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Introduction

Phthalocyanine (Pc) and its derivatives are one of the most
studied class of organic molecular materials due to their out-
standing optical and electronic properties combined with ex-

cellent thermal and chemical stability.[1] In addition to their
widespread use as blue and green colourants, phthalocya-
nines are of increasing interest for applications in nonlinear
optics (including optical limitation),[2] Xerography (as pho-
toconductors),[3] hole- and electron-transport materials in or-
ganic electronic devices,[4] liquid-crystalline charge carrier-
s[5]and exciton-transport materials,[6] optical data storage (as
the laser absorption layer within recordable discs),[3] photo-
dynamic cancer therapy,[7] solar energy conversion,[8] cataly-
sis[9] and as the active component of gas sensors.[10] The ex-
tended planar shape, fourfold symmetry and synthetic diver-
sity also makes phthalocyanine an excellent building block
for use in supramolecular[11] and polymer chemistry.[12] Fur-
thermore, the phthalocyanine macrocycle can be modified in
order to tune molecular and materials properties, for exam-
ple, by the replacement of carbon within the benzo units
with nitrogen. In particular, 1,4,8,11,15,18,22,25-octaazaph-
thalocyanines (AzaPc), often termed tetrapyrazinoporphyra-
zines, possess significantly different physical properties to
phthalocyanines that are beneficial for some applications.[13]

For example, the main adsorption band in the visible spec-
trum (the Q-band) of AzaPc is shifted to shorter wavelength
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(e.g., lmax�630 nm) as compared to typical values for phtha-
locyanine (e.g., lmax�680 nm). Hence, substituted deriva-
tives of AzaPcs have been studied for potential use in pho-
todynamic therapy,[14,15] nonlinear optics,[16] liquid-crystal
technology,[17] catalysis[18] and as a red fluorophore.[19] This
last application is an example in
which the properties of AzaPc
provide a clear advantage as
the main fluorescence band,
corresponding to the Q-band of
the absorption spectrum, pro-
vides an intense red fluores-
cence in dilute solution, where-
as for phthalocyanines it falls
outside of the visible region of
the spectrum into the near IR.
For many applications, it is nec-
essary to control co-facial self-
association of the disc-shaped
macromolecules so as to avoid
the effects of intermolecular
processes (e.g., self-quenching
of excited state, adsorption
band broadening by exciton
coupling or prevention of sin-
glet-oxygen production). Al-
though many strategies now
exist for preventing self-associa-
tion of phthalocyanines in solution and the solid state,[20,21]

they are rarely adapted to bring about isolation of the
AzaPc system.[22]

Recently, we reported that the bulky substituents of
2,3,9,10,16,17,23,24-octa(2,6-diisopropylphenoxy)-1,4,8,11,15,
18,22,25-phthalocyanine (Pc1-H2) prohibit close self-associa-
tion of the macrocycle even within solid thin films and that
the zinc derivative Pc1-Zn forms a remarkable cubic crystal
containing massive solvent-filled voids.[23] Here, we describe
the synthesis of the analogous AzaPcs, 2,3,9,10,16,17,23,24-
octa(2,6-diisopropylphenoxy)-1,4,8,11, ACHTUNGTRENNUNG15,18,22,25-octaazaph-
thalocyanine (AzaPc1-M; M= H2, Ni, Zn) and also
2,3,9,10,16,17,23,24-octa(2,6-diphenylphenoxy)-1,4,8,11,15,18,
22,25-octaazaphthalocyanine (AzaPc2-M; M=H2, Ni, Zn)
and present structures obtained by single-crystal X-ray dif-
fraction studies to illustrate the prevention of cofacial self-
association of the AzaPc cores and the inclusion of solvent
molecules within these crystals.

Results and Discussion

Synthesis : Derivatives of AzaPc are generally prepared
from substituted pyrazine-2,3-dicarbonitrile precursors
through a metal-ion-mediated cyclotetramerisation reaction.
Following the general methodology developed by
Mørkved,[24,25] the aromatic nucleophilic substitution reac-
tion between the appropriate phenol and 5,6-dichloropyra-
zine-2,3-dicarbonitrile[26] gave the precursors to AzaPc1-H2

and AzaPc2-H2, that is, 5,6-bis(2,6-diisopropylphenoxy)pyra-
zine-2,3-dicarbonitrile (3) and 5,6-bis(2,6-diphenylphenoxy)-
pyrazine-2,3-dicarbonitrile (4), respectively, in good yield
(Scheme 1). The metal-containing AzaPc1-M and AzaPc2-
M (M=Ni, Zn) were prepared readily by the cyclotetramer-

isation of the precursor in quinoline using the appropriate
metal acetate. Surprisingly, we found that the metal-free
AzaPc1-H2 and AzaPc2-H2 could be prepared in reasonable
yield simply by heating 3 or 4 in quinoline. This method
avoids the problematic replacement of the phenoxy substitu-
ents through transetherification induced by the alkyloxide
initiator,[15,25] which interferes with the synthesis of the
metal-free AzaPcs by conventional methods.[27] This reaction
is worth noting because metal-free phthalocyanines cannot
usually be prepared by this method. It is well established
that phthalonitriles containing electron-withdrawing sub-
stituents undergo cyclotetramerisation under relatively mild
conditions[28] and it is likely that the electronic properties of
the pyrazine ring favours macrocycle formation even with-
out the introduction of an alkyloxide initiator or metal ion
template.

Structural characterisation and self-association : All AzaPc
products gave 1H NMR and UV/Visible spectroscopic data
consistent with their structures. In addition, clusters of
peaks that correspond to the calculated isotope composition
of the molecular ion were observed by matrix-assisted laser
desorption ionisation mass spectroscopy (MALDI-MS). It
was noted previously that the 1H NMR spectrum of Pc1-Zn
displays a doublet of doublets for the methyl groups at
298 K,[23] which can be ascribed to slow interchange between
methyl groups in different environments due to restricted
rotation.[21,29] In contrast, the 1H NMR spectra of AzaPc1-
Zn at 298 K displays a more typical doublet corresponding

Scheme 1. The synthesis of AzaPcs-1-M and AzaPc2-M. Reagents and conditions: i) K2CO3, MeCN, 70 8C,
24 h; ii) quinoline, 160 8C, 24 h; iii) metal acetate, quinoline, 160 8C, 24 h.
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to the methyl hydrogens of the isopropyl groups (Figure 1).
Variable-temperature studies showed that the coalescence of
the methyl peaks for AzaPc1-Zn and Pc1-Zn occurs at 268

and 303 K, respectively, corresponding to a free energy of
activation of 54.7 and 62.3 kJ mol�1, respectively. The differ-
ence can be attributed to the absence of the steric effect of
the hydrogen atoms in the non-peripheral benzo-positions
of AzaPc1-Zn, which provide greater freedom of movement
for the conformational processes required for methyl inter-
change. Both UV/Vis absorption and NMR spectroscopy
can be used to determine the degree of aggregation of
phthalocyanines or azaphthalocyanines in solution or the
solid phase. For example, 1H NMR spectra of the AzaPcMs
show no broadening or peaks shifts over a broad concentra-
tion range, which indicates the absence of aggregation. Gen-
erally for UV/Vis adsorption spectroscopy, co-facial self-as-
sociation of PcMs and AzaPcMs results in broadening of the
Q-band and a significant shift to a shorter wavelength due
to exciton coupling. However, for the AzaPcMs, the position
and appearance of the Q-band is independent of concentra-
tion. Furthermore, no significant shift or broadening of the
Q-band is observed from the visible spectrum of thin films
cast from solution (Figure 2). For example, broadening of
the Q-band from the spin-coated film of AzaPc1-Zn (lmax =

634 nm) is only 0.2 nm at half peak height.
To investigate the effect of the bulky phenoxy substituents

on the packing of the AzaPcMs in the solid state, crystals
were grown for analysis by X-ray diffraction (XRD). The
AzaPc-1-M (M= H2, Ni) complexes provide isomorphous or-
thorhombic crystals in which CH2Cl2 is included (Figure 3).

Within these crystals the AzaPc cores are planar and the
aromatic planes of the phenoxy substituents lie almost per-
pendicular to the plane of the AzaPc core due to the mutual
steric effects between the bulky isopropyl groups on adja-
cent phenoxy units. The resulting rigid, doughnut-shaped
structure adopted by the substituents ensures that co-facial
self-association of the AzaPc cores is prohibited and pro-
vides a cavity above and below the AzaPc macrocycle. The
shape of the molecule also poses a challenge for the efficient
packing of the molecules, which is solved by the adoption of
a planar packing structure in which the AzaPc cores lie per-

pendicular to the plane in a herringbone structure so that
two of the 2,6-diisopropylphenoxy groups of one molecule
are placed within the cavity of its neighbour. Nevertheless,
for AzaPc-1-H2, this packing arrangement requires the in-
clusion of four solvent molecules of CH2Cl2 for each AzaPc
molecule, two of which are weakly hydrogen bonded to the
benzo nitrogen atoms of the AzaPc (Nbenzo�HCH2Cl2 =

0.2991 nm), and placed mid-way within the plane of the her-
ringbone arrangement, whereas the other two CH2Cl2 mole-
cules are highly disordered and lie in between these planes
(Figure 3). Within the isomorphous crystal structure derived
from AzaPc-1-Ni, these solvent molecules are made up of a
disordered mixture of CH2Cl2, acetone and water.

Attempts to form suitable crystals from AzaPc2-M for
XRD studies succeeded only for the Zn-containing deriva-

Figure 1. Details of the aliphatic region of the 1H NMR spectrum of Pc1-
Zn obtained at a) 333 K and b) 298 K compared to that of AzaPc1-Zn
obtained at c) 298 K and d) 230 K illustrating the relative ease of methyl
group positional interchange within AzaPc1-Zn.

Figure 2. UV/Vis adsorption spectrum of AzaPc1-Zn a) in THF (c =1.2N
10�5

m) and b) from a solvent cast film.

Figure 3. Results from the single-crystal XRD study of AzaPc1-Ni. a)
Face-on and b) side views of the molecule showing the planarity of the
macrocycle. c) A view of the herringbone arrangement of the macrocy-
cles looking down the x axis of the crystal. d) A view along the z axis of
the crystal showing the disordered solvent (CH2Cl2, acetone and H2O) lo-
cated between the layers of the herringbone structure. Note: to enhance
clarity the 2,6-diisopropylphenoxyl groups are not shown in c) and d).
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tive for which a tetragonal crystal, of P4̄21c space group, was
obtained. Analysis of the molecular structure of this com-
pound shows that the macrocycle is slightly twisted from
planarity and that the phenyl groups of the eight 2,6-diphe-
nylphenoxy substituents are forced out of the plane of the
macrocycle so that they adopt a configuration that gives the
whole molecule a square shape (Figure 4). The Zn cation is

disordered over two sites protruding from the macrocyclic
plane. The cavities above and below the macrocycle pro-
duced by the bulky substituents are partially occupied by
CHCl3 (two per AzaPc) and H2O (two per AzaPc) mole-
cules, the former, at 0.5 occupancy, hydrogen bonded to the
four meso-nitrogen atoms (Nmeso�Hchloroform =0.2504 nm).
One of the H2O molecules is present as an axial ligand on
the Zn cation (Zn�O= 0.2108 nm), which is disordered over
two sites and the other is hydrogen bonded to the axial
ligand (Oaxial�Owater = 0.3240 nm) and is disordered over four
equivalent sites. The square shape adopted by AzaPc2-Zn
leads to tetrahedral packing of the molecules in columns
within which the closest Zn�Zn distance is 1.0863 nm.

AzaPc1-Zn possesses striking crystal-forming properties.
Very large, single blocks grow by diffusion of methanol into
a concentrated solution of the compound in CH2Cl2 (Fig-
ure 5 a). XRD analysis shows that these crystals are isomor-
phous with the nanoporous cubic crystals, of Pn3̄n space
group, derived from Pc1-Zn. The molecular structure of
AzaPc1-Zn within the crystal is conical with the oxygen of
its axial water ligand at the apex of the cone. The solvent-
filled voids, two per unit cell, are defined by six AzaPc mol-
ecules with each of the axial oxygen ligands pointing into
the centre of the void. The distance between the Zn2+ ions
across the void is 2.358 nm, which is slightly larger than the
2.331 nm found within the cubic crystal of Pc1-Zn, despite

the smaller unit cell of the AzaPc1-Zn crystal (a=3.726 nm
versus a=3.770 nm), which reflects the shallower cone con-
figuration adopted by the AzaPc macrocycle. Therefore, the
large voids have a volume in excess of 8 nm3, which ac-
counts for most of the 19.6 nm3 solvent accessible space esti-
mated by the use of PLATON software.[30] 1H NMR analysis
of the composition of the crystals dissolved in CDCl3 indi-
cates that the ratio of MeOH:AzaPc1-Zn is 20:1 (i.e., 240
solvent molecules per unit cell). Two of these methanol
atoms are localised, at 50 % occupancy, by hydrogen-bond-
ing to the four meso-nitrogen atoms of the AzaPc (Nmeso�
OMeOH =0.282 nm). Based upon an electron count, a further
81 solvent molecules are partially ordered within each unit
cell suggesting that the remaining methanol molecules, de-
duced from NMR evidence, are wholly disordered. Simply
by placing the crystals of AzaPc1-Zn in contact with other

Figure 4. Results from the single-crystal XRD study of AzaPc2-Zn. a)
Face-on and b) side views of the molecule. Molecules of CHCl3 at 0.5 oc-
cupancy are bound through hydrogen bonding to the four meso-nitrogen
atoms and molecules of H2O at 0.25 occupancy are hydrogen bonded to
the axial water molecule at four position. c) A view of the tetragonal ar-
rangement of the macrocycles looking down the z axis of the crystal

Figure 5. a) An example of the single-crystal growth of AzaPc1-Zn from
the diffusion of MeOH into a solution of the sample in CH2Cl2. For
scale, the diameter of the sample tube is 15 mm. Results from the single-
crystal XRD study. b) The side view of the molecule showing the conical
shape of the molecule and the oxygen atom of the axial ligand which is
presumed to be H2O and c) a perspective view of the unit cell (outer
cube) with dimensions of 3.75 nm and which contains 12 molecules of
AzaPc1-Zn. The shaded inner cube represents one of the two large
ACHTUNGTRENNUNG(�8 nm3) solvent-filled voids found in each unit cell. In this view, the
second nanovoid is distributed in �1 nm portions at each corner of the
unit cell. MeOH molecules, with an occupancy of 0.5, are hydrogen
bonded to each of the four meso-nitrogen atoms of the AzaPc. Note: to
enhance clarity the 2,6-diisopropylphenoxyl groups are not shown in c).
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solvents (e.g. hexane, acetone, H2O), exchange of the includ-
ed methanol can be achieved (Table 1).

Conclusion

Placing eight bulky phenoxyl substituents at the periphery
of AzaPc successfully prohibits self-association of the mac-
rocycle even in the solid state, leading to unperturbed opti-
cal properties. Due to the shape of the resulting molecules
efficient packing in the crystalline state is only achieved by
the inclusion of solvent molecules. An extreme example of
this is the formation of nanoporous crystals from AzaPc1-
Zn, which contain large solvent-filled voids of 8 nm3

volume. These voids are interconnected by narrow channels
allowing the exchange of one type of solvent for another
and providing access to the central metal ions. Work is in
progress to determine whether the introduction of other
metal cations within the central cavity of AzaPc1-H2, espe-
cially those of more established catalytic activity, is compati-
ble with the formation of this interesting crystal structure.

Experimental Section

Full experimental procedures for compounds 1–4 are provided in the
Supporting Information along with crystallographic details. CCDC-
670579 (AzaPc1-H2), 670580 (AzaPc1-Ni), 670581 (AzaPc2-Zn) and
670582 (AzaPc1-Zn) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Example of typical procedures

Synthesis of 3 : To a stirred solution of 5,6-dichloropyrazine-2,3-dicarboni-
trile (2 g, 10.10 mmol) and 2,6-diisopropylphenol (4.01 g, 23.23 mmol) in
dry CH3CN (150 mL) anhydrous potassium carbonate (8.01 g,
58.04 mmol) was added. The reaction mixture was heated at 70 8C for
24 h under nitrogen. On cooling, the reaction mixture was poured into
distilled water (500 mL) and neutralised with hydrochloric acid. The re-
sulting precipitate was collected by filtration and washed with water,
then air-dried. The crude product was recrystallised from n-hexane to
give 3 as a white powder (3.8 g, 78.1 %). M.p. 253 8C; 1H NMR

(400 MHz, CDCl3, 25 8C): d=1.25 (d, J =6.1 Hz, 24 H), 2.84 (sept, J=

6.7 Hz, 4 H), 7.30 (d, J =7.4 Hz, 4 H), 7.38 ppm (t, J =7.5 Hz, 2 H); IR
(KBr): ñ=2263 cm�1 (CN); MS (EI): m/z (%): 482 (100) [M]+ ; elemental
analysis calcd (%) for C30H34N4O2: C 74.68, H 7.03, N 11.62; found: C
74.38, H 7.18, N 12.03.

Synthesis of AzaPc1-Zn : A solution of 3 (1 g, 2.07 mmol) and zinc(II)
acetate (0.1 g) in dry quinoline (10 mL) was heated at 160 8C for 24 h
under nitrogen. On cooling, the reaction mixture was poured into dis-
tilled water (200 mL). The resulting precipitate was collected and purified
by means of column chromatography (eluent: CHCl3) and recrystallisa-
tion from acetone to give a purple reflective, green solid (15 % yield).
M.p. >300 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d =1.33 (d, J =6.5 Hz,
96H), 3.34 (sept, J =6.7 Hz, 16 H), 7.46 (d, J= 7.7 Hz, 16H), 7.59 (t, J=

7.8 Hz, 8 H); UV/Vis (THF): lmax (e)=624 nm (246 000 mol�1 dm3 cm�1);
MALDI MS: isotropic cluster centred at m/z : 1993 [M]+ ; elemental anal-
ysis calcd (%) for C120H136N16O8Zn: C 72.25, H 6.82, N 11.24: found: C
72.13, H 6.9, N 10.87.
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