 1.21 (4)
1318(6)  1.309(5) 1.228(7)

*No value given for a double bond; that given is for a partial double bond

hydrogen bonding between N(1) and the The formation of this hydrogen bond has
naphthol oxygen in all cases, (the average already been suggested because of the
N—H. .. O distance is about 2.9A [8]). suppression of hydroxylic properties.
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s Brown 1 and Red 9 are chlorine substitutes of the respective pigment. For the pigments themselves R = Hin

However, the X-ray evidence shows that
what is obtained is not a hydroxy-—azo
compound, but a keto—hydrazone
tautomer. This hydrogen bond will have
two effects, firstly it will tend to hold the
azo group in the same plane as the
naphthalene, and secondly it will tend to
‘lock’ the structure in the rrans-configura-
tion. The latter will oppose any stereo-
isometric change from the frans-azo to
the cis-azo form. It has been suggested
that this change gives rise to the pheno-
menon of phototropy [9], i.e. the change
of hue under the influence of strong light.
It is perhaps interesting to note that if the
relationship between N(2) and the
naphthalene oxygen is meta- or para- then
the latter would be too far from N(1) for
a hydrogen bond to be formed. Accord-
ing to Allen [10], the coupling of ben-
zene diazonium chloride with phenol pro-



TABLE 3

Hydrogen Bonding involving the Azo Bridge in S-Naphthol derived Azo Pigments

N(1)-H...0 Cl...H-N(1) O...H-N(1)

(naphthalene) (R) (phenylazo)
(A) (&)

C.L Pigment Red 1 247
Cl derivative C.1. Pigment Brown 1 2.52 (1) 3.140(11)
Cl derivative C.1. Pigment Red 9 2.494(9) 2.893(7)
C.L Pigment Red 6 2.598(10) 2.613(9)
C.1. Pigment Red 2 2.57 (4) 3.03 (3)
C.I. Pigment Red 3 2.585(7) 2.620(7)

duces a para-configuration. In this case
this form of hydrogen bonding cannot
occur, although the keto—hydrazone
tautomerism is still possible.

Effect of Side Groups on the Phenyl
(Azo)

As shown in Table 1, with the exception
of C.I. Pigment Red 1, the pigments
investigated have the common feature:
that they have a side group, —R, in the
ortho posifion on the phenyl (azo) (IV).
In the azo pigments examined this has
usually been

R

ey O
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a —Cl group, but in two cases, C.L
Pigments Red 6 and Red 3, the side chain
has been a —NO; group. In all cases this
side group, —R, is on the same side of the
azo bond as the naphthol oxygen. Again
it is worthwhile tabulating the distances
between this side group and N(1) (Table
3); from columns 2 and 4 of this table
one can see immediately that, in the cases
of C.I. Pigments Red 6 and Red 3, the

TABLE 4

(Iv)

hydrogen bond is shared between two
oxygen atoms, one of which is the closer
of the two on the —NO; group and the
other on the naphthalene group (V).

In the cases where there is a —Cl side
group, again one can see that the dist-
ances are short (Table 3, column 3), again
too short for a non-bonded pair of atoms
and comparison with the known average
N-H ... Cl bond 3.21 A [3] confirms
that there is further hydrogen bonding.
Thus the hydrogen bond on N(1) is
shared in all cases and this will tend to
hold the phenyl (azo) group in the same
plane as the naphthalene group. Thus the
importance of the formation of the keto—
hydrazone tautomer, compared with the
hydroxy—azo tautomer, seems to be this
bifurcated (shared) hydrogen bond which
tends to hold two parts of the molecule
in the same plane. Of course this bifur-
cated bond cannot occur in the case of
C.I. Pigment Red 1 and it is noticeable

Planarity and Angles between Various Least-squares Planes and the Molecule

Substituted

Molecule Naphthalene Phenyl (azo) phenyl (azo)
) ) ¢)

C.1. Pigment Red 1 NP P24 P 6.4
Cl derivative C.1. Pigment Brown 1 NP P1.2 P57 NP 5.4
Cl derivative C.I. Pigment Red 9 NP P1.2 P26 NP 2.9
C.L Pigment Red 6 NP NP 1.7 P13 NP 1.9
C.I. Pigment Red 2 NP P26 P2.1 P22
C.I. Pigment Red 3 NP NP 1.6 P1.5 NP 2.1

P Planar within three times standard deviation
NP Non-planar

that the angle between the normals to the
naphthalene and the phenyl (azo) group
is larger (8.5%) for this than for any of the
other pigments studied. However, in spite
of this the molecule is sensibly planar;
this is no doubt due to steric hindrance
between the molecules.

Planarity of the Molecules

Table 4 gives the information on the
planarity of the molecule, the naphtha-
lene, the phenyl (azo) and the substituted
phenyl (azo) groups together with the
angles between the least-squares planes.
The criterion for planarity is the usual
crystallographic one that all of the indi-
vidual atoms must be within three times
the appropriate standard deviation from
the plane [11]. Using this criterion none
of the melecules are strictly planar. The
naphthalene group is usually planar; and
in the two cases where it is not (C.L
Pigments Red 6 and Red 3), this seems to
be as a result of the nitro group on the
phenyl (azo). In both cases the size of the
nitro group is such that for a strictly
planar molecule the distance between one
of these oxygens and the naphthol
oxygen would be about 2.5 A. This, of
course, is very close for a non-bonded
pair of atoms and, to increase this sepa-
ration, the nitro group undergoes rotation
about the appropriate C—N bond and the
naphthol oxygen is also twisted out of
the plane of the molecule; the latter twist
appears to be transmitted to the naph-
thalene group causing it to become non-
planar,

The phenyl (azo) is invariably planar,
but in general the substitution of various
side groups destroys the planarity of the
whole group. Only in the case of C.L
Pigment Red 2 is the substituted phenyl
(azo) group planar; but this is the least
accurately known structure and improved
accuracy may change this conclusion.

The lack of planarity of the substi-
tuted phenyl (azo) group seems to be due
to either or both of two reasons; in the
cases of ortho-nitro substituted phenyl
(C.1. Pigments Red 6 and Red 3), the
mutual replusion between the closest
oxygen on the nitro group and the
naphthol oxygen, which has been
mentioned above, causes the nitro group
to rotate about the C—N bond. The twist
of this bond causes both nitro oxygens to
lie out of and on opposite sides of the
plane of the phenyl (azo) group. In the
cases of the more accurately known
chlorine substituted compounds, the
chlorine atoms are distorted out of the
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plane of the phenyl (azo), regardless of
whether the chlorine is ortho-substituted
(chlorine derivatives of C.I. Pigments
Brown 1 and Red 9) or para-substituted
(C.I. Pigment Red 6). This is probably
due to steric hindrance between adjacent
molecules because of the larger size of the
chlorine atom compared with the others.
As already mentioned, in C.I. Pigment
Red 6 the chlorine substitution is in the
para position and it is interesting that in
C.I. Pigment Red 3, where a methyl
group replaces the chlorine atom of C.I
Pigment Red 6 in the para position, the
methyl group is in the same plane as the
phenyl {(azo) group.

Amido Side Chains

In three of the pigments (chlorine deriva-
tives of C.L. Pigments Brown 1 and Red 9
and C.I. Pigment Red 2), there is an
amido group connected to the naphtha-
lene ring in the ortho position with
respect to the naphthol oxygen.

/
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The orientation of the amido group is
such that its nitrogen, N(3) is close to the
oxygen of the naphthol group (VI).
Calculations of the distances involved
between these two atoms suggest that

(VD

TABLE 3

hydrogen bonding exists between them.
Also, calculations of the various inter-
atomic distances (Table 5) suggest that
for two of the pigments (chlorine deriva-
tives of C.I. Pigments Brown 1 and Red
9), this hydrogen bond is bifurcated
between the naphthol oxygen and the
oxygen in the ortho-methoxy group in
the arylide residue. This bonding would
tend to hold the naphthalene, amido, and
phenyl (arylide residue) groups in the
same plane. Table 6 shows how successful
this is. One point which emerges from the
table is that the deviations from planarity
are considerably greater for the chlorine
derivative of C.I. Pigment Brown 1 than
for chlorine derivative of C.I. Pigment
Red 9 or C.I. Pigment Red 2. This has
already been pointed out [12], where it
is suggested that it is due to the fact that
C.I. Pigment Brown 1 has an extra
methoxy group compared with Cl.
Pigment Red 9 and this makes such a
large steric hindrance that the planes
form much larger angles. It is further
suggested that this may be the reason for
the two molecules having a different
colour in the solid state.

As in the case of the phenyl (azo)
group, the phenyl (arylide) groups are
planar, but this planarity is destroyed by
the substitution of other groups.

Intermolecular Arrangement and Bonding
The almost planar molecules are stacked
on top of each other to give a2 columnar

Hydrogen Bonding involving the Amido Group in S-naphthol

derived Azo Pigments

0...H-N(3)

N(3)-H...0

{naphthol group) (methoxy group)
(A) (A

Cl derivative C.I, Pigment Brown 1 2.64 (1) 2.556(9)
Cl derivative C.I. Pigment Red 9 2.588(9) 2.55 (1)
C.1. Pigment Red 2 273 (4)

TABLE 6

Planarity and Angles between various Least-squares Planes and the Naphthalene Group

Amido Phenyl
(arylide) phenyl (arylide)

()
Cl derivative C.I. Pigment Brown 1 8.5
Cl derivative C.I. Pigment Red 9 2.0
C.I. Pigment Red 2 2.2

P Ptanar within three times standard deviation
NP Non-planar
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Substituted

) )
P1l4 NP 12.0
P 38 NP 3.5
P 6.7

structure. Within the column the mole-
cules may be stacked parallel (C.L
Pigment Red 1, chlorine derivatives of
C.I. Pigments Brown 1 and Red 9) or
they may be stacked so that adjacent
molecules are antiparallel (C.I. Pigments
Red 6, Red 2 and Red 3). The molecular
plane is not perpendicular to the column
axis.

In all cases the crystal morphology
has been given, this is invariably needle-
shaped and, where the relationship of this
to the crystal structure has been reported
[12—16], the needle axis is parallel to the
internal columnar axis.

Not all the molecules are parallel to
cach other. At the moment, it appears
more common [12-16] for the orienta-
tion to be completely different in adja-
cent columns in some directions, and thus
when viewed along certain directions, the
molecules appear stacked in a ‘herring-
bone’ fashion.

Although there is intramolecular
hydrogen bonding in these pigments,
calculations show that there is no inter-
molecular hydrogen bonding and the
molecules are linked only by van der
Waals forces. This weak intermolecular
linkage is probably the reason why the
pigments break into fine particles and are
easily dispersed and, incidentally, why
single crystals suitable for X-ray diffrac-
tion are difficult to grow.

Conclusions

The knowledge obtained from crystal

structure analysis of these pigments may

be summarized as follows:

(i) the molecules are keto—
hydrazone tautomers with
intramolecular hydrogen bonding
which holds the molecule in the
trans-form and tends to hold the
azo group in the same plane as
the naphthalene group;
if there is a group (chlorine or
nitro) in the ortho position of
the phenyl connected to the azo
group, then the hydrogen bond is
bifurcated between the keto
oxygen and this side group and
so tends to hold both ring
systems in the same plane;

(iii) in those cases where there is an
anilide group connected to the
naphthalene, the amido part of
this group is held in the same
plane as the naphthalene by
hydrogen bonding to the keto
oxygen. However, this bond may
also be bifurcated if there is a

(ii)



suitable atom on the phenyl of
the arylide residue;

(iv) the plane of the phenyl {arylide)
group tends to have the greatest
deviation from the plane of the
naphthalene group, nevertheless
it is sensibly in the same plane,
and the molecule as a whole is
planar;

the molecules are linked by van

der Waals forces and stack in

columns within the crystal;

(vi) the crystal morphology s
needle-shaped and the needle
axis is parallel to the columnar
axis of the molecular stacking.

(v)
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