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Single-Crystal and Solid-State Molecular Structures of
Phthalocyanine Complexes.

Michael K. Engel

Since J.Monteath Robertson reported the first single-crystal structures of phthalocyanine

complexes in 1935, many other structures have since been solved. However, most of the

original literature focuses on the molecular description of these complexes and very little is

known about their solid-state arrangements. Until today, the single-crystal structures of

phthalocyanines and related macrocycles have not been reviewed in detail. Since many

solid-state properties critically depend on the solid-state structures, a comparative review

could improve our understanding of the solid-state arrangements of phthalocyanines and

give further insight into the molecular engineering of aromatic macrocyclic compounds.

This review uses the concept of molecular shape to classify 200 single-crystal structures of

phthalocyanines and naphthalocyanines into two main groups. The first group is

characterized by similar shaped molecular sides, whereas the second group has two

distinguishable sides. Both types of complex show different patterns of solid-state

arrangement. Some topics of phthalocyanine structural research, for example, the location

of the inner hydrogens in metal-free phthalocyanine, the coordination chemistry of the

central metal in metallophthalocyanines, the staggering angle in bisphthalocyanines, the

deformation of solid-state molecular structures, as well as linear and slipped-stacking,

herringbone and brickstone arrangements, which play a crucial role in the effiency of

phthalocyanine photoreceptors, are treated in details.

Phthalocyanines, which are not found in nature,

were accidentally discovered in 19071) and 19272,3) .

However, only the latter discovery led to a

systematic investigation of these complexes. In the

laboratory of Reginald P. Linstead at the Imperial

College of London, phthalocyanine not only got its

name, but also the basic syntheses and

characterization methods were thoroughly

investigated. Linstead and coworkers have correctly

determined the molecular structure of metal-free and

metallophthalocyanines (Fig. 1) using only

chemical methods4). For convienience, the

phthalocyanines are abbreviated as PcM (M = H2 or

metal) and the phthalocyanine ligand as Pc,

hereafter.
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Fig. 1. The basic molecular structure of metal-free

phthalocyanine PcH2 (M = H2) and metallo-

phthalocyanine (PcM); Nbr, Ni, Cα and Cß
denotes bridging azamethine nitrogens,

isoindole nitrogens, α-pyrrole and ß-pyrrole

carbons, respectively.



Linstead and coworkers were impressed by the

high thermal and chemical stability of these

complexes. They grew the first single crystals by

“low-pressure sublimation in a CO2 current at

temperatures above 500 °C”5). These crystals were

passed to J. Monteath Robertson from the Davy

Faraday Research Laboratory of the Royal

Institution who solved the single-crystal structures

of three of these complexes5-9 )

. This was the first

time that such complex structures could be solved

using only direct methods. Since that time, the

structures of many other phthalocyanine complexes

have been reported. However, until recently, only

reviews covering few of the phthalocyanine single-

crystal structures were published10-19). During the

final preparations of this work, a more detailed

review has been published20 ).

In the last 15 years, some phthalocyanine

complexes have become important materials for use

in photoreceptor devices in laserbeam printers and

photocopiers21-22). It has been known for a long

time that solid-state structures strongly influence

the device performance; the exact relationship

between the solid-state structures of these

phthalocyanine complexes and their device

performances, however, still remains a mystery. A

part of this mystery is certainly due to the lack of

comparative structural investigations.

In this work, such a comparative investigation

together with a classification of the phthalocyanine

crystal structures, based on their molecular

structures, is undertaken. It can be shown that the

vast amount of molecular structures can be divided

into just two types; type 1 molecules, which have

identically (or similarily) shaped molecular sides

and type 2 molecules, which have distinguishable

sides. The manifold solid-state structures of these

two types are investigated.

Molecular Structures

The phthalocyanines are closely related to the

porphyrins. The structural relationship is shown in

Fig. 2.
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Fig. 2. Structural relationships between porphyrins,

tetrabenzoporphyrins, porphyrazines, and

phthalocyanines.

The common feature of these macrocycles is a

basic structure consisting of 4 pyrrole units, which

are linked in a circular manner by methine or

azamethine bridges. The hole in the center of these

macrocycles can accomodate either metals (e.g., K,

Ti, Fe, Pb), semi-metals (e.g., Si, Sb) or hydrogens,

where the central atom coordinates with the pyrrole

nitrogens. Phthalocyanines with a metal or a semi-

metal in the center will be called

metallophthalocyanines, hereafter.

The size of the hole depends on the kind of

bridges connecting the pyrrole units. A macrocycle

with azamethine bridges has a smaller inner cavity

than a macrocycle with methine bridges, see Table 1

and Fig. 3. Detailed discussions about the influence

of the coordination of metals onto the molecular

structures of porphyrins are reported23-27).  In this

work, I will concentrate on azamethine linked

macrocyles, and more particularly with those of the

phthalocyanine complexes.



Table 1. Typical Bond Lengths of Phthalocyanine Complexes (for Detailed Values, see Appendix 1, 2) in

Comparison with the Averaged Bond Lengths and Bond Angles of Porphyrine28 ).

Macrocycle                                                          Bond Length /[Å]                                          .                                                                                                   Angle/deg                                                                             .   

a b c d e f g h α β γ

Porphyrine 1.386 1.367 1.442 1.342 4.103 2.901 6.844 4.840 126.8 125.5 107.8

Phthalo-

cyanines

1.32 -

1.34

1.36 -

1.37

1.40 -

1.50

1.37 -

1.42

3.8 -

4.0

2.7 -

2.9

6.7 -

6.8

4.7 -

4.8

120 -

124

126 -

128

107 -

110
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Fig. 3. Labelling of bonds, angles and

intramolecular distances of Table 1 and

Appendices 1-2.

Classification of Molecular Structures

The solid-state arrangements of phthalocyanine

complexes are usually not known. From many

complexes, only X-ray powder diffraction data are

available. A few of these data sets have been used to

calculate 3-dimensional structures by Rietveld

analysis, e.g. X-PcH2
29-30), IV-PcTiO31 ), Y-

PcTiO32 ), C-PcTiO33 ), V-PcGa(OH)34-35), XI-

PcGa(OH)36 ) and II-PcGaCl36 ). For such calculations,

however, “good” starting structures are essential.

Therefore, it seemed necessary to look for common

features in the available single-crystal structures, to

predict the arrangements of phthalo-cyanine

complexes where no single-crystal structure is

available.

Idealized molecular structures, as they would be

found in solution, are used to classify the whole set

of phthalocyanine structures. These idealized

molecular structures show the highest possible

symmetry (D4h and C4v) for phthalocyanines, i.e.

all four isoindole units are symmetry-related by a C4

axis.

The shape of molecules strongly influences their

solid-state arrangement. Although all

phthalocyanines resemble large disc-like molecules,

it is possible to distinguish two main types, as

shown in Fig. 4.

Type 1 molecules have identically (or similarily)

shaped sides and are symmetrical in respect of the

phthalocyanine plane. This group contains the

metal-free phthalocyanine, the

metallophthalocyanines, bisthallium phthalo-

cyanine and the trans-disubstituted phthalocyanines

(Fig. 4a-d). Also included are the trans-disubstituted

phthalocyanines, with two different axial ligands

(e.g. trans-(Cl,O)MPc (M = Mo, W)), the bis-

phthalocyanines (Fig. 4e) and the phthalocyanine

dimers (Fig. 4f-g), despite the fact that the two sides

of these macrocycles are structurally only similar,

not identical.

Molecules of type 2 are characterized by two

distinguishable sides. One side of these complexes

is the phthalocyanine macrocycle while the other

side is characterized by an extra-coordinated metal



(plus, eventually, additional axial ligand(s)). In this

group, metallophthalocyanines with extra-

coordinated metals, mono-, cis-di-, cis-tri- and cis-

tetrasubstituted phthalocyanine com-plexes are

classed (Fig. 4h-m). In a pictorial comparison with

optical lenses, the macrocycle side is called the

“concave” side while the opposite side is called the

“convex” side.
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Fig. 4. Molecular structures of type 1 (a-g) and type 2 (h-m) phthalocyanine complexes.



Bond lengths, bond angles, and intramolecular

distances of some of the investigated

phthalocyanine complexes are compiled in

Appendix 1 and 2.

In the following sections, selected molecular

structures will be discussed in detail.

(1 )  Metal-free Phtha locyanine .  The

location of the hydrogens in the inner cavity of the

phthalocyanine macrocycle has been subject to

investigations and speculations since the first

structural report5). In a recent paper37 ), several

wrong statements are still made, due to the lack of

knowledge about the structural research on metal-

free phthalocyanines. Therefore, it seems necessary

to summarize the results obtained since Robertson’s

first structural investigation.

Robertson thought that the imino-hydrogens

would lie outside of the great plane of the

macrocycle, forming a trans isomer which would be

compatible with the symmetry requirements of the

space-group P21/a6). Such an "out-of-plane"

location could, however, not be verified, as the

solid-state molecular structure of his single-crystal

structure was a two-dimensional structure, a

projection onto the ac-plane, and the third

dimension had to be calculated6). Robertson

remarked the molecules' deviation from tetragonal

symmetry and proposed internal hydrogen bonds

between the nitrogens, of the shorter side of the

rectangle, as an explanation for this distortion (Fig.

5).

Donohue38 ) could not agree with such internal

bonds, despite of the suitable distances for the

hydrogen-bonding. He pointed out that the two bond

angles (Cα-Ni-H) would be too irregular. However,

Donohue placed the hydrogens on a straight line

between two isoindole nitrogens and did not

consider a curved line which would remove the

differences in bond angles. The electron density map

of metal-free phthalocyanine, obtained from a

refinement of Robertsons data39 ), showed the inner

pyrrole hydrogens lying on curved lines along the

two shorter distances between the isoindole

nitrogens.
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Fig. 5. Robertson’s hydrogen-bond and Mason’s

half-hydrogen models of the inner hydrogens of

metal-free phthalocyanine.

The first 3-dimensional structure of metal-free

phthalocyanine did not reveal the positions of the

inner hydrogen atoms, just a non-spherical residual

located at the centre of the molecule40 ).

Neutron diffraction on single-crystals were

performed by Mason et al.41-42). Their results

indicated that about 50 % of the mass of a proton

could be attributed to each isoindole nitrogen. They

called this phenomena “half-hydrogens” (HH).

These half-hydrogens could be located very close to

the lines which join the centrosymmetrically-related

isoindole nitrogens (Fig. 5).

From the out-of-plane oriented directions of the

maximal thermal motions of the half-hydrogens (90

° for HH2 and ≈ 40 ° for HH1), Mason concluded that

the inner cavity must be overcrowded and the

rectangular distortion should stem from repulsive

H,H interactions.

Their investigations could not distinguish

whether this was a static or dynamic disorder; a

static disorder means that the molecules randomly

occupy the two possible orientations towards the

stacking axis, whereas dynamic disorder means that

the hydrogens are alternately bonded to the

isoindole nitrogens. Static disorder can not easily

explain the rectangular distortion of metal-free



phthalocyanine. Mason et al. therefore decided in

favour of a dynamic tautomeric equilibrium with the

hydrogens bonded to the diagonally opposed

nitrogen atoms.

If the two molecular axes Ni----Ni can be made

different, the hydrogens should be localized on the

axis which provides the least sterical hindrance

towards them. Such a situation can be found in the

metal-free octahexyl- and octa(isopentoxy)-

phthalocyanine (Fig. 10a)43-44). The periphery of

these phthalocyanines is overcrowded, caused by

eight alkyl chains being very close together. To

reduce the repulsive interaction between the chain

atoms, the macrocycle adopts deformed

conformations with two distinct molecular axes. The

inner hydrogens are located slightly above and

below the macrocycle (just as Robertson suggested)

(Fig. 10a). Phthalocyanine complexes with

localized inner hydrogens at r.t. should be

interesting candidates for hole-burning at high

temperature.

Other localized hydrogens can be found e.g. in

molecules, where one of the isoindole units is

exchanged for a pyrrole unit (Fig. 6a)45-46), or in a

metal-free hemiporphyrazine (Fig. 6b)40 ).

(2 )  Meta l lophtha locyan ines . The

coordination geometries of the central metals in

phthalocyanine complexes are summarized in Table

2. The isoindole nitrogens and the axial ligands of

the macrocycle are represented in Table 2 by “N” and

“X”, respectively. The plane made by the four

isoindole nitrogens of one phthalocyanine ligand is

called the N4-plane, hereafter. The geometries in

Table 2 are only approximate and depend very much

on the interaction with their neighbors. For

instance, the O-Ge-O axis in PcGe(OH)2 is slightly

rotated away from the C4 axis of an undistorted

octahedral polyhedron (Fig. 18b).

The influence of the cis-coordination (all ligands

are on one side of the macrocycle) on the molecular

structure of type 2 molecules and

bisphthalocyanines is strong. The higher the

spatial requirements of additional ligands in the

coordination sphere around the metal becomes, the

less easily the metal can coordinate to the

phthalocyanine ligand, and the further the metal is

situated from the N4-plane, e.g. 0.440 Å in

PcGaCl47 ), 0.897 Å in PcNbCl2
48-49), and 1.043 Å

in PcNbCl3
49,50). The phthalocyanine ligand also

has to adjust to this bonding situation. A planar

macrocycle with an extra-coordinated metal requires

M-Ni-Cα-Cβ torsion angles different from 180 °

which is energetically unfavourable.

a)

b)

Fig. 6. Localized inner hydrogens in a tribenzoporphyrazine complex (a) and in metal-free hemiporphyrazine

(b).



Table 2. Stereochemistry of the Metal Atoms in Metallophthalocyanines.

Coordination

number

Oxidation state

of the central

atom

Coordination

geometry a-d)
Symmetry

a)
Example [Ref.]

4 2 Square planar N N
N

N

D4h PcCu [51]

5 2,3,4,5 Square pyramidal

N

N

X

N

N

C4v PcSn [42,52,78]

PcAlCl [53],

PcTiO [54],

PcReNe)

6 4,5,6 Octahedral

N
N

N

X

N

X Oh PcSnCl2 [55,79]

PcMoOCl [50],

PcMoO2f)

6 4 Trigonal prism

N

X

N
N

X

N

D3h PcTiCl2 [56],

PcMoO2f)

7 5 Capped trigonal

prism

N

X

N
N

X

N

X C2v PcNbCl3 [49-50]

8 3,4 Cube N

N

N

N

N

N

N

N

Oh [Pc2Nd][NBu4]

[57]

8 3,4 Square antiprism N
N

N N

N

N

N

N

D4d Pc2Lu [58],

Pc2Zr [59]

a) The geometries and symmetries are only approximate. b) No example of coordination number 7 with capped

octahedral geometry (C3v) is known. c) No examples of coordination number 8 with the geometry of a

bicapped trigonal prism (C2v, C3v) are known. d) “N” and “X” denote the isoindole nitrogen and an axial

ligand, respectively. e) No absolute structure is known, but preliminary results indicate a rhenium atom with

square-pyramidal coordination geometry60-61). f) No absolute structure is known, but similar porphyrin

complexes indicate two structural possibilities, a linear O=Mo=O fragment, similar to O=U=O in

superphthalocyanine62 ), and a peroxo group, as in OEPTiO2 (OEP = octaethylporphyrin)63 ).



Therefore, every isoindole unit rotates about an

axis through its Cα-atoms so that the M-Ni bond

lies in the same plane as the isoindole. The further

the metal is coordinated away from the plane of the

isoindole nitrogens, the greater the isoindole units

have to rotate and the more distorted the molecule

becomes. This situation, however, can be strongly

influenced by it’s neighbors in the crystalline state.

The phthalocyanine ligand in PcZnCl is nearly

planar due to the strong overlap with its concave

neighbor (Fig. 22d,h)64 ). In the case of PcSn, the

molecules are partially overlapped, these parts are

nearly planar, while the non-overlapping parts are

bent, as expected from the molecular structure (Fig.

12)52 ). In monoclinic PcPb, the molecules do not

overlap with their concave sides and so the molecule

has a symmetrical “shuttle-cock” shape (Fig.

16a)65 ).

( 3 )  B i s p h t h a l o c y a n i n e s . Bisphthalo-

cyanines are molecules, in which a metal is

sandwiched between two phthalocyanine macro-

cycles, which are rotated by a staggering angle α

(Fig. 7). Since the early work of Linstead et al.66 ),

and the first single-crystal structures reported in the

late 60’s and early 70’s67-69), many new structures

have been published (Appendix 3 and 4).

Zr
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Fig. 7. Staggering angle α of bisphthalocyanines.

The central metal is coordinated to all of the

isoindole nitrogens in each phthalocyanine

macrocycle. In general, the coordination geometry

around a metal with coordination number 8 can be

either cubic, antiprismatic, or dodecahedral (Fig. 8).

All but the last geometry are allowed in the case of

the bisphthalocyanines. The latter is prohibited due

to the rigidity of the phthalocyanine ligands.

A3
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B2 B3
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B
B

A

B

A

B

A

cube
staggering angle 0°

antiprism
staggering angle 45°

dodecahedron

h

Fig. 8. Geometries of coordination number 8. In

bisphthalocyanines, atoms A1-A4 correspond to

macrocycle A, and atoms B1-B4 to macrocycle B.

In the case of the cubic coordination geometry,

all atoms of the first phthalocyanine ligand would

lie above the identical atoms of the second ligand;

whereas in the case of the antiprismatic

arrangement, only the Cα atoms of the isoindole

units in the two ligands would overlap. As the

height of the coordination polyhedron (h in Fig. 8)

decreases, the energy of the cubic or antiprismatic

arrangements becomes more unfavourable and,

therefore, the intermediate staggering angles

become more favourable.

It is proposed70 ), that the staggering angle

should not only depend on the height of the

coordination polyhedron or the distance between the

best planes of the two phthalocyanine macrocycles,

but also on the crystal structure (isomorphous

structures show identical staggering angles; see

Appendix 3). As the energy differences between the

different geometries for coordination number 8 are

relatively small, it seems possible that the

influences of the crystal structure (i.e. the

interaction with neighbours) might influence the

molecular geometry, e.g. the staggering angle.

Koike et al57 ) investigated 4 bisphthalocyanine

anions ([NBu4][Pc2M] M = Nd, Gd, Ho, Lu) and

measured their staggering angles as 6.2°, 34.5°,



43.2°, and 45°, respectively. They proposed a

relationship between the distance of the best planes

of the whole macrocycle and the staggering angle.

They also concluded that the staggering angle will

be 0°, if there is no interaction between the

macrocycle atoms, i.e. if the distance is bigger than

the van-der-Waals distance. However, the authors

only investigated the molecular structures and did

not compare their crystal structures with those of

other bisphthalocyanines, therefore, overlooking

important differences between the structures, as

detailed below.

There are two different kinds of structure; in the

first group, the phthalocyanine ligands are close to

neighboring phthalocyanine ligands (Appendix 3),

while in the second group, the bisphthalocyanines

are isolated from each other by surrounding cations

(Appendix 4). The bisphthalocyanines of Koike et

al. belong to the second group. Most of the known

bisphthalocyanine structures belong to the first

group. There is a clear indication that the crystal

structure must be correlated to the staggering angle,

since similar structures have similar staggering

angles. In the second group, there are not enough

structures known to judge.

Another point, which a model, based on

molecular structures, can not explain is that some

metals can form several bisphthalocyanines with

different staggering angles, e.g. Pc2Sn from group 1

crystallizes in the space group P212121 with a

staggering angle of 42° and in C2/c with an angle of

37.9° and, from group 2, [Pc2Gd][PNP] with 43.6°

and [Pc2Gd][NBu4] with 34.5°.

However, a dependency of the staggering angle

on the distance between the phthalocyanine ligands

would not be surprising, if we compare with dimers

and oligomers of group 14 phthalocyanines. For

examples, (PcGeO)n has a stacking distance of 3.53

Å and a staggering angle of 0°, while (PcSiO)n has a

distance of 3.33 Å and a staggering angle of 39°71 ).

At a distance of 3.4 Å, there seem to be still some

amount of repulsive interaction present. This can be

seen by the bend of the two outer macrocycles away

from the central macrocycle in the silicon

phthalocyanine trimer (Fig. 9).

Fig. 9. Repulsive interaction in a silicon phthalo-

cyanine trimer72 ).

Deformation of Molecular Structures

It is known that porphyrins can be easily

deformed towards a direction perpendicular to the

macrocycle to reduce conformational stress23 ).

Similarily, the phthalocyanine ligand has one main

possibility to reduce internal stress. The rigid

isoindole units can rotate about their axis through

both Cα atoms and form non-planar structures.

Metallophthalocyanines in which the metal atoms

do not fit into the cavity of the macrocycle therefore

show a shuttle-cock shape (C4v symmetry).

However, there are additional deformations of

molecular origin, or from solid-state interactions



with neighbors known. Some of these deformations

are detailed below.

(1 )  Molecular Deformation o f

Molecular Origin. a) In cases of highly

substituted macrocycles, the overcrowded periphery

of the phthalocyanine ligand with strong repulsive

interactions between the atoms in the alkyl chains

can even twist the rigid isoindole units or distort the

phthalocyanine into a saddle shape (Fig. 10). If this

repulsive interaction is lifted by, for instance,

reducing the number of chains, the macrocycle

becomes almost flat, see (H11C5O)4PcNi73 ) which

shows only a small, propeller-like distortion (Fig.

10f).

a) b)

c) d)

e) f)

Fig. 10. (H11C5O)8PcH2
44 ); a) the ring structure is shown for clarity without alkyl chains, and b) the whole

structure with alkyl chains. (H13C6)8PcNi74 ); symmetrically independent molecules c) 1, and d) 2. e)

(H11C5O)8PcRh-Me75 ), the ring structure is shown for clarity without alkyl chains, and f)

(H11C5O)4PcNi73 ).



a) b) c)

Fig. 11. Molecular structures of a) PcK2(diglyme)2, b) molecule 2 of PcK2(18-cr-6)2, and c) Pc3In2.

b) In the case of competitive coordination of the

phthalocyanine and other ligands to the metals, the

metals do not coordinate symmetrically to all the

isoindole nitrogens, e.g., the K-Ni bond lengths are

2.723, 2.723, 2.812, and 2.812 Å for

PcK2(diglyme)2
76 ), and 2.841, 2.879, 2.943, 2.978

Å for PcK2(18-cr-6)2
76 ), and the In-Ni bond lengths

of Pc3In2
77 ) are 2.183, 2.219, 2.223, 2.236, 2.349,

2.352, 3.172, 3.225 Å. Therefore, the isoindole

units are differently rotated towards the plane of the

isoindole nitrogens.

(2 )  Molecular Deformation due t o

Interact ion with Neighbors

a) PcSn without solid-state deformation would be

of a shuttle-cock-type shape, similar to the PcPb

molecules in monoclinic PcPb (Fig. 16a). As shown

in Fig. 12, the concave overlapping parts are

flattened in the solid-state due to repulsive forces

between the aromatic molecules. The

phthalocyanine ligand of PcZnCl (Fig. 22d,h) is

planar as the molecules overlap entirely.

b) Another kind of repulsive force interaction

can be found in trans-disubstituted phthalocyanines,

such as β-PcGe(OH)2, where the neighbor molecules

are very close (Ge-Ge 6.810Å). Consequently, the O-

Ge-O axis is angled away from the normal of the

phthalocyanine macrocycle (Fig. 18b).

a)

b)

Fig. 12. Views of concave overlapping in PcSn a)

perpendicular to the macrocycle and b) along the

macrocycle42,52,78).



a)

b)

Fig. 13. Views of the molecular structure of

PcSnCl2, seen along the N4-plane a) along the

less distorted molecular axis and b) along the

molecular axis perpendicular to a).

In many examples, several interactions seem to

occur together. It was found that the molecules of

PcSnCl2 have an exceptionally strong sinoidal

shape (Fig. 13a)55,79). It is thought that this

sinoidal deformation is only caused by the

coordination of the oversized Sn+IV ion in the center

of the macrocycle, which pushes two of the

isoindole nitrogens out of the plane, one upwards

and the other downwards55,79). However, if we study

the surroundings of the PcSnCl2 molecule in the

crystal, we find that two neighboring molecules in a

stack are overlapping with their bent benzene rings

(Fig. 14a) and that one hydrogen of these benzene

rings is directed towards a chlorine atom of a

neighboring molecule with short (C-)H....Cl

distances of 2.75Å (Fig.14b). Such hydrogen bonds,

and the effect of the overlap may assist the

deformation of the molecular structure in the solid-

state.

a)

b)

Fig. 14. a) Overlap of nearest neighbors and b)

proposed hydrogen-bonding (dotted line) in

PcSnCl2.

Crystal Structures

Despite many known crystal structures of

phthalocyanine complexes, very little is reported

about their molecular arrangements. Most of the

information given in the original literature refers

only to the molecular structure. However, since the

properties of a material depend strongly on its solid-

state structure, it seems necessary to investigate the

crystal structures in more detail, and to find a

common arrangement pattern. Such patterns would

not only allow us to predict the arrangement of new

materials, but also to calculate its properties, for

instance, the absorption spectra. Appendix 5 gives

an overview of selected unit-cell data of the reported

phthalo-cyanine and naphthalocyanine single-

crystal structures.

( 1 )  P o l y m o r p h i s m .  The polymorphism of

metal-free and copper phthalocyanines was

discovered by George von Susich80-81), before

Robertson’s first crystal structure was published.



Susich used X-ray powder diffraction to distinguish

between α-, β-, and γ-PcH2 and α- and β-PcCu. In

Susich’s nomenclature, β is the stable polymorph,

therefore Robertson’s single-crystal structures were

later named β-polymorphs. Robertson also

considered that the different structure of PcPt might

be a polymorphic structure9). The early research on

polymorphism of phthalocyanines is reviewed in

detail in monographs about phthalo-

cyanines11,12,17).

Single-crystalline, polymorphic structures are

reported for some phthalocyanine complexes (see

Appendix 5 for details), α-, β-, and *X-PcH2, α- and

γ-PcPt), 103K- and 295K-(H13C6)8PcNi, monoclinic

and triclinic PcPb; I-, II-, *IV-, *Y-, and *C-PcTiO,

*V- and *XI-PcGaOH, I- and *II-PcGaCl, α- and β-

PcGe(OH)2, P21/c- and P-1-PcNbCl2, P212121- and

C2/c-Pc2Sn, I2/c- and P4/nnc-Pc2Pr, and P4nc-,

P4/nnc-, and C2/c-Pc2Nd); asterisks denote

structures obtained by Rietveld calculations.

The main differences between the polymorphic

structures are, for example, different stacking angles

of the phthalocyanine molecules with the stacking

axis, as in the case of α- and β-PcH2 or α- and γ-PcPt

(Fig. 15), different stacking modes, linear in

monoclinic PcPb or slipped in triclinic PcPb (Fig.

16), different overlapping arrangements of the

neighbouring molecules in I- and II-PcTiO (Fig.

22a,e and 22b,f) or different hydrogen-bonding

patterns in α- and β-PcGe(OH)2 (Fig. 17).

a) b) c)

d) e) f)

Fig. 15. Different stacking in a,d) α- PcH2 and α-PcPt, b,e) β-PcH2, and c,f) γ-PcPt.

a) b)

Fig. 16. Different stacking modes a) linear stacking in monoclinic and b) slipped-stacking in triclinic PcPb.



a)

b)

Fig. 17. Hydrogen bonding pattern in a) α-PcGe(OH)2 and b) β-PcGe(OH)2.

The different structural arrangements of the two

polymorphs of PcGe(OH)282 ) arises almost

exclusively from the different hydrogen-bonding

pattern of the bonding between the aromatic

hydrogens and oxygens of neighbor molecules. The

bonding in α-PcGe(OH)2 occurs between the outer

hydrogens and the oxygen of a neighboring

molecule (H...Cl = 2.568 Å), whereas in β-

PcGe(OH)2 the inner hydrogens take part in the

bonding (H...Cl = 2.592 Å).



a) b) c)

d) e) f)

Fig. 18. Two molecules from slipped-stacked arrangements of (left) X-PcH2, (middle) β-PcGe(OH)2, and (right)

Pc2Lu*CH2Cl2; (top) edge-on views and (bottom) views perpendicular to the molecular planes.

(2 )  Sl ipped-Stacked Arrangements .

Planar aromatic molecules usually crystallize in

slipped-stacked arrangements, i.e. the overlapping

neighbouring molecules in a stack are slightly

displaced in a direction along the stacking axis

when observed at perpendicularly83-84). Such

arrangements are also found for most of the

phthalocyanines of type 1 and for some of the

phthalocyanines of type 2 (e.g., triclinic PcPb in

Fig. 16b). From typical slipped-stacked

arrangements, edge-on and perpendicular views onto

two neighboring molecules are shown in Fig. 18. In

Fig. 18f, only the overlapping halves of the

bisphthalocyanine complexes are shown for clarity.

Even more complex molecules like (PcAl)2O85 ) and

(PcNb)2O2Br50,86) crystallize in slipped-stacked

arrangements (Fig. 19).

A wide variety of stacking geometries exist,

especially in the case of trans-disubstituted systems

(Table 3). The parameters which characterize such

slipped stacking are the stacking distance (center-

to-center distance), stacking angle of the

macrocycle towards the stacking axis, and the

orientation of the two neighboring phthalocyanines

towards each other. Some stacking data of selected

phthalocyanine complexes are compiled in Table 3.



a) b)

c) d)

Fig. 19. Edge-on view (top) and perpendicular views (bottom) of (PcAl)2O (left) and (PcNb)2O2Br (right). In

the perpendicular views, only the directly overlapping molecule halves are shown.



Table 3. Stacking Data of Selected Phthalocyanine Complexesa).

Molecule Type of stacking Stacking direction

in crystal

Distance center-

to-center  / Å

Orientation Ref.

α-PcH2 slipped [010] 3.801 Fig. 15d 87

α-PcPt slipped [010] 3.818 ≈ Fig. 15d 88

β-PcH2 slipped [010] 4.729 Fig. 15e 89

β-PcMn slipped [010] 4.755 ≈ Fig. 15e 90

β-PcCo slipped [010] 4.773 ≈ Fig. 15e 90

β-PcNi slipped [010] 4.71 ≈ Fig. 15e 8

β-PcZn slipped [010] 4.854 ≈ Fig. 15e 91

γ-PcPt slipped [010] 3.969 Fig. 15f 51

X-PcH2 slipped [001] 4.89 Fig. 18d 30

Pc2Lu *DCM slipped [001] 8.050 ≈ Fig. 18f 58

Pc2Sn (C2/c) zigzag [001] ≈ Fig. 22b 92

Pc2Sn (P212121) slipped

slipped

[001]

[100]

8.905

10.347

≈ Fig. 69

(PcAl)2O slipped [100] 7.694 Fig. 19c 55

(PcNb)2O2Br Fig. 19d 86

PcGaF slipped [100] 3.871 eclipsed 85

PcCrCl2 slipped [100] 9.137 ≈ Fig. 23b 93

PcSnCl2 slipped

slipped

[110]

[010]

7.939

11.060

Fig. 14a 79

PcMoOCl slipped [001] 8.989 ≈ Fig. 14a 50

PcCo(CN)2 slipped

slipped

[001]

[112]

7.701

10.669

≈ Fig. 23b 94

α-PcGe(OH)2 slipped [100] 6.721 ≈ Fig. 18e 82

β-PcGe(OH)2 slipped [100] 6.810 Fig. 18e 82

PcFe(dmso)2 slipped [001] 7.993 Fig. 22b 95

PcFe(CO)(dmf) slipped [100] 9.860 ≈ Fig. 22b 96

PcSi(OSiMe3)2 slipped [010] 9.893 ≈ Fig. 23b 97

PcFe(4Mepy)2 slipped [100] 10.315 no overlap 98

PcCo(py,SCN) slipped [001] 10.115 no overlap 99

a) Stacking angles are not measured.



Slipped-stacked columns can be arranged in two

manners, a) a herringbone type (Fig. 20a) or b) a

brickstone type (Fig. 23b). In the herringbone

arrangement, the molecules from neighboring

columns make an angle towards each other, while in

the brickstone arrangement, they are parallel.

a)

b)

Fig. 20. a) Herringbone and b) brickstone

arrangements of molecules in β- and α-metal-free

phthalocyanine, respectively.

Both arrangements can also be seen as two-

dimensional layers with the macrocycles forming an

angle with the layer plane (the layer planes in Fig.

20 are parallel to the paper plane). The orientation

of such layers towards each other open up two

possibilities; the spatial orientation of the

molecules in neighboring layers is a) identical or b)

different. Case a) would be similar to a brickstone

arrangement (Fig. 20b). Two examples of case b) are

shown in Fig. 21.
a)

b)

Fig. 21. Orientation of the two-dimensional layers

in a) α-PcGe(OH)2 and b) P212121-Pc2Sn. The

layer planes are perpendicular to the paper plane.



( 3 )  T y p e  2  M o l e c u l e s .  The molecules are

characterized by two differently shaped sides, the

side of the macrocycle is called the concave side,

while the opposite side is called the convex side.

The different shapes of both sides lead to different

arrangement patterns. In Fig. 22, the possibilities

created by the overlap of the concave sides are

shown. In II-PcTiO54 ) (Fig.22a,e), the overlap

occurs along the molecular axis Ni-Ct-Ni, Ni being

an isoindole nitrogen and Ct the center of the

molecule. In PcAlCl53 ) (Fig.22c,g), the overlapping

occurs along Nbr-Ct-Nbr, Nbr being an azamethine

bridging nitrogen. The overlapping in I-PcTiO54 )

(Fig.22b,f) occurs as an intermediate form between

those of II-PcTiO and of PcAlCl, while in PcZnCl64 ),

the stacking occurs perpendicular to the macrocycle

(Fig. 22d,h).

The convex overlapping can form one-

dimensional or two-dimensional structures, as

shown in Fig. 23a,b and Fig. 23c,d, respectively.

Only one-dimensional, convex overlapping

structures can form slipped-stacked columns, as can

be found e.g. in II-PcTiO, PcSn or triclinic PcPb

(Fig. 16b).

a) b) c) d)

e) f) g) h)

Fig. 22. Geometries of the concave overlapping: a,e) II-PcTiO, b,f) I-PcTiO, c,g) PcAlCl and d,h) PcZnCl.

a) b) c) d)

Fig. 23. One-dimensional convex overlapping in a) PcSn and b) PcNbCl2 and two-dimensional in c) I-PcTiO

and d) PcGaCl.
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