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Introduction

Phthalocyanine (MPc) compounds have been studied exten-
sively in the last three decades because of their commercial
applications including as dyes and catalysts. They have also
attracted much interest due to their electric, electro-optic
and magnetic properties.[1] Thin films of MPc are utilized as
gas sensors; oxidizing gases such as NOx, HCl, CO introduce
mobile holes in MPc leading to a significant enhancement in
conductivity.[1,2] MnPc[3] and FePc[4] possess ferromagnetical-
ly ordered states at low temperatures and [N(C4H9)4]
[Ln(Pc)2] exhibits the behavior of a single-molecule
magnet.[5]

There are two well-known crystal forms for MPc, a, and
b.[6,7] Both forms consist of a one-dimensional stacking
column, in which the molecules have a large p–p overlap. In
contrast, intercolumn interactions appear to be hindered by
the terminal hydrogen atoms on the benzo ring. Such low di-
mensionality must be disadvantageous for three-dimensional
electrical conduction. Seeking multi-dimensional interac-
tions, Inabe et al. studied the MPc(CN)2 series. In this series,

the cyanide ions, bonding to the central metal ions, brought
about partial face-to-face overlap of the Pc rings instead of
eclipsed overlap. This resulted in multi-dimensional p–p in-
teraction in K[CoPc(CN)2]2·5CH3CN and other deriva-
tives.[8,9] Ercolani et al. synthesized tetrakis(thiadiazole)por-
phyrazine (TTDPz) and the corresponding metal(ii) deriva-
tives, MTTDPz (M=H2, Mg, Mn, Fe, Co, Ni, Cu, and
Zn),[10,11] in which intermolecular interactions of the thiadia-
zole ring were strongly expected in the solid state. However,
no structural data on the MTTDPz series has been reported
to date, although crystal structures of asymmetric, related
compounds have been reported.[12,13]

In the present work we grew crystals of the MTTDPz
series (M=H2, Fe, Co, Ni, Cu, Zn) and performed structural
analysis and magnetic measurements. Although we have
briefly reported the structures of H2TTDPz and
CoTTDPz,[14] herein we describe in detail the crystal struc-
tures of the MTTDPz series. Based on these data, packing
motifs and magneto-structural correlations will be discussed.

Results and Discussion

Crystal growth and structure : The materials MTTDPz (M=

H2, Mn, Fe, Co, Ni, Cu, and Zn) were prepared by the liter-
ature method.[10,11] Single crystals were obtained by sublima-
tion under reduced pressure with continuous N2 gas flow,
though growth of MnTTDPz crystals was unsuccessful.
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gas flow. Their structures, obtained by
X-ray crystallographic analysis, depend
significantly on the central metal ion,
and the M=Ni and Cu derivatives ex-
hibit polymorphism. They can be classi-
fied into three forms, a, b, and g. The a

form (M=H2, Ni, and Cu) is composed
of two-dimensional hexagonal close
packing formed by side-by-side con-
tacts between thiadiazole rings, where-
as the b form (M=Fe, Co, and Zn)
crystallizes into a one-dimensional co-
ordination polymer. The g form (M=

Ni and Cu) consists of a ladder struc-
ture caused by p stacking, similar to
the b form of phthalocyanine, and by
side-by-side contacts between thiadi-
azole rings. Although the crystal struc-
tures of the MTTDPz series exhibited
multi-dimensional network structures,
magnetic measurements revealed rela-
tively weak exchange interactions,
probably reflecting the long distances
between the metal ions.
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The structures of the obtained crystals were determined by
X-ray crystallographic analyses. The details are described in
the Experimental Section. It is notable that X-ray quality
crystals could not been grown without N2 gas flow.

The structures of the MTTDPz series can be broadly clas-
sified into three forms: a, b, and g, as listed in Table 1. Their

crystallographic data are summarized in Table 2. Figure 1
shows photographs of the three crystal forms. The a and b

forms crystallized into block crystals in contrast to needle
crystals for the g form, which was easily distinguishable
from the other two. The a form was observed in the H2, Ni,
and Cu derivatives. Since the structure of CuTTDPz is
slightly different from those of the other two, it will be here-
after denoted as a’. The b form was observed in the Fe, Co,
and Zn derivatives, and the g form in the Ni and Cu deriva-
tives. Therefore, the Ni and Cu derivatives exhibited the

polymorphs a (or a’) and g. The two forms of NiTTDPz
were separately prepared by controlling the sublimation
temperature: 450 8C for the a form and 500 8C for g. Howev-
er, a mixture of a’ and g forms of CuTTDPz was always ob-
tained by sublimation of Cu(H2O)2TTDPz prepared from
MgTTDPz, whereas only the g form was obtained by subli-
mation of Cu(py)2TTDPz (py=pyridine) prepared from re-
action of H2TTDPz with copper acetate in pyridine. The a’
crystals were separated under a microscope for crystallo-
graphic analysis and magnetic measurements.

The a form : This is the crystal form for the H2, Ni, and Cu
TTDPz derivatives, though the Ni and Cu derivatives exhib-

ited polymorphism. The crys-
tals of MTTDPz (M=H2, Ni)
belong to a monoclinic P21/n
space group, in which half of
the molecule is crystallographi-
cally asymmetric. They have
very similar lattice parameters.

The structure of the a-form
consists of a layered structure,
of which the top and side
views for NiTTDPz are shown
in Figure 2a and b, respective-
ly. The layer is formed by two-
dimensional hexagonal close
packing of NiTTDPz with very
short S···N contacts of 2.925(2)
and 3.247(2) L. The corre-
sponding distances are
2.948(2) and 3.245(2) L in
H2TTDPz, and 2.900(5)–
2.936(6) L and 3.171(5)–
3.213(6) L in CuTTDPz. These
distances are much shorter
than the sum of the van der
Waals radii of N and S
(3.35 L), indicating large inter-
molecular overlaps between p

orbitals. The side view in Fig-
ure 2b shows that the layers
stack along the c axis giving p–
p interactions with an ABC
repeat unit. Each layer is relat-
ed by a twofold screw axis par-
allel to the b axis, with an in-
terlayer distance of ~3.3 L.

Table 1. Crystal forms for the MTTDPz series.

M= H2 Fe Co Ni Cu Zn

a a a’
b b b

g g

Table 2. Crystallographic data for the MTTDPz series.

a-H2TTDPz b-FeTTDPz b-CoTTDPz a-NiTTDPz

formula C16H2N16S4 C16N16S4Fe C16N16S4Co C16N16S4Ni
Mr 546.58 600.41 603.49 603.27
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/c P21/c P21/n
a [L] 8.9250(3) 13.3190(12) 13.2660(4) 8.9340(3)
b [L] 12.0340(5) 9.1110(8) 9.1170(3) 11.9920(6)
c [L] 9.8650(4) 18.5590(17) 18.5140(5) 9.9011(4)
b [8] 116.500(2) 122.668(4) 122.382(2) 117.508(3)
V [L3] 948.21(6) 1895.9(3) 1890.99(10) 940.85(7)
Z 2 4 4 2
1 [gcm�1] 1.91 2.10 2.12 2.13
m(MoKa) [mm�1] 0.554 1.290 1.404 1.530
q range [8] 4.10–29.88 4.26–25.00 4.27–29.90 4.12–27.93
used reflections 2715 3178 5194 2170
parameters 167 334 334 169
R1[a] 0.0419 0.0730 0.0392 0.0314
wR2 0.1019 0.1485 0.1024 0.0882
max/min [eL�3] 0.346/�0.330 1.263/�0.396 0.873/�0.934 0.532/�0.466

g-NiTTDPz a’-CuTTDPz g-CuTTDPz b-ZnTTDPz

formula C16N16S4Ni C16N16S4Cu C16N16S4Cu C16N16S4Zn
Mr 603.27 608.10 608.10 609.93
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/c P21/n P21/c
a [L] 4.978(2) 23.97(3) 5.0240(2) 13.308(4)
b [L] 21.063(8) 11.99(1) 21.1600(13) 9.283(3)
c [L] 17.854(7) 26.64(3) 17.8770(14) 18.453(6)
b [8] 94.679(5) 102.80(1) 94.476(2) 122.878(4)
V [L3] 1865.8(13) 7466(14) 1894.7(2) 1914.5(10)
Z 4 16 4 4
1 [gcm�1] 2.15 2.16 2.13 2.12
m(MoKa) [mm�1] 1.543 1.673 1.648 1.773
q range [8] 3.12–27.53 3.07–27.48 4.14–27.50 3.13–27.48
used reflections 4246 15756 3631 4343
parameters 334 1336 334 334
R1[a] 0.0424 0.0777 0.0518 0.0864
wR2 0.1014 0.2731 0.0944 0.1658
max/min [eL�3] 0.634/�0.585 1.395/�1.038 0.432/�0.409 0.955/�0.623

[a] Calculated using reflections of F2
o>2s(F2

o).

Figure 1. Crystals of the three forms of the MTTDPz series; a, b, and g ;
a) a-NiTTDPz, b) b-ZnTTDPz, and c) g-NiTTDPz.
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The stacking pattern and interlayer distance are similar to
those of graphite.

Figure 2c depicts the intermolecular arrangement of the
three neighboring layers that form the repeating pattern.
One molecule in the middle layer interacts with two each in
the upper and lower layers. The sulfur atom on the thiadi-
azole ring appears to occupy the axial position of the Ni ion
with a distance of 3.7760(8) L. However, the corresponding
distance in metal-free H2TTDPz, namely the distance be-
tween the molecular center and the sulfur atom, is
3.7631(2) L, which is nearly identical to that of NiTTDPz.
This indicates that the interlayer distance of the two com-
pounds is not governed by metal–sulfur interactions, but by
p–p interactions. This is reasonable given that Ni2+ ions (d8)
usually exhibit square-planar coordination without axial li-
gands.

The a’ crystal form of CuTTDPz belongs to a monoclinic
P21/c space group. The intralayer structure of a’-CuTTDPz
is similar to that of the a form; however, there is a signifi-
cant difference in interlayer arrangement. Figure 3 depicts
the side view of the layered structure of a’-CuTTDPz, in
which the asymmetric unit is composed of the three mole-
cules labeled Cu1, Cu2, and Cu3, and two halves of the mol-
ecules labeled Cu4 and Cu5. The p stacking along the c axis
has an ABAC repeat unit, in which the layers A, B, and C
are formed by molecules Cu2 and Cu3, Cu1, and Cu4 and
Cu5, respectively. The axial positions of the Cu2+ ions are
occupied by nitrogen atoms from the thiadiazole rings with
distances of ~3.6 L. These distances are much shorter than
those between the molecular center and the sulfur atom in
H2TTDPz and NiTTDPz, suggesting that the coordination
bond between the nitrogen atom and the Cu ion contributes
to the interlayer arrangement attaining the a’ form. Com-
pared with the structures of a-H2TTDPz and a-NiTTDPz,
a’-CuTTDPz has a distorted layer structure of lower symme-
try.

Epitaxial growth of MPcMs have been extensively studied
on various surfaces. It is believed that the arrangements of
neighboring molecules on surfaces are governed by steric ef-
fects of the terminal hydrogen atoms on the benzo rings.[15]

In contrast, the two-dimensional layered structure of the a

form is caused by electrostatic attraction between the thia-
diazole rings. This is a crucial difference between MPc and
MTTDPz. The two-dimensional network present in the a

form suggests application in the generation of oriented thin
films.

The b form : FeTTDPz, CoTTDPz, and ZnTTDPz are iso-
structural and crystallize into the b form, which belongs to a
monoclinic P21/c space group. Each molecule is crystallo-
graphically independent. These three derivatives do not ex-
hibit polymorphism.

Figure 4 depicts the molecular structure of ZnTTDPz,
which is significantly different from those of FeTTDPz and
CoTTDPz. The Zn ion is located above the porphyrazine
plane by 0.394(3) L, in contrast to the planar molecular
structures of the other two. A similar displacement of the
center metal ion out of the molecular plane has been ob-
served in other metallophthalocyanines such as PbPc,[16]

Figure 2. a) Top and b) side views of the layered crystal structure, and
c) the intermolecular arrangement of the three repeating layers in a-
NiTTDPz.
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SnPc,[17] and ZnPcX (X=amine, halogen, or other group).[18]

The Pb and Sn ions are located above the molecular plane
by 1.28 L and 1.13 L, respectively, probably reflecting their
large ionic radii. In ZnPcX, the Zn ions are of square pyra-
midal five coordination and are ~0.5 L above the planes, in
contrast to the planar structure in ZnPc.[19] The molecular
structure of ZnTTDPz is considered to occur through strong
coordination bonding between the Zn2+ ion and the axial ni-
trogen.

Figure 5a depicts the structure of FeTTDPz, which forms
a one-dimensional coordination polymer along the b axis.
The nitrogen atom on the thiadiazole ring occupies the axial
position of the metal ion in each neighboring molecule, and
thus the metal ions are penta-coordinated. Each neighboring
molecule in this chain is related by a twofold screw axis par-
allel to the b axis. The metal···nitrogen distances in b-
MTTDPz (M=Fe, Co, and Zn) are 2.327(6), 2.300(2), and
2.187(5) L, respectively. The shorter distance in ZnTTDPz
is caused by the nonplanar molecular structure of this mole-
cule. The dihedral angles between the neighboring molecu-
lar planes are 82.58(2)8 in FeTTDPz, 82.96(1)8 in CoTTDPz,
and 85.45(2)8 in ZnTTDPz. This type of edge-to-face inter-
action has previously been reported for zinc derivatives of
the asymmetric porphyrazine.[20]

The coordination chains stack in the bc plane, leading to a
two-dimensional network, as shown in Figure 5b. The inter-
chain arrangements give rise to a face-to-face p dimer, of
which the top and side views are shown in Figure 6a and b,
respectively. The axial position of the Fe ion is occupied by
the nitrogen atom of a pyrrole ring of the neighboring mole-
cule, with a distance of 3.453(6) L. The corresponding dis-
tances in CoTTDPz and ZnTTDPz are 3.401(2) and
3.783(5) L, respectively. The intradimer Fe···Fe distance

(4.066(2) L) is much shorter
than the shortest Fe···Fe dis-
tance in the coordination chain
(7.361(2) L). A magnetic inter-
action is expected in the dimer,
occurring through the axial ni-
trogen atom. Furthermore, the
two-dimensional network is
stacked along the a axis with
short S···N contacts between
thiadiazole rings (not shown).

The g form : The Ni and Cu de-
rivatives crystallize into the g

form, which is of monoclinic
P21/n space group, although
they also crystallize into the a

form. The g form consists of a
two-leg ladder structure along
the a axis. Figure 7a depicts a

side view of this structure in g-NiTTDPz. Figure 7b shows
the intermolecular arrangements in the leg and row direc-
tions of the ladder. Along the leg direction, the molecular

Figure 3. Side view of the layered crystal structure in a’-CuTTDPz.

Figure 4. Molecular structure of b-ZnTTDPz.

Figure 5. Views of the crystal structure in b-FeTTDPz; (a) coordination
polymer along the b axis; (b) a projection onto the bc plane.
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planes, tilted by about 408 with respect to this direction,
stack with p–p overlap. The axial positions of the Ni ion are
occupied by nitrogen atoms bridging the distance between
the pyrrole rings on neighboring separate molecules. This
chain includes a weak alternation such that there are two
Ni···axial N distances of 3.177(3) and 3.298(3) L. The struc-
ture of g-CuTTDPz is very similar to that of g-NiTTDPz
with corresponding Cu···N distances of 3.196(4) and
3.271(4) L. These stacking features are similar to those of
the b form of MPc,[6,7] though there is no alternation in b-
MPc. Along the row direction, the NiTTDPz molecules
have side-by-side contact with a short S···N distance of
3.013(3) L. The corresponding distance in CuTTDPz is
3.042(4) L. They are shorter than the sum of the van der
Waals radii. In this side-by-side dimer unit, the two mole-
cules are related by an inversion center.

A projection of the crystal structure of g-NiTTDPz along
the a axis is shown in Figure 7c, in which the arrangement of
four two-leg ladders is presented. There is a close S···N con-
tact of 3.124(3) L between the ladders in g-NiTTDPz, while
the corresponding distance in g-CuTTDPz is 3.163(4) L. In
the g form, the molecules are related by a twofold screw
axis parallel to the b axis.

Packing motifs of MTTDPz : The structures of metal and
metal-free phthalocyanines are well known to be almost in-

dependent of the central metal ions[6,7] with their structures
governed by the p–p condensation energy of the planar
molecules. In contrast, the structures of the MTTDPz series
do depend on the central metal ions, and the S···N and p–p
interactions of the thiadiazole ring also play significant roles
in their solid structures. Since metal-free H2TTDPz exhibits
the a form, this structure is regulated by the p–p condensa-
tion energy. NiTTDPz and CuTTDPz do not form the b

structure, which is a coordination polymer structure formed
by bonding between the metal ion and the axial nitrogen
atom. Absence of b-NiTTDPz and b-CuTTDPz can be ex-
plained by the fact that Ni2+ (d8) and Cu2+ (d9) are Jahn–
Teller ions usually with lack of axial bonding or an elongat-
ed axial distance. There is no reason for H2TTDPz to exhibit
the b form. FeTTDPz, CoTTDPz, and ZnTTDPz crystallize
into only the b form, which indicates that axial bonding is a
driving force in generating the b form. Since NiTTDPz and
CuTTDPz exhibit polymorphism between the a and g

forms, these forms should be energetically balanced.
It is concluded that the first driving force in the packing

motif of the MTTDPz series is axial coordination between
the metal ion and the nitrogen on the thiadiazole ring. This
bonding brings about the b form. If central metal ion does
not favor short axial bonding, MTTDPz molecules crystal-
lize into the a or g form.

Magnetic properties : The temperature dependence of mag-
netic susceptibility was examined for the M=Co (b form),
Fe (b form), and Cu (a’and g forms) derivatives. Paramag-
netic susceptibilities (cp) were obtained by compensating for
diamagnetic contributions. H2TTDPz, NiTTDPz, and
ZnTTDPz were diamagnetic. Figure 8 shows cp versus T
plots for b-CoTTDPz and b-FeTTDPz. The values of cp for
b-CoTTDPz increase gradually with decreasing temperature
down to 12 K, and after attaining a rather sharp maximum
at this temperature, cp quickly decreases to zero. For
FeTTDPz, cp also increases with decreasing temperature
from 300 K. However, cp does not exhibit a global maximum
but instead a hump at 20 K. The sharp increase of cp below
this temperature is probably caused by paramagnetic lattice
defects displaying Curie behavior. According to the struc-
ture of the b form, the data for the two compounds were in-
terpreted in terms of the antiferromagnetic dimer model
[Eq. (1)],[21] in which N is the Avogadro constant, g is the g
factor, S is the spin quantum number, J is the intradimer
coupling constant, kB is the Boltzmann constant, and Cdef is
the Curie constant for paramagnetic lattice defects.

cp ¼
Ng2m2

B

3kBT

P2S
s¼0

sðsþ 1Þð2sþ 1Þexp
�
Jsðsþ 1Þ
2kBT

�

P2S
s¼0

ð2sþ 1Þexp
�
Jsðsþ 1Þ
2kBT

� þ Cdef

T
ð1Þ

The solid curves in Figure 8 are the theoretical best fits of
this model, obtained with S=1/2, g=2.21, 2 J/kB=�17.8 K,
and Cdef=0 emuKmol�1 (fixed) for CoTTDPz, and with S=
2, g=2.40, 2J/kB=�9.1 K, and Cdef=0.063 emuKmol�1

(4.3%) for FeTTDPz. The experimental data are accurately
reproduced by this dimer model.

Figure 6. a) Top and b) side views of face-to-face p dimer in the inter-
chain arrangement in b-FeTTDPz.
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The temperature dependence of cp for a’- and g-
CuTTDPz followed the Curie–Weiss law over the entire
temperature range 2–300 K (not shown). The obtained pa-
rameters for the a’ phase are C=0.41�0.03 emuKmol�1

(g=2.1) and q=0.6�0.8 K, whereby C and q are the Curie
and Weiss constants, respectively. The large error for q is

caused by a shortage of sample of a’-CuTTDPz. The param-
eters for the g phase are C=0.42�0.04 emuKmol�1 (g=
2.1) and q=0.7�0.2 K. This Weiss constant suggests a weak
ferromagnetic intermolecular interaction through the axial
nitrogen atom, as in b-MnPc.[3] It is concluded that the mag-
netic interactions in a’- and g-CuTTDPz are very weak due
to long distances between the paramagnetic metal ions.

In contrast to the short intermolecular contacts, the mag-
netic exchange interactions are rather weak in the MTTDPz
series. This is probably caused by the same reason as that in
the MPc series; the intramolecular overlaps between the
metal d orbitals and the porphyrazine p orbital (HOMO)
are negligible. The d orbitals exhibit the gerade symmetry,
in contrast to the ungerade symmetry for the HOMO.
Therefore, the metal d orbitals are localized at the center of
ring and the intermolecular magnetic exchange interactions
become very weak.

Conclusion

In the present work, we obtained single crystals of the
MTTDPz (M=H2, Fe, Co, Ni, Cu, and Zn) series by means
of sublimation under reduced pressure with continuous N2

gas flow, and observed the three forms, a, b, and g in their

Figure 7. a) Side view of two-leg ladder structure, b) the intermolecular arrangements in the leg and row directions, and c) a projection of the crystal
structure along the a axis of g-NiTTDPz.

Figure 8. Temperature dependence of the paramagnetic susceptibility, cp,
for b-FeTTDPz and b-CoTTDPz. The solid curves are the theoretical
best fit of the dimer model.
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crystal structures. The structures were governed by three
factors: axial coordination bonding, p–p interactions, and
electrostatic S···N contacts, bringing about multi-dimensional
networks. Although the magnetic exchange interactions
were relatively weak, probably reflecting the long distances
between metal ions, the obtained network structures suggest
that after carrier doping these materials have good potential
as three-dimensional conductors.

Experimental Section

Preparations of solvated MTTDPz (M=H2, Mn, Fe, Co, Ni, Cu, Zn)
were performed by a modification of the literature method.[10,11] The
metal-free H2TTDPz was obtained from MgTTDPz, which was synthe-
sized by the reaction of 3,4-dicyano-1,2,5-thiadiazole with magnesium(ii)
propylate. The MTTDPz metal salts (M=Mn, Co, Ni, Zn) were obtained
by reaction of H2TTDPz with the corresponding hydrate metal(ii) acetate
in DMSO, while Cu(py)2TTDPz and Fe(py)2TTDPz were prepared by
the same reaction in pyridine. All products were obtained in good yield
and were confirmed by IR spectroscopy.

Single crystals were obtained (except for MnTTDPz) by sublimation of
solvated MTTDPz under reduced pressure (about 10�3 bar) with continu-
ous N2 gas flow (50 mLmin�1) at 450–550 8C.

Magnetic measurements were carried out on a SQUID (Quantum
Design MPMS XL) susceptometer. The experimental raw data were cor-
rected for diamagnetism and the molar paramagnetic susceptibilities ob-
tained.

X-ray diffraction data were collected with graphite-monochromated
MoKa (l=0.71073 L) radiation on a Mac Science DIP-3200 imaging plate
diffractometer for MTTDPz (M=H2, Fe, Co, Ni(a form), and Cu(g
form)) and on a Rigaku Mercury CCD diffractometer for MTTDPz (M=

Ni(g form), Cu(a’ form), and Zn). All structures were solved by a direct
method using the SHELXS-97 program[22] and refined by successive dif-
ferential Fourier syntheses and a full-matrix least-squares procedure
using the SHELXL-97 program.[23] Anisotropic thermal factors were ap-
plied to all non-hydrogen atoms. Hydrogen atoms in H2TTDPz were lo-
cated by differential Fourier synthesis and were also refined.

CCDC-216083 (for H2TTDPz), 236690 (for FeTTDPz), 216084 (for
CoTTDPz), 236691 (for a-NiTTDPz), 236692 (for g-NiTTDPz), 236688
(for a’-CuTTDPz), 236689 (for g-CuTTDPz), 236687 (for ZnTTDPz)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223–336–033; or de-
posit@ccdc.cam.ac.uk).
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