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The crystal structures of five azo colorants derived from pyrazolone have been determined by single
crystal X-ray diffraction techniques. An examination of these crystal structures indicates the presence
of certain common features. In the solid state the molecules do not exist in the azo form but in the
form of the hydrazone tautomer. The hydrogen atom in the hydrazone group and one in one of the
phenyl rings take part in intramolecular hydrogen bonding, which holds the molecule in 2 more or less
planar configuration. The molecules stack in columns linked by van der Waals forces. Molecule dipole
moments and shorest intermolecular distances in the crystal structures are tabulated in an attempt to

explain the different solubilities of these solvent dyes and pigments.

INTRODUCTION

This is the third article of a series reviewing work on the
crystal structure determinations of groups of colorants
involving ‘azo bonds’. The first of these [1] reviewed the
work reported on the crystal structure determination of
six azo pigments involving p-naphthol [2-7]. In the first
three of these structures the accuracy of the work was
insufficient to detect the hydrogen atoms, and the
molecular configuration was assumed to be that shown in
Figure 1(a). In the other three studies the accuracy of the
work was improved and the positions of the hydrogen
atoms were determined. These indicate that the ‘azo’
bond did not occur and the bridging was really due to a
‘hydrazone’ bond (Figure 1(b)). When the data from the
six structures were reviewed [1], it was pointed out that
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the two formulae differed as to whether certain of the
bonds were single or double. The experimentally
determined bond lengths were then compared with the
normally accepted values quoted in the International tables
[8], and it was concluded that in all cases the bond
configuration favoured the hydrazone tautomer. Further
discussions and crystal structure determinations tended to
support this conclusion [9-12].

Interest then shifted to the determinations of the crystal
structures of azo pigments based on acetoacetanilide.
Over the next few years 13 crystal structure deter-
minations were reported for ten commercially available
pigments [13-25]. When this work was reviewed, one of
the conclusions was that in the solid state the compounds
existed in the form of a hydrazone tautomer (Figure 2(a))




Figure 1 Structure of 3-naphthol colorants; (a) azo, (b) hydrazone
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Figure 2 Structure of acetoacetanilide colorants; (a) azo, {b) hydra-
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Figure 3 Structure of pyrazolone colorants; (a) azo (hydroxy), (b) azo
(keto), (c} hydrazone

rather than the azo form given in the Colour Index (Figure
2(b)) [26]. This review also included the methodology of
detecting hydrogen atoms in the presence of heavier
atoms.

A third group of azo colorants are those derived from
pyrazolone. Crystal structures of five members of this
group have been determined [27-31]. It now seems
worthwhile to summarise these results. In general the
difference between these five colorants is the identity and
position of substituent R (Figure 3(a)). Table 1 lists the basic
formulae of the compounds.

AZO BONDING AND TAUTOMERISM

Azo pyrazolone colorants are usually classed as azo dyes
or pigments (Figure 3(a)). But whether they exist in the
traditional azo form (or the alternative preferred by Lewis
[32], shown in Figure 3(b)) or the hydrazone form (Figure
3(c)) has not previously been determined. In all cases the
trans configuration was found to be correct, and Figure 4
gives the general molecular configuration and the atomic
numbering used in the following discussions.

In crystal structure analysis there are two ways of
deciding the identity of a tautomer. One is to determine
the bond lengths and compare them with the accepted
values to decide which are single and which are double
bonds. The other is to determine directly the hydrogen
atom positions.

Considering the bond lengths first, the bonds involved
are N(1)-N(2), N(2)-C(7), C(7)-C(10) and C(10)-O. The
accepted lengths of various single and double bonds are
given in Table 2, and by comparing the experimental
observations with these it should be possible to determine
the most likely tautomer. As these colorant molecules are
essentially planar (see below), the bond lengths used for
comparison are those involving carbon sp? and nitrogen
sp electronic configurations.

Table 3 lists the expected bond order for the diagnostic
bonds of various tautomers, while Table 4 gives the
experimentally observed bond lengths for the different
colorants in Table 1. The first thing that is noticeable about
Table 4 is that four investigations gave consistent values of

Table 1 Determined crystal structures of pyrazolone-derived azo
colorants

Chemical
Cl Name R formula Ref.
None 4-chloro Cy4H5CIN,O 27

Cl Pigment Yeliow 60 2-chloro C,¢H,5CIN,O 28
Cl Pigment Yellow 10 2,5-dichloro C,gH,,CLLN,O 29
Cl Solvent Yellow 18

(e-form) 24-dimethyl  C 4HziN,O 30
Cl Solvent Yellow 18

{B-form) 2,4-dimethyl  C,gHgN,O 3

C(4) G5}

C

Figure 4 General molecular configuration of pyrazolone colorants and
the atomic numbering used

Table 2 Accepted single and double bond lengths [33]

Bond lengths (A)

Nsp?-Nsp? Nsp?-Csp? Csp?-Csp? Csp?-0O
Single  1.40(3) 1.36(1) 1.46(2) 1.33(2)
Double  1.22(1) 1.28(1) 1.32(2) 1.21(1)

Errors in parentheses
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Table 4 Observed bond lengths

Table 3 Expected bond order for various models

Cl Name Ref. N(1)-N{2) N(2)-C(7) C(7)-C(10) C(10)-0O
Figure N(1)-N(2) N{2-C(7) C(7)-C(10) C(10-O

None 27  1.358(19) 1.397(17) 1.544(21) 1.240(17)

Cl Pigment Yellow 60 28 1.318(3) 1.307(3) 1.468(4) 1.230(3)
3(a) Double Single Double Single Cl Pigment Yellow 10 29 1.327(2) 1.298(2) 1.474(3) 1.231(2)
3{b) Double Single Single Double a-Cl Solvent Yellow 18 30  1.311(4) 1.311(4) 1.455(5) 1.233(4)
3(c) Single Double Single Double B-CtSolvent Yellow 18 31 1.307(7) 1.313(9) 1.454(10) 1.230(8)

Errors in parentheses

Table 5 Interatomic angles about C(7)

Cl Name Ref.

N(2)-C(7)-C(10) C(10)-C(7)-C(8) C(8)-C(7}-N(2) Total

Cl Pigment Yellow 60 28  128.0(2) 105.8(2) 126.1(3) 359.9(0.4)
CtPigmentYellow 10 29  128.4(2) 105.5(2) 126.1(2) 360.0(0.3)
a-Cl Solvent Yellow 18 30  128.2(3) 106.4(3) 125.4(3) 360.0(0.5)
B-Cl Solvent Yellow 18 31 127.2(6) 106.3(6) 126.5(6) 360.0(1.0)

Errors in parentheses

any particular bond with one exception [27]. Detailed
examination of this particular investigation shows that the
results were not sufficiently accurate for the present
discussion, the errors in the bond lengths being in the
range 0.019-0.028 A (except for CI-C) and no direct
evidence of the positions of the hydrogen atoms was
obtained. Also the range of bond lengths in the two
phenyl groups was 1.373-1.558 A, a rather large range in
what would be expected to be equivalent bonds. For
comparison the 48 phenyl bond lengths in the other four
structures were found to be more consistent, in the range
1.343-1.405 A. Hence the results of Golinski ¢f al. were not
considered in this study [27].

Comparing the results of diagnostic bonds from the
other four investigations {28-31], with the values in Table 3
shows that two of them, N(1)-N(2) and N(2)}-C(7), are
partial double bonds (i.e. the observed values lie between
those for single and double bond lengths) although the
second lies closer to a double bond length. This suggests
that there is some form of delocalisation. However, there is
no doubt as to the bond order of the other two; C(7)-C(10)
is a single bond and C(10}-O is a double. Additionally, if
Figure 3(b) is correct, there should be evidence for a
hydrogen atom connected to C(7) and the bonding about
this atom would be tetrahedral (N(2), C(8), C(10) and H).
But the sum of the angles subtended by the three heavy
atoms at C(7) shows that these four atoms are essentially
planar (Table 5). These results are evidence for the
existence of the hydrazone configuration (Figure 3(c)).

The methodology of determining the positions of the
hydrogen atoms has been discussed previously [26]. In all
four cases the hydrogen atoms were found apparently
connected to N(1), but there were no signs of hydrogen
connected to either the oxygen or C(7). This is further
evidence for the existence of the hydrazone form.
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INTRAMOLECULAR HYDROGEN
BONDING AND EFFECT OF SIDE GROUPS

Figure 5 shows the proposed structure for CI Pigment
Yellow 60 [28]. The shape of the molecule suggests that it is
feasible for intramolecular hydrogen bonding to occur
between the N(1) hydrogen and oxygen and also between
C(16) hydrogen and oxygen for all pyrazolone pigments.
In the cases of CI Pigments Yellow 60 and Yellow 10 there
is a chlorine atom in the ortho position on the phenyl
group adjacent to the hydrazone bond, and a further
hydrogen bond is feasible between this atom and the N(1)
hydrogen.

Table 6 lists the possible intramolecular hydrogen bonds
in those pigments, the distances given being those directly
between the donor and possible receptor atoms.
According to Pimental and McClellan, the average
hydrogen-bonded distance between nitrogen and oxygen,
measured directly, is about 2.9 A [34]. Thus it appears that
there is a hydrogen bond between the N(1) hydrogen and
oxygen in all colorants. The chlorine atom adjacent to

Figure 5 Structure of the Cl Pigment Yellow 60 molecule; the
intramolecular hydrogen bonds are indicated by broken lines



Table 6 Intramolecular hydrogen bonding in pyrazolone colorants

Cl name Ref. N(1)..CI N{(1)..0 C(18)...0 H(16)...0

Cl Pigment Yellow 60 28 2.944(2) 2.746(3) 2.961(4) 2.26(4)

Cl Pigment Yellow 10 29 2.933(2) 2755(2) 2.981(3) 2.31(3)

a-Cl Solvent Yellow 18 30 2.807(4) 2.962(5) 2.38(4)

B-C! Solvent Yellow 18 31 2.755(8) 2.946(10) 2.38(7)

Errors in parentheses
Table 7 Pianarity and angles between various weighted least-squares planes and the molecule

Average

deviation of Phenyl (hydrazone) Pyrazole Phenyl

non-hydrogen

atoms from Planarity of
Clname Ref. molecular pfane molecule Unsubstituted Substituted Unsubstituted Substituted Unsubstituted
Cl Pigment Yellow 60 28 0.075 NP P/ 2.4° NP/ 1.5°  P/2.3° NP/2.3° P/ 5.6°
Cl Pigment Yellow 10 29 0.072 NP P/ 0.3° P/ 0.9° P/0.9° P/Q.g° NP/11.0°
o-Cl Solvent Yellow 18 30  0.095 NP P/ 6.6° NP/ 6.9° P/3.8° NP/4.1° P/ 6.0°
B-Cl Solvent Yellow 18 31 0.113 NP P/11.6° NP/11.5°  P/3.7° NP/4.1¢ P/ 47°

P Planar within three times the appropriate standard deviation
NP Non-planar

hydrazone bond in CI Pigments Yellow 60 and Yellow 10 is
at a distance of approximately 2.94 A from N(1) (Table 6).
This distance is much shorter than the average hydrogen
bonded distance of 3.2 A between these pairs of atoms
[34]. Thus it appears that for these two pigments the
hydrogen bond from N(I) is bifurcated, the receptor
atoms being chlorine and oxygen.

The third short intramolecular distance is between
catbon C(16) and oxygen. According to Pimental and
McClellan [35], C-H groups do form hydrogen bonds, but
they do not give values for the bond length.

However, Bondi reviewed the then existing data for
van der Waals radii and tabulated the ‘best’ values [36]. He
concluded that the ‘best’ values for the van der Waals radii
for aromatic carbon and hydrogen atoms were 1.77 A and
1.00 A respectively. He concluded that in the case of an
oxygen atom attached to an aromatic nucleus by double
bond (i.e. a double-bonded oxygen), the van der Waals
volume was not spherical, but an ellipsoid of dimensions
150 A parallel to the double bond and 1.40A4
perpendicular to it. In the present molecular configuration
the latter distance is probably a better approximation for
intramolecular molecular bonding, giving van der Waals
distances of 3.17 A between an aromatic carbon atom and
a double-bonded oxygen atom and 2.40 A between a
hydrogen atom and a double-bonded oxygen atom. Both
the C(16)...0 and H(16)...0 distances are less than these
for all structures (Table 6). Hence it would appear that
there is a hydrogen bond between carbon C(16) and
oxygen atoms, albeit weak, in all cases. The effect of these
intramolecular hydrogen bonds will be to tend to form a

series of atomic rings through the molecule and to hold
various parts of it in the same plane (see below).

PLANARITY OF THE MOLECULES

Table 7 gives some information on molecular planarity.
The phenyl group adjacent to the hydrazone linkage has
been termed phenyl (hydrazone) to differentiate it from
the second one. In addition, the average deviation of the
atoms from the weighted least-squares plane has been
calculated

The usual crystallographic rule for deciding whether a
group of atoms is planar is due to Cruickshank [37]. This
states that all individual atoms must lie within three times
the appropriate standard deviation (o) from the plane.
Using this criterion none of the molecules is planar.
However, in CI Pigment Yellow 60, for example, the
average deviation of the atoms from the least-squares
plane is 0.075 A, which is very small compared with the
size of the molecule, approximately 13 x 6 A. So, although
it does not fulfil the arbitrary crystallographic criterion, the
molecule is approximately planar in shape, and the same
applies to the other molecules in Table 7.

An alternative way of looking at the planarity of the
molecules is to examine the three ring systems (two
phenyis and the pyrazole) and consider the planarity of
these and their relationship to each other. All the phenyl
{(hydrazone), all the pyrazole and all but one of the phenyl
rings are planar within three times the appropriate
standard deviation, and even the exception (CI Pigment
Yellow 10) is within 3.6 times the appropriate standard
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deviation. Substituting side groups on these rings destroys
the planarity in nearly all the cases, probably because of
mutual hindrance by the various groups. However, the
effect of these side groups on the planarity is small
compared with the fact that the various rings are inclined
with respect to each other, and it is this rotation of the
various rings that has the greatest effect on the planarity.

The four colorants may be placed in two pairs: CI
Pigments Yellow 60 and Yellow 10 have a chlorine atom in
the ortho positions on the phenyl (hydrazone) ring while
the polymorphs of CI Solvent Yellow 18 have a methyl
group in this position.

In the first pair the angles between the various rings
and the molecular plane are small. A detailed examination
of individual atomic deviations in these molecules shows
that they take up the shape of a very open horse shoe, i.e.
the molecule is bent, and the twisting of the rings with
respect to each other about an axis parallel to the length is
small except for the unsubstituted phenyl ring in CI
Pigment Yellow 10. However, in the cases of the two
polymorphs of CI Solvent Yellow 18, there is a strong
tendency for the rings to be rotated about axes
approximately parallel to the molecular lengths (C(6)-N(1)
and N(4)-C(11)). This can most easily be seen by con-
sidering the interplanar angles calculated with respect to
the pyrazole ring rather than the molecular plane (Table 8).
This shows that the phenyl (hydrazone) and pyrazole
rings are essentially in the same plane for CI Pigments
Yellow 60 and Yellow 10 while there is considerable
rotation about C(6)-N(1) bond for both polymorphs of CI
Solvent Yellow 18. This difference is no doubt due to there
being a bifurcated hydrogen bond from N(I) to the
oxygen and o-chloro group in the first pair of colorants,
while there is no hydrogen bonding to the o-methyl group
in the second pair.

INTERMOLECULAR ARRANGEMENT AND
BONDING

The almost planar molecules are stacked on top of each
other to give a columnar structure. The adjacent molecules
within the columns may be paralle]l (3-CI Solvent Yellow
18 alone) or antiparallel. In all cases the molecular plane is
not perpendicular to the column axis. Although the
morphology of the crystals is either blade- or needle-
shaped, the axis of a molecular column is not always
parallel to this. This is different to the cases of aceto-
acetanilide compounds studied [26].

Sutor considered the empirical evidence for C-H...O
bonding in crystals and found that this occurs at distances
up to 3.28 A [38]. She also found that for methylidene (CH)
groups, the C-H...O configuration was approximately
linear. It is interesting that Sutor’s empirical maximum
value of 3.28 A is 5o close to Bondi's value of 3.27 A for the
C...O= van der Waals distance in a direction parallel to
the double bond [36].

As the colorant molecules are essentially planar, then
according to Sutor’s criteria, it would not be possible
stereochemically to have intermolecular hydrogen bond-
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Table 8 Angles between weighted least-squares planes of phenyl
groups and pyrozole

Phenyl (hydrazone) Phenyl

Pigments Unsubstituted  Substituted  Unsubstituted
C! Pigment Yellow 60 0.6° 1.0° 11.3°
C! Pigment Yellow 10 1.7° 1.8° 5.2°
o-Cl Solvent Yellow 18 10.3° 10.7¢ 9.7°
B-Ct Solvent Yellow 18 15.2° 15.1° 1.8°

ing between atoms within the same column of molecules,
but it would be possible between molecules in adjacent
columns. However, in the four structures under discussion
the shortest intermolecular distance between columns
was 3.39 A between C(15) and oxygen for CI Pigment
Yellow 10. In these circumstances it would appear that all
the intermolecular bonding is due to van der Waals forces.

SOLUBILITY OF THE COLORANTS

When organic crystals are formed, the molecules tend to
pack together to fill a minimum volume, the size of which
will depend on the van der Waals radii of the individual
atoms in the molecule. As the van der Waals radii of chloro
and methyl groups are similar, it would appear that
substitution of one for the other would make very little
difference to solubility. Yet two of the compounds (CI
Pigments Yellow 60 and Yellow 10) are insoluble in water
while the two polymorphs of CI Solvent Yellow 18 are
water soluble.

However, this reasoning ignores two other factors; one
is that methyl is an electron-donating group while the
chloro group is electron-withdrawing. Thus the substitu-
tion of methyl by chloro will lead to changes in the charge
distribution on, and the dipole moment of, the molecule. It
would be expected that molecules with larger dipole
moments would be more soluble in polar solvents such as
water. In addition these charge distributions, by
themselves, will have an effect on the van der Waals
distance in the solid due to Coulombic forces.

A second consideration is that CI Solvent Yellow 18 is a
2,4-dimethyl substituted compound while in CI Pigment
Yellow 10 the chloro substituents are in the 2,5-positions.
Consequently the packing of the molecules will be
different simply because the molecules have a different
shape. This will also give rise to different molecular
packing and van der Waals distances.

Thus one point of view is to look at the charge
distribution in individual molecules and its effect on the
molecular dipole moment. To try to obtain some idea of
the charge distribution in the molecules, MNDO-PM3
semi-empirical molecular orbital calculations were carried
out (MNDQ-PM3 was chosen on the recommendation of
Stewart [39]}. The values for the dipole moments are given
in Table 9. These suggest that CI Solvent Yellow 18 has the
largest dipole moment and thus would be more soluble in




Table 9 Molecular dipole moments and shortest intermolecular
distances

Dipole Shortest intermolecular
Pigment moment {(x D) distance (A)
Cl Pigment Yellow 60 3.03 3.139(3)
Cl Pigment Yellow 10 2.07 3.286(3)
o-Cl Sclvent Yellow 18 3.06 3.351(4)
B-Cl Solvent Yellow 18 3.06 3.336(9}

Errors in parentheses

apolar solvent (e.g. water) than either of the two pigments
and that CI Pigment Yellow 60 would be more soluble
than Yellow 10.

Another approach is to lock at the problem in terms of
crystal structure. When a crystal dissolves in a solvent, its
structure is broken down to produce individual molecules
or possibly small groups (e.g. dimers). Thus solubility
depends upon breaking the intermolecular bonds, and
molecules that are closer together, i.e. have stronger
intermolecular bonds, will require more energy to pull
apart, and so will tend to be less soluble. Of course in most
crystal structures there are many different intermolecular
bond lengths and so some will break easier than others.

If it is assumed that all intermolecular bonds must be
broken, then the length of the shortest intermolecular
bond would be a measure of solubility; the shorter the
bond the less the solubility. For these four colorants the
shortest intermolecular bonds are shown in Table 9. Thus
it appears, on this simple analysis, that CI Pigment Yellow
60 would be less soluble than CI Pigment Yellow 10, and
both would be less soluble than either of the polymorphs
of CI Solvent Yellow 18.

This analysis assumes that all the colorants dissolve to
form single molecules in solution and none form dimers
or small groups. In the case of all these four colorants the
shortest intermolecular bond is within the column of
molecules (i.e. approximately perpendicular to the
molecular plane). If this shortest bond is not broken then
infinite columns of molecules would exist in solution. This
would appear unlikely, and so the assumption that all
intermolecular bonds must be broken seems reasonable
for this group of crystals.

Both these approaches suggest that CI Solvent Yellow
18 is more soluble than either of the pigments, but they
give different solubilty rankings for CI Pigment Yellows 10
and 60. There would appear to be certain disadvantages in
using complex molecular orbital calculations, whose
complexity can only be overcome by incorporating certain
parameters into the calculation. Changing these
parameters alter the results. According to Stewart, the
advantages of using MNDO-PM3 are attributable to its
being based on 400-500 experimental reference data, far
more than for any other semi-empirical molecular orbital
calculations. In spite of this, Stewart gives the average
dipole error for this experimental data as + 0.38D. This is

large compared with the size of the values calculated. In
addition, the molecular orbital calculations were based on
individual molecules for which, as part of the calculation,
the molecular configuration was optimised for the lowest
energy configuration. Comparing the molecular config-
urations from the MNDO-PM3 calculation with those
obtained from the crystal structures gave different bond
lengths. The worse difference was for bond N(4)-C(10),
which was 0.065 A for CI Pigment Yellow 60, 0.080 A for CI
Pigment Yellow 10, 0.066 A for o-CI Solvent Yellow 18 and
0.077 A for B-CI Solvent Yellow 18. Again these dis-
crepancies are very large, causing the crystal structure
model to be preferred for the present work.

CONCLUSIONS

The crystal structure determinations outlined above can

be surmmarised as follows:

(a) In the solid state the molecules exist as the hydrazone
tautomet, so the term azo colorants is a misnomer

(b) Intramolecular hydrogen bonding occurs in these
molecules, with two bonds per molecule, or even
three if a suitable side group on the phenyl (hydra-
zone} ring is available.

(¢) The intramolecular hydrogen bonds tend to hold all
the molecules in an approximately planar config-
uration, which tends to be better in those molecules
containing three intramolecular hydrogen bonds

(d) In general the molecules stack in columns within the
crystal, which are linked by van der Waals forces

(e) There is a direct correlation between the shortest
intermolecular distances and solubilities for this group
of colorants.

There have now been three reviews of the crystal structures
of so-called monoazo colorants, essentially covering
colorants derived from B-naphthol [1), acetoacetanilide [26]
and pyrazolone respectively. In all three cases it was
concluded that, in the solid state, the colorants did not exist
in the azo form, rather as the hydrazone tautomer. Crystal
structures have been determined for arylamine colorants in
which there has been an azo linkage [40-43], the length of
this linkage corresponding to a double bond (approx. 1.25
Ay and the lengths of the C-N bonds on either side of the
azo bond each being about 1.42 A.

Chemically the difference between colorants that
contain hydrazone bonds and those containing azo bonds
is that one of the coupling components in the preparation
of the former contains a hydroxyl group. After coupling,
rather than a hydroxyazo compound, a keto-hydrazone
tautomer is obtained, and there is an intramolecular
hydrogen bond between the hydrazone group and the
keto oxygen. With those colorants in which there is an azo
linkage, the general feature is the absence of a hydroxyl
group in the coupling components.

Thus it would appear that, in the Colour Index, the
group of colorants referred to as ‘monoazo colorants’
should be divided into two. Those colorants that have a
hydroxyl group and an appropriately placed azo group
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which may be joined by an intramolecular hydrogen bond
should be classified as “hydrazone colorants’, with those
without a hydroxyl group remaining as ‘azo colorants’. Of
course, any theory of colouring must take account of the
fact that both types of structure can exist.

The author would like to thank Dr E L Short of the
Department of Chemistry, Brunel University, for helpful
discussions and calculation of the molecular dipole
moments.
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