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bstract. Four different crystals are presented in the present article
hat are derived from a novel yellow pyrazolyl azo pigment used for
nk jet inks. This compound exhibits a good pigmentary performance
n light and heat stability but rather poor in solvent fastness. X-ray
tructure analysis has been carried out in order to improve the
resent drawback from the structural point of view. The authors
ave unexpectedly isolated two kinds of five-coordinate bisazo Na
omplexes of the cis form (space group: P-1) as well as one Na-free
onoazo compound (space group: C2/c). The formation of the Na

omplex is found to be caused by NaNO2 used for the preparation of
iazo components. Then, the authors tried to eliminate the sodium
tom from the Na complex using hydrochloric acid in an attempt to
evelop a better pigment that assumes a trans configuration. The
resent Na-free compound in the trans form is found to crystallize in
pace group P-1 and is characterized by good solvent fastness in
ddition to the light and heat stability of the original title
ompound. © 2011 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.2011.55.2.020504�

NTRODUCTION
zo pigments are widely used in imaging and printing in-
ustries because of their versatile colors, high tinctorial
trength, as well as their low price.1 Therefore, the azo com-
ounds are by far the largest group of colorants with respect

o number and production volume of currently marketed
yes and pigments. However, azo pigments are generally in-

erior in light, heat, and solvent fastness to phthalocyanines
blue), peryleneimides (vivid red via maroon to black),
uinacridones (red and magenta), and pyrrolopyrroles (red),
lthough considerable effort has been directed to improve
hese properties. On this account, azo pigments have com-

ercial significance mainly for yellow. However, even today,
here exist no high-performance yellow pigments that meet
ll pigmentary requirements, especially for ink jet inks.

Quite recently, some novel azo pigments have been
eported by Nagata and Tateishi which include 2,6-bis
5-amino-3-tert-butyl-4-[ ( 3-methyl-1,2,4-thiadizol-5-yl ) -
iazeneyl ]-1H-pyrazol-1-yl } - 1,3,5 - triazin - 4 ( 1H)-one2

B-PAT of the cis form: Figure 1(a)], whereas no description
as made for its trans form [Fig. 1(b)]. In fact, B-PAT is

ound to exhibit a good pigmentary performance with re-
pect to light and heat stability but rather poor solvent fast-

IS&T Member.
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. Imaging Sci. Technol. 020504-
ess. Then, an attempt was made in the present investigation
o improve the above drawback from the standpoint of the
rystal structure. In the process of growing single crystals
rom solution, we have unexpectedly isolated three kinds of
ingle crystals: two bisazo and one monoazo compounds,
ndicating that the reaction product (assumed B-PAT) is not

pure material but a mixture of monoazo and bisazo com-
ounds. To our even greater surprise, the bisazo compounds
re found to include Na atoms and form five-coordinate Na
omplexes in a cis fashion [Na-containing B-PAT:3,4 Figure
(a)], whereas the monoazo compound is Na-free [M-PAT:5

ig. 2(b)]. Then, we wondered and asked ourselves where
he Na atom comes from, how the Na atom is included in
-PAT, and why the Na complex crystallizes in a cis fashion

hat is less stable than the trans one. The formation of the
a complex is found to be caused by NaNO2 used for the
reparation of diazonium salts and the Na atom then
ridges two monoazo moieties by force in a cis fashion.
owever, the integration of Na atoms derived from NaNO2

n the azo moiety has never been reported in the long history
f azo pigments.1 At this moment, it struck us that we could
repare a structurally more stable trans form of B-PAT
Fig. 1(b)] by eliminating the Na atom from the Na com-
lex, and this compound is expected to possess all desirable
igmentary characteristics. In fact, we could eliminate the
a atom using hydrochloric acid and isolate Na-free B-PAT

n the trans form.6 As expected, Na-free B-PAT in the trans
orm is found to possess high solvent fastness in addition to
he light and heat stability of the original title compound.

The present article is a summary of the four different
rystals derived from the assumed B-PAT [Fig. 1(a)] and
escribes how these compounds came to exist and how we
rrived at the promising Na-free B-PAT of the trans form.
he electronic structure will shortly be reported together
ith pigmentary characteristics.

XPERIMENT
reparation of B-PAT and Na-Free B-PAT of the trans
orm
he assumed B-PAT [Fig. 1(a)] (i.e., the mixture of
onoazo and bisazo compounds) was synthesized in accor-

ance with a procedure described in the patent: [example 1
0162)].2 The diazonium salt was prepared by reaction of
-amino-3-methyl-1,2,4-thiadiazole with NaNO2. The salt

as then coupled with 4,6-bis(5-amino-3-tert-butyl-1H-

Mar.-Apr. 20111
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yrazole-1-yl)-1,3,5-triazine-2-ol. The elementary analysis
ave the result of C: 37.17%, H: 5.10%, N: 31.97%, S: 8.34%,
nd Na: 2.69%, whereas no analytical result was presented in
he patent. The ratio of Na-containing B-PAT to Na-free

-PAT was about 4:1 according to the present analysis. On
he other hand, Na-free B-PAT of the trans form was pre-
ared by addition of HCl with 30 times molar equivalent to

B-PAT-saturated solution in N-methyl-2-pyrrolidone
NMP). The product was instantaneously precipitated upon
issolution of HCl, isolated by filtration, and washed with
ater. Elemental analysis gave the formula of

23H29N17OS2 •H2O which is in good agreement with the
heoretical value of B-PAT �Mw :C23H29N17OS2 =623.72� be-
ng nonwater. In addition, mass spectrum gave the parent
eak of 624 for B-PAT together with some small fractions.

rystal Growth
ingle crystals of Na-containing B-PAT I of the cis form were
rown by recrystallization from a mixed solution of metha-
ol and phenol (1:1 in molar ratio) prepared at 80°C.
eedle shaped crystals were obtained in a closed system

aturated with methanol vapor after standing for one week.
imilarly, single crystals of Na-containing B-PAT II of the cis
orm and Na-free M-PAT were obtained from a solution in

MP prepared at 100°C. After standing for one week, single
rystals were obtained in the form of needles for both
a-containing B-PAT II and M-PAT. On the other hand, the

rystal growth of Na-free B-PAT of the trans form was ex-

Figure 1. Structure of B-PAT: �a� cis form �2
diazeneyl�-1H-pyrazol-1-yl�-1,3,5-triazin-4�1H�-one
��3-methyl-1,2,4-thiadizol-5-yl�diazeneyl�-1H-pyrazo
bonds are designated by dotted lines.

Figure 2. Structure of the isolated monoazo and bi
�B-PAT I with A=methanol and B=phenol: B-PAT
Intramolecular hydrogen bonds are designated by
remely difficult. After many unsuccessful trials, needle- n

. Imaging Sci. Technol. 020504-
haped single crystals could only be obtained from a chlo-
oform solution.

tructure Analysis
ll crystals appeared to include solvents except Na-free
-PAT in the trans form; reflection data were collected at
180°C (or at −120°C for Na-free B-PAT) on an R-AXIS
APID-F diffractometer from Rigaku using Cu K� as the

adiation source ��=1.5418 Å�. In all analyses, the structure
as solved by direct methods (SIR20047) and refinement
as carried out by the full-matrix least-squares method, F2

SHELXL978).
It was an extremely difficult task to solve the structure

f Na-containing B-PATs of the cis form because we never
hought at all of the inclusion of a Na atom in B-PAT
Fig. 1(a)] that derives from NaNO2. In fact, no reports of
he Na inclusion have been published in the long history of
zo pigments.1 At the beginning of the present analysis, we
asily found major density peaks on Fourier maps which
orrespond to a bisazo structure of the cis structure. How-
ver, there remained a relatively strong density peak in the
enter of the molecule that has, however, an extremely small
emperature factor. All our trials to assign the peak to oxy-
en, carbon, and nitrogen atoms were in vain. Finally, we
ere obliged to think of the existence of a monovalent or
ivalent metal such as Na or Mg in consideration of the
mall temperature factor which is typical of metals. The Na
ssignment was actually the clue to the successful determi-

-amino-3-tert-butyl-4-��3-methyl-1,2,4-thiadizol-5-yl�
�b� trans form �4,6-bis�5-amino-3-tert-butyl-4-

,3,5-triazin-2�1H�-one�. Intramolecular hydrogen

mpounds: �a� Na-containing B-PATs of the cis form
A=water and B=NMP� and �b� Na-free M-PAT.
lines.
,6-bis�5
� and
l-1-yl�-1
sazo co
II with
ation of the structure.

Mar.-Apr. 20112
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olecular Orbital Calculations
emiempirical molecular orbital (MO) calculations were car-
ied out on B-PATs and M-PAT using MOPAC2009.9 Geometry
as optimized with the AM1 Hamiltonian, and the spectro-

copic calculations were made using ZINDO program inte-
rated in the QUANTUM CACHE, Version 3.2 package.10

ESULTS AND DISCUSSION
O Calculations

e discuss first the stability of the cis and trans forms of
-PAT, together with that of Na-containing B-PAT. This

erves as the basis for discussions of the crystal structure
escribed below.

Table I lists the results of the MO calculations, showing
he heat of formation and the dipole moment for cis B-PAT
Fig. 1(a)], trans B-PAT [Fig. 1(b)], Na-containing cis B-PAT
(with A=methanol and B=phenol in Fig. 2), and B-PAT II

with A=water and B=NMP). Obviously, the heat of for-
ation of the trans form (1422.5 kJ/mol) is lower than that

able I. Molecular orbital calculations for cis or trans B-PAT’s and Na-containing cis
-PAT’s.

Heat of formation
�kJ/mol� Dipole moment �D�

cis B-PAT 1448.0 2.6

trans B-PAT 1422.5 2.3

Na-containing cis B-PAT I 926.1 12.9

Na-containing cis B-PAT II 770.0 16.0

Table II. Crystallographic parameters for fou

Na-containing B-PAT I of the cis forma Na-containing B-P

olecular formula C30H38N17O3S2Na · 4�C6H6O� C28H39N18O

Molecular weight 1148.3 86

Crystal system Triclinic Tri

Space group P-1 P

Z 2

a �Å� 8.389,64�15� 12.1

b �Å� 18.878,0�3� 13.7

c �Å� 20.406,0�4� 14.6

� �deg� 114.103,0�7� 63.1

� �deg� 96.580,0�8� 89.2

� �deg� 95.650,0�8� 73.5

V �Å3� 2,892.83�9� 2,07

Dx �g / cm3� 1.318 1

R1 0.0726 0.

Reference 3.
Reference 4.
Reference 6.

Reference 5.

. Imaging Sci. Technol. 020504-
f the cis form (1448.0 kJ/mol) by about 25.5 kJ/mol, indi-
ating that the trans form is more stable than the cis one.
owever, the situation drastically reverses when the Na atom

s integrated into cis B-PAT: 926.1 and 770.0 kJ/mol for
a-containing cis B-PATs I and II, respectively. This explains
hy the Na-containing B-PAT of the cis form exists in reality

s the most stable structure.

rystal Structure
able II details the crystallographic parameters for Na-
ontaining B-PAT I of the cis form (with A=methanol and
=phenol in Fig. 2), B-PAT II of the cis form (with
=water and B=NMP), Na-free B-PAT of the trans form,

nd Na-free M-PAT. Among these, only Na-free B-PAT con-
ains no solvents, while the rest are solvated crystals. M-PAT
s characterized by a space group of C2/ c, while the others
ossess P-1. The inclusion of the Na atom comes as a great
urprise. The formation of Na complexes is found to be
aused by NaNO2 used for the preparation of diazo compo-
ents, and the Na atom bridges two monoazo moieties in a
is fashion, as described below.

OLECULAR CONFORMATION AND
RRANGEMENT
a-Containing B-PAT I of the cis Form
igure 3 shows the ORTEP plot of Na-containing B-PAT I of
he cis form which includes three full phenol molecules and
wo half molecules in the asymmetric unit. Four of these are
ydrogen-bonded to the N atom of the 1,2,4-thiadiazol ring
hrough OH. . .N hydrogen bonds, while the fifth phenol

olecule remains free. It is remarkable to note that the cen-
ral Na atom bridges two monoazo moieties in a cis fashion

nt crystals derived from the assumed B-PAT.

he cis formb Na-free B-PAT of the trans formc Na-free M-PATd

H9NO C23H29N17OS2 C13H16N10O2S · C5H9NO· H2O

623.72 493.54

Triclinic Monoclinic

P-1 C2 / c

2 8

6.756,1�12� 27.828,3�5�

14.054�2� 7.026,90�10�

16.203�3� 26.441,7�4�

83.924�6� ¯

83.276�7� 91.343,0�7�

79.140�7� ¯

1,495.0�4� 4,582.69�13�

1.385 1.431

0.1373 0.049,3
r differe

AT II of t

3S2Na · C5

1.98

clinic

-1

2

10,0�8�

78,1�9�

69,5�9�

25�3�

98�3�

34�3�

4.4�2�

.38

1478
Mar.-Apr. 20113
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o make the molecule entirely flat (mean deviation from the
east-squares plane with a methyl group from the tert-butyl
ubstituent on the pyrazol ring above and below that
lane: 0.0524 Å). Additionally, the four intramolecular
H. . .N hydrogen bonds also contribute to the planarity of

he system. The occurrence of the cis form is quite unusual
ecause the trans form of the Na-free structure as formed by

ree rotation around C7-N6 or C9-N10 is more stable ac-
ording to the MO calculations (Table I). Nevertheless, the
a coordination serves as the driving force to form the cis

tructure, as suggested by the MO calculations. The Na+

ation is bound to three N atoms (N5, N7, and N11) of the
riazine ligand, two from each pyrazole ring and one from
he central deprotonated triazine ring system. Furthermore,
he O atoms of phenol and methanol molecules are also
oordinated to the Na atom, generating a five-coordinate
a-bisazo complex. The integration of the Na atom is due

argely to the favorable distance of the Na position from N5,
7, and N11: Na1–N5=2.644�3�, Na1–N7=2.420�3�, and
a1–N11=2.642�3� Å. The distances of Na1–N5 and
a1–N11 are nearly equal, reflecting that the angles of
5/Na1/N7 and N7/Na1/N11 are 65.04(8)° and 65.51(8)°,

espectively. The present Na-N distance of about 2.42–2.64
is slightly longer than the value of 2.4381(9) Å reported in
Fe complex of the bisazo compound, where the molecule

orms a centrosymmetric dimer with two octahedral FeIII

I 11

igure 3. ORTEP plot for Na-containing B-PAT I of the cis form. Intermo-
ecular and intramolecular hydrogen bonds are designated by dotted
ines.

igure 4. Hydrogen-bond network of Na-containing B-PAT I of the cis
orm along the stacking a axis. Symmetry codes: �i� �−x ,−y ,−z� and �ii�
−1−x ,−y ,−z�. Intermolecular hydrogen bonds are designated by dot-
ed lines.
nits linked by two bridging five-coordinate Na cations. F

. Imaging Sci. Technol. 020504-
Figure 4 illustrates the molecular stack of Na-containing
-PAT I of the cis form along the a axis. The methanol and
henol ligands to the Na atom are positioned above and
elow the bisazo skeleton. The polar bisazo molecules are
rranged alternately in such a way as to effectively cancel
heir dipole moments to lower the lattice energy. In addition,
wo stacked columns are formed that are composed of the
entral Na(I) atom sandwiched by alternating two kinds of
ntermolecular hydrogen bonds: O (carbonyl
xygen:O1ii�. . .O-H (methanol: O8)/Na1/O-H
phenol:O2�. . .O (carbonyl oxygen: O1i� [symmetry codes:
i) �−x ,−y ,−z� and (ii) �−1−x ,−y ,−z�]. This forms two
ne-dimensional polymer chains per molecule and assures a
igh thermal stability of the compound.

a-Containing B-PAT II of the cis Form
igure 5 shows the ORTEP plot of Na-containing B-PAT II
f the cis form with one solvated NMP. The geometry of the
resent five-coordinate Na complex is quite similar to
a-containing B-PAT I except the ligands arising from the

olvent (i.e., coordinating solvents). The Na+ cation is
ound to three N atoms (N5, N8, and N12) of the triazine

igand, two from each pyrazole ring and one from the central
eprotonated triazine ring system. O2 from NMP and O3

rom (water) complete the five-coordinate NaN3O2 coordi-
ation environment. In addition, O4 of solvated NMP is
ydrogen bonded to the H atom of the water molecule. The
ater present is presumably derived from moisture in air or

races of water included in NMP.
Figure 6 illustrates the side view of the complex confor-

ation, showing the arrangement of NMPs and water with
espect to the triazinide plane. In addition, O4 is hydrogen
onded to H13Ai and H13Bi of the amino group of the
eighboring molecule through two intermolecular hydrogen
onds: O4. . .H13A-N13 and O4. . .H13B-N13 bonds. [sym-
etry code: (i) �1−x , 2−y , 1−z�]. This bridges two Na

omplexes to form a dimer, as shown in Figure 7, together
ith two additional intermolecular O. . .HO hydrogen bonds
etween the carbonyl O atom of the triazine ring of one
olecule and the H atom of the water molecule of the

eighboring one. These dimers are stacked along �100�.

a-Free B-PAT of the trans Form

igure 5. ORTEP plot for Na-containing B-PAT II of the cis form. Intermo-
ecular and intramolecular hydrogen bonds are designated by dotted
ines.
igure 8 shows the ORTEP plot of Na-free B-PAT of the

Mar.-Apr. 20114
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rans form. There are five NH. . .N intramolecular hydrogen
onds formed between the NH of the amino group of
he pyrazol ring and the N atom of the azo
ond: N16-H16M. . .N3, N16-H16N. . .N8,N17-H17M. . .N13,
17-H17N. . .N7, and N9-H9. . .N11. The five intramolecular
H. . .N hydrogen bonds contribute to the planarity of the

ystem.
Figure 9 illustrates the in-plane dimer structure formed

. . .

igure 6. Side view of Na-containing B-PAT II of the cis form. Symmetry
ode: �i� �1−x ,2−y ,1−z�. Intermolecular hydrogen bonds are desig-
ated by dotted lines.

igure 7. Dimers of Na-containing B-PAT II of the cis form along
he stacking a axis. Symmetry codes: �i� �1−x , 2−y , 1−z�, �ii� � −x,
−y,1−z�, and �iii� �−1+x ,y ,z�. Intermolecular hydrogen bonds are
esignated by dotted lines.

igure 8. ORTEP plot for Na-free B-PAT of the trans form. Intramolecular
ydrogen bonds are designated by dotted lines.
y two NH O intermolecular hydrogen bonds: l

. Imaging Sci. Technol. 020504-
1. . .H9i-N9i and N9-H9. . .O1i bonds [symmetry code: (i)
1−x , 2−y , 1−z�]. The formation of dimers doubles the

olecular unit to significantly stabilize the solid state. The
resent dimer is formed without any intermediator such as
olvents, whereas that of Na-containing B-PAT II of the cis
orm is formed between two stacked molecules through co-
rdinating solvents (Fig. 7). The molecules are stacked with
small overlap at one corner of the molecule, as shown in

igure 10. The present Na-free B-PAT of the trans form is
ound to be quite resistant to light, heat, and solvent, as will
hortly be reported elsewhere.

a-Free M-PAT
igure 11 shows the ORTEP plot of Na-free M-PAT. The

ormation of three intramolecular hydrogen
onds—N2-H2. . .N5, N10-H10M. . .N7, and
10-H10N. . .N3—stabilizes a planar conformation of the
olecule. The water molecule is hydrogen bonded to the
3A atom of the NMP molecule. In turn, the O4 atom is

ydrogen bonded to the H10M-N10 amino group of the
onoazo skeleton. In addition, the O4-H4B group is weakly

ydrogen-bonded to both N7 and N8. At both ends of the

igure 9. Hydrogen-bonded dimers of Na-free B-PATs of the trans form.
ymmetry code: �i� �1−x ,2−y ,1−z�. Intermolecular and intramolecular
ydrogen bonds are designated by dotted lines.

Figure 10. Molecular stack of Na-free B-PATs of the trans form.
ong molecular axis of the main molecule, the molecules are

Mar.-Apr. 20115
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rranged in a head-to-tail fashion on the molecular
lanewith intermolecular N1-H1. . .N9 hydrogen bonds.
hese form a one-dimensional polymer chain on the mo-

ecular plane along the long molecular axis: �110� or �11̄0�
irection.

As shown in Figure 12, the monoazo molecules are al-
ernately stacked along the �010� direction in such a way to
ancel their dipole moments so as to electrostatically stabi-
ize themselves in the crystal. Each alternating pair is linked
hrough a set of three-consecutive intermolecular hydrogen
onds. On one side of the molecule: N2-H2
triazine ring�. . .O3Ai (NMP), O3Ai �NMP�. . .H4Ai-O4i

water), and O4i �water�. . .H10Mi-N10i (amino group)
symmetry code: (i) �1/2−x , 1 /2−y , 1−z�]. An equivalent
et of H-bonding interactions is found at the opposite sides
f the molecules.

ONCLUSIONS
tructure analysis has been carried out on four different
rystals derived from the title compound. The conclusions

igure 11. ORTEP plot for Na-free M-PAT. Intermolecular and intramo-
ecular hydrogen bonds are designated by dotted lines.

igure 12. Dimer of Na-free M-PATs. Symmetry code: �i�
1/2−x ,1/2−y ,1−z�. Intermolecular hydrogen bonds are desig-
ated by dotted lines.
an be summarized as follows.

. Imaging Sci. Technol. 020504-
1. The previously reported B-PAT is found to be a mix-
ture of monoazo and bisazo compounds.

2. Two kinds of Na-containing B-PAT of the cis form
and Na-free M-PAT were isolated as single crystals.
NaNO2 used for the preparation of diazonium com-
ponents is responsible for the Na-complex
formation.

3. Na-containing B-PAT is a five-coordinate Na com-
plex of the cis form. The central Na atom bridges
two monoazo moieties together to give a cis arrange-
ment. Elimination of the Na atom yields a Na-free
B-PAT of the trans form.

4. Na-containing or Na-free B-PATs as well as Na-free
M-PAT are characterized by the formation of
NH. . .N intramolecular hydrogen bonds which make
the molecule entirely flat. Na-containing B-PAT I
forms two one-dimensional polymer chains per
molecule along the stacking axis, whereas
Na-containing B-PAT IIs are dimerized through sol-
vent ligands along the stacking axis as well. On the
other hand, two Na-free B-PATs of the trans arrange-
ment form an in-plane dimer through two NH. . .O
intermolecular hydrogen bonds. Na-free M-PAT is
characterized by the formation of one dimensional
polymer due to NH. . .N intermolecular hydrogen
bonds arranged in a “head-to-tail” fashion.

5. Na-free B-PAT is found to exhibit good solvent fast-
ness in addition to the light and heat stability of the
original title compound. Details on this subject as
well as the electronic structure will shortly be re-
ported elsewhere.
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