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Abstract

Crystal packing calculations have been carried out on a number of commercially important organic pigments in an
attempt to determine the important interactions and structural features holding pigment molecules together in selected
arrangements in the solid state. The high performance pigments were found to be those with the most efficient packing
and with the highest lattice energies. The most important intermolecular interactions identified were w—7t stacking
forces, traditional hydrogen bonds and weak hydrogen bonds.
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1. Introduction

Since Perkin discovered the dye mauveine, in
1856, the development of colour and its under-
standing has played a significant role in the pro-
gress of chemistry. The link between the molecular
structure of a chromophore and its colour has
been and remains the subject of much investiga-
tion [1]. The bias towards a molecular explanation
of colour is understandable as in many cases the
spectrum of a molecule does not differ between the
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gas, solution and solid phases. An important ex-
ception to this trend occurs in the area of pigments
and photosensitive charge generation materials [2].
Aggregation effects may change the colour of a pig-
ment and in the case of charge generation materials,
certain lattice effects may modify the performance
of the device by affecting the photogeneration effi-
ciencies. It is naturally of considerable importance
to understand the inter-relationship between crystal
packing tendencies and wavelength shift. The aim is
ultimately to relate packing motifs to changes in
colour and photogeneration behaviour.

The consequences of this solid state effect on
the development of new pigments and photosen-
sitive materials are profound. It is no longer suffi-
cient for the organic chemist to synthesise new
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compounds. In addition, they must consider how
these materials organise themselves in the solid
state and how to control that organisation. Until
recently, understanding and controlling what hap-
pens in the solid state has remained an art, but
much progress has been made in crystal engineer-
ing [3—6], polymorph control [7,8], lattice energy
calculations [9], structure determination from
small crystals and powders [10], and ab initio
structure prediction [11].

A pigment is a coloured, black, white or fluore-
scent particulate organic or inorganic solid which
is usually insoluble in its application media. A
pigment will retain its own unique crystalline or
particulate structure throughout the application or
incorporation process. The properties of a pigment
including colour, thermal stability, particle shape,
light fastness, fluorescence and bleeding character-
istics are often dependant on the crystal packing
arrangements of the pigment [12].

Specific arrangements or orientations adopted
by molecules in the solid state are dependant on
the possible interactions between molecules. In-
termolecular forces are a result of the collective
atom—atom interactions which depend on molec-
ular structure. The molecules will attempt to
achieve the arrangements which will result in the
greatest intermolecular interactions and conse-
quently, the maximum lattice energy.

Through carrying out an analysis of a represen-
tative collection of organic pigments (1—8), see
Figs. 1 and 2, it was hoped to obtain a greater
understanding of molecular structure, crystal pack-
ing and solid state property relationships for
organic pigments. The ultimate aim of such a study
was to use the information in the design of pigment
molecules with not only the desired molecular
properties but solid state properties as well.

1.1. Background theory

The structures and crystal chemistry of organic
materials and theoretical methods to determine
them has been reviewed [10]. The packing co-
efficient (C) is a useful parameter for judging the
efficiency of a molecule for using space in a given
solid state arrangement. This is shown below
where Vo 1s the molecular volume, Vg the unit
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Fig. 1. The molecular structures of 1,4-diketo-pyrrolo-pyrrole
(1), metal free phthalocyanine (2), perylene system (3) and
indigo (4).

cell volume and Z is the number of molecules in
the unit cell.

C= (ZX Vmol)/Vcell

This simple model assumes that the molecules
within the crystal will attempt to pack in a manner
such as to minimise the amount of unoccupied
space. Typical packing coefficients range from 0.6
to 0.8 for organic materials and the higher the
packing coefficient, the better use of space by the
molecule in the solid state is attained.

In order to attempt to quantify the roles of the
different types of intermolecular interaction in
crystals, the lattice energy for these systems has to
be calculated and partitioned into specific in-
termolecular contributions. To understand the im-
portant structural features that govern the solid
state, it is vital to be able to describe the interactions
between molecules in the solid state in terms of
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Fig. 2. The molecular structures of flavanthrone (5), indanthrone (6), y-quinacridone (7) and CI Pigment Yellow 1 (8).

energy and the specific orientations and directions.
The lattice energy FEj.., often referred to as the
crystal binding or cohesive energy, can be calculated
for molecular crystals by summing all the inter-
actions between a central molecule and all the
surrounding molecules. Each intermolecular in-
teraction can be considered to consist of the
sum of the constituent atom—atom interactions
[13—15]. The review by Jones and colleagues [10]
explains the derivation of lattice energy in the
equation, shown below.

n n'

N
Fu=g 3> >V
J=

k=1 i=1

The lattice energy is a crucial parameter to
calculate as this value can be compared against the
sublimation enthalpy as a check of the accuracy of
the potential functions and parameters employed,
as evidenced from previous work [10,16]. The cal-
culated lattice energy value has the added attrac-
tion that it may be split down into its specific

intermolecular interactions and constituent atom—
atom forces. This can provide a profile of the im-
portantintermolecular interactions in the solid state
and an increased understanding of the specific mo-
lecular structure features and solid state property.
The importance of weak hydrogen bonds such as
C—H:::::0=C interactions and of Van der Waals
contacts such as S:::i:iS or ClL:::iCl, in determining
the overall structural arrangements and solid state
properties remains the subject of intense debate
[17] and this will be considered in much greater
detail for the molecules of interest in this study.

2. Experimental

The method [10] adopted for the study of the
pigment systems (1—8) under investigation, is
detailed below.

(a) Obtain the crystal structure of the selected
compounds from the Cambridge Crystallo-
graphic Database (CCD) [18].
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(b) If the structure is incomplete (ie. no hydrogens
reported), then add the missing hydrogens
using standard bond lengths and geometry.
Unit cell volume is taken from the CCD and
molecular volume was calculated using the
molecular surface/Conolly surface module in
CERIUS 2 [19].

(c) The partial charges on the atoms in the mole-
cules which help describe the electrostatic con-
tribution to the lattice energy, are calculated
using a semi-empirical molecular approach
(MOPAC) [20].

(d) Packing calculations are carried out using
HABIT [21]. This particular program has been
specifically developed for carrying out calcu-
lations of this type on organic materials.

(e) This program also allows the lattice energy to
be broken down into the important intermole-
cular interactions and the constituent atom—
atom contributions.

The actual results are considered in the next
section for each system under investigation.

3. Results and discussion
3.1. 14-Diketo-pyrrolo-(3,4-c)pyrrole

The 1,4-diketo-pyrrolo-(3,4-c)pyrrole (DPP
Red) system (1) shown in Fig. 1 is one of the
most important recent developments in the pig-
ments area of colour chemistry. Despite being of a
relatively low molecular weight by pigment stand-
ards, these heterocyclic compounds are highly
insoluble, crystalline materials which are thermally
stable up to 400 °C [22]. Varying the substitiuents
on the phenyl groups can vary these physical pro-
perties and the colour from yellow/orange to red/
blue. The physical properties are attributed to the

presence of strong intermolecular bonding present
in the crystal structure.

The crystal structure of the 1,4-diketo-3,6-
diphenylpyrrolo-(3,4-c)pyrrole (1) (Pigment Red
255) has been published [23,24] and our results are
based on the former publication. This shows the
molecule crystallising in a triclinic space group P1
in a unit cell of dimensions a = 3.82, b = 6.521,
c=13.571 A with «=93.33°, §=287.07° and
x = 94.99°. The molecular structure is almost
planar with the phenyl groups tilted out of the
plane of the basic chromophore by about 7°. The
packing coefficient was 0.72. Crystal packing
calculations were carried out using the parameters
of Momany et al. [25]. The calculated lattice
energy was —30.7 kcal/mol and the important
intermolecular interactions are tabulated below
(Table 1). The UVW labels are essentially the
translations along the unit cell axes a, b, and c.

The most important interactions are the T—m
stacking forces in the crystallographic a-direction.
These interactions labelled ‘@’ constitute over
42% of the total lattice energy. Hydrogen bond-
ing interactions of the type N—H:::::O=C exist
between the molecules in the ab direction. This
hydrogen bond accounts for the majority of the
3.2 kcal/mol interaction labelled ‘A’. The interac-
tion labelled ‘¢’ appears to be electrostatic in
nature between the polar parts of the molecule.
The interactions abc constitute about 82% of the
total energy in the solid state.

It is important to separate the major interac-
tions in order to display and interpret the vital
intermolecular interactions. These can be best des-
cribed schematically. On viewing down the ¢ axis
(ie. in the ab plane), the molecules can be viewed
edge on and regarded as narrow rectangles as
shown in Scheme 1. The ‘a’ and ‘b’ interactions are
clearly visible in this idealised representation. The

Table 1
The important intermolecular interactions in DPP (1)
U 14 w Interaction energy Number of Label Type
(kcal/mol) interactions
1 0 0 —6.4 2 a T—T
1 1 0 -3.2 2 b Hydrogen bonding
0 1 0 -29 2 c Electrostatic
0 1 1 —0.6 2 d Van der Waals
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Scheme 1. Representation of the crystal packing of DPP molecules and their intermolecular interactions viewed down the c-axis.

‘a’ interactions are the w—m stacking forces along
the a-direction and the ‘b’ interactions are the
hydrogen bonds holding the molecules together in
the b-direction. Clearly, there is a two-dimensional
stability to the structure produced by these inter-
actions. This is supplemented by the electrostatic
interactions across the ab diagonals.

o

b

Scheme 2. Representation of the crystal packing of DPP
molecules and their intermolecular interactions viewed down
the a-axis.

If the arrangement of the molecules in Scheme 1
is viewed from above (ie. down the a axis, in
the bc plane), the molecules can be considered to
consist of rectangular plates as shown in Scheme 2.
The important w—7t interactions are now perpen-
dicular to the plane of the paper and the hydrogen
bond interactions are along the b-direction. The
only interactions along the c¢-direction are hydro-
gen bonds and these are only worth 0.6 kcal/mol
and this is not as strong an arrangement as des-
cribed in Scheme 1. This ‘d’ interaction is the
weakest in Table 1 and consists largely of H:::::H
non-bonded interactions. Scheme 2 is shown in
terms of molecular structure in Fig. 3.

3.2. Phthalocyanines

Phthalocyanine pigments dominate the blue
and green shade areas and they contribute about
25% by volume of the total world market for
organic pigments. The majority of phthalocyanine
pigments contain copper but a number are metal
free. Particle size, shape and polymorphic form are
some of the important factors that govern the
properties of pigments and surface character in-
fluences colloidal behaviour such as flocculation
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Fig. 3. The packing of DPP molecules viewed down the a-direction. The —1r interactions are in and out of the paper and the » and

d interactions from Table 1 are labelled.

and rheological properties. The internal structure
of pigment solids can influence all these properties.

The crystal structure of the B-polymorph of
metal free phthalocyanine (2) was solved [26—28]
by Robertson many years ago and shows that the
planar phthalocyanine molecules crystallise in the
monoclinic space group P2/a in a unit cell of
dimensions @ = 19.85, b =4.72, ¢ = 14.8 A with
6 =122.25°. In fact, there are four crystal
structures published in the literature [27,29—31],
only one of which includes the location of the
hydrogen atoms [31]. This latter publication shows
that the planar phthalocyanine molecules crystal-
lise in the monoclinic space group P2,/a in a unit
cell of dimensions a = 19.87, b = 4.73, ¢ = 14.81 A

with 8 =121.98° and was used to generate the
following information. The § structure shows a
classic herringbone arrangement with the planar
molecules stacking with the faces 3.34 A apart.
The packing coefficient for the phthalocyanine
molecules was 0.73. The calculated lattice energy
of —42.4 kcal/mol was partitioned down into the
important intermolecular interactions, see Table 2.

The most important interactions are those
along the shortest crystallographic axis. These
7—1t stacking interactions along the b-axis are
shown in Fig. 4, and account for 58% of the total
energy in the solid state. The additional interac-
tions are Van der Waals in nature although there
appears to be some contribution from weak
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Table 2

The important intermolecular interactions in phthalocyanines (2)

U 14 w Interaction energy Number of Label Type
(kcal/mol) interactions

0 1 0 —-12.4 2 a T—T

1 1 0 —1.4 2 b Van der Waals

1 0 0 —1.4 2 b Van der Waals

0 1 1 —1.1 2 ¢ Van der Waals

1 0 1 —1.1 2 ¢ Van der Waals

Fig. 4. The packing of phthalocyanine molecules, the stacking is along the shortest crystallographic direction. The spatial donor/
acceptor arrangement is highlighted.
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Fig. 5. Absorption maxima for substituted perylenes.

C—H:::N  interactions. These interactions are
formed when the protruding phenyl groups from
a phthalocyanine molecule fits into the gaps be-
tween other phthalocyanine molecules. Each
phthalocyanine molecule can be considered to
consist of four spatial donors ( phenyl groups) and
four spatial acceptors (the gaps). These result in
the eight weaker interactions shown in Table 2 and
combined with the w—7t interactions, account for
82% of the lattice energy.

3.3. Perylene based structures

Perylene based pigments are high performance
pigments used in the automotive paint industry for
predominantly the red shade area. Various sub-
stituted perylenes show roughly the same molec-
ular absorption spectra around 530 nm but show
a much wider range of absorption spectra maxi-

mum in the solid state [32,33], see Fig. 5. This
change in colour from solid state effects is often
referred to as crystallochromy and a detailed ele-
gant study has been carried out on this one system
over a number of years [32], with over 18 crystal
structures having been solved with variations in
the R group. The colour change has been cor-
related with crystal packing effects, in particular
with the separation distance, the lateral and trans-
verse changes in the planar part of the molecule.
The molecules stack with the planar parts between
3.34 and 3.47 A apart.

Packing calculations have been carried out on the
N,N’-dimethylperylene-3,4:9,10-bis(dicarboxamide)
(3) (where R=CH3) (Pigment Red 179) with mole-
cules crystallising in the monoclinic space group
P2,/a with two molecules in a unit cell of dimensions
a=3.874,b =15.58,¢ = 14.597 A with 8 = 97.65°
[32]. The packing coefficient for this structure was
0.76 and the lattice energy was calculated to be
—48.4 kcal/mol. The important intermolecular in-
teractions are listed in Table 3. The most important
interactions are the w—m stacking forces along the
a-direction as these account for over half of the total
lattice energy. The other interactions are a result of
weak C—H:::::0=C hydrogen bonds. These and the
T—T stacking interactions constitute over 80% of
the lattice energy in the solid state. The important
interactions are shown in Fig. 6 which shows the
packing arrangement of the perylene molecules in
the be-plane.

3.4. Indigo

Indigo (4) (Pigment Blue 66) is no longer used
as a commercial pigment because of its poor dura-
bility. However, it has many similar molecular
features to other pigments such as quinacridones

Table 3

The important intermolecular interactions in perylenes (3)

U vV w Interaction energy Number of Label Type
(kcal/mol) interactions

1 0 0 —12.4 2 a T—TC

0 1 1 2.4 2 b C—H:::::0

0 0 1 -24 2 b C—H::::0

1 0 1 —1.1 2 c Van der Waals

1 1 0 —1.1 2 c Van der Waals
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Fig. 6. The packing of perylene molecules viewed down the
shortest crystallographic direction. The m—m interactions are
going into the plane of the paper and the b interactions are
shown.

and DPPs. Analysis of its packing may give some
insight into the performance of indigo. Indigo and
some of its derivatives show significant shifts in
their solid state spectra compared to solution and
vapour. This is believed to be a result of the
complicated intra and intermolecular interactions
present in the system. Indigo crystallises in the
solid state in a monoclinic space group P2;/c in
a unit cell of dimensions a =9.24, b =577, ¢ =
12.22 A with 6 =117° [34]. A full single crystal

structure has been solved using synchroton radi-
ation [35]. The use of a synchroton source results
in substantially increased incident beam intensity
compared to conventional laboratory source and
improved resolution, especially for small crystals.
As a result, the hydrogen atom positions have been
located with some confidence.

The packing coefficient of indigo was 0.69 and
the calculated lattice energy was —31.8 kcal/mol
and was in excellent agreement with the experi-
mental sublimation enthalpy of —32.5 kcal/mol
[36]. The important interactions have been listed in
Table 4. The most important interactions are the
m— stacking forces along the b-direction. Hy-
drogen bonding and electrostatic interactions
provide additional stability. The weakest direction
of intermolecular interactions is the a-axis where
only weak edge to face C—H::::zw interactions help
to hold the molecules together in the a-direction.
These interactions are highlighted in Fig. 7. The
T—7 interactions are less dominant in this
structure as they only contribute 37% of the total
lattice energy. The three major interactions in this
system contribute 66% of the lattice energy and
this is considerably less than the other examples
covered in this study. This low contribution and
the low packing efficiency may account for the
poor durability of indigo.

3.5. Flavanthrone

Flavanthrone, Pigment Yellow 24, (5) is a high
performance yellow pigment. The crystal structure
of flavanthrone shows a planar molecule in
a monoclinic space group P2;/a in a unit cell of
dimensions a = 27.92, b =3.80, ¢ =8.10 A with
6 = 95° [37]. The molecules stack at 3.44 A apart.
The packing coefficient was 0.78 and the calculated

Table 4
The important intermolecular interactions in indigo (4)
U vV w Interaction energy Number of Label Type
(kcal/mol) interactions
0 1 0 -59 2 a T—TC
0 1 0 2.4 1 b Hydrogen bonds
1 0 0 -2.4 1 b CH—m
0 0 1 23 1 c Electrostatic
0 1 1 —-2.3 1 ¢ Electrostatic
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Fig. 7. The packing of indigo molecules in the solid state. The
unit cell shows the hydrogen bond formation and the classic
herringbone arrangement which results in aromatic edge to face
interactions between molecules.

lattice energy was —43.6 kcal/mol. The important
intermolecular interactions are listed in Table 5.

The most important interactions are the t—m
stacking forces along the shortest crystallographic
axis. These interactions correspond to 51% of the
total lattice energy. The other interactions are
weak hydrogen bonds of the type C—H:::0=C
and appear to be slightly stronger along the c-axis
than across the bc diagonal. These interactions are
illustrated in Fig. 8. The weakest direction of
intermolecular interactions would appear to be the
a-axis.

3.6. Indanthrone

Indanthrone, Pigment Blue 60, (6) is a high
performance blue pigment that is used in the

automotive industry and is known to exist in
a number of polymorphs. The crystal structure of
the a-polymorph has been determined by Bailey
[38] and shows a plate like morphology dominated
by {100} and {001} faces with a more pronounced
herringbone arrangement than flavanthrone. The
crystal structure gives a unit cell of dimen-
sions a = 30.83, » = 3.833, ¢ =7.845 A with 8 =
91.55°. The packing coefficient of the molecule
was 0.76 and the molecules are essentially planar
with only small deviations from planarity. The
lattice energy was calculated as —48.6 kcal/mol
and was partitioned into the important intermo-
lecular interactions listed in Table 6.

The most important interactions are those along
the short b-axis which are w—m stacking forces.
These interactions account for 56.4% of the lattice
energy. The b and ¢ interactions are weak hydrogen
bonds and appear to constitute about 75% of the
total lattice energy with the m—m interactions.
These interactions are shown in Fig. 9.

3.7. Quinacridone

v-Quinacridone (Pigment Violet 19), (7) is the
most stable and commercially the most important
polymorph for this structure affording a bluish red
shade. The crystal structure of this polymorph has
been determined by a synchrotron radiation source
[39] and shows plate-like morphology in a mono-
clinic space group P2;/c with two molecules in
a unit ce;ll of dimensions a = 13.761, b = 3.895, ¢ =
13.439 A with 8 = 100.33°. The packing coefficient
for this structure was 0.72 and the lattice energy was
calculated to be —37.2 kcal/mol. The important
intermolecular interactions are listed in Table 7.

The most important interactions are along the
short b-axis which are w—m stacking forces and
account for 45% of the lattice energy, the dimers

Table 5

The important intermolecular interactions in flavanthrone (5)

U 14 w Interaction energy Number of Label Type
(kcal/mol) interactions

0 1 0 —11.2 2 a T—T

0 0 1 -3.2 2 b C—H:::::0=C

0 1 1 —1.4 2 ¢ C—H:::::0=C
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Fig. 8. The packing of flavanthrone molecules showing w—m interactions coming in and out of the paper.

having a spacing of 3.42 A. Each quinacridone
molecule has four hydrogen bonds of the type
N—H:::::0=C along the c-axis to different mole-
cules and these constitute about 28% of the lattice
energy. There are no important interactions along
the crystallographic a direction. Fig. 10 shows
a plot which combines these two important
features showing the w—r stacking and hydrogen
bonds. Clearly, the planar molecules are linked in
sheets through hydrogen bonds but a much more
complicated arrangement is involved [39] where
a herringbone arrangement is visible, the angle
between the planes is 78.8°. The w—m interactions
in quinacridone are slightly larger than those for
indigo due to the larger molecular structure
producing more non-bonded interatomic contacts.
The hydrogen bonds in quinacridone are also
slightly stronger than in indigo which can proba-
bly be attributed to the competing intramolecular
hydrogen bonds within indigo which weaken the
intermolecular contacts.

3.8. CI Pigment Yellow 1

Monoazo (8) (Pigment Yellow 1) crystallises in
the monoclinic space group P2;/n with four
molecules in a unit cell of dimensions a = 7.598,
b =20.375, ¢ = 10.440 A with § = 98.18° [40]. It
has poor durability properties and is generally
used in decorative paints. The packing coeflicient
was 0.70 and the calculated lattice energy was
—37.4 kcal/mol.

The important intermolecular interactions are
listed in Table 8 and account for 78% of the lattice
energy. This structure is more complicated to des-
cribe because it lacks a centre of symmetry. The
T—1v stacking interactions and electrostatic forces
combine to provide the most important inter-
actions. The molecules are arranged in columns
up the a-axis with subsequent molecules in an
anti-parallel arrangement within these columns to
maximise electrostatic interactions, see Fig. 11.
The N—H groups in these molecules sit with the

Table 6

The important intermolecular interactions in indanthrone (6)

U vV w Interaction energy Number of Label Type
(kcal/mol) interactions

0 1 0 —13.7 2 a T—T

0 1 1 -23 2 b C—H:::::0=C

0 0 1 2.2 2 ¢ C—H:::::0=C
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Fig. 9. The packing of indanthrone molecules showing the important interactions.

nitrogen of one molecule above the hydrogen of
the previous molecule and vice versa. These
columns are held together with a network of
interactions of the type C—H:::0=C and
C—H:::::0—N roughly in the plane of the h-axis
(parallel to the bc-plane). The close contacts of
this type are about 2.5 A apart.

3.9. Weak hydrogen bonds

The importance of weak hydrogen bonds of the
type C—H::::X where X=O, N, S or Cl, in
determining the overall structural arrangements
remains the subject of debate [17]. The weight of
evidence from spectroscopic, theoretical and crys-
tallographic studies, seem to confirm their exis-
tence as an important structural feature and that
hydrogen bond is a reasonable description [41,42].
In a comprehensive study of 113 crystal structures
solved by neutron diffraction, Taylor and Kennard

Table 7
The important intermolecular interactions in quinacridone (7)

showed that for C—H hydrogens, there is a sta-
tistically significant tendency to form short
C—H:::::0 non-bonded contacts. They established
also that there was considerable directional pre-
ference to these interactions and that the inter-
actions were largely electrostatic in nature. These
interactions have also been the subject of consider-
able investigation elsewhere [17,43,44].

In our studies of the short C—H:::::O contacts in
perylenes, indanthrones and flavanthrones, the
non-bonded contact distances vary from 2.4 to
2.53 A, the outer limits for such contacts reported
in the literature [44]. The C—H:::::0 contact angles
vary from 132.6 to 136.2°, clearly trying to estab-
lish an ideal contact of 120° where the hydrogen
atoms could align themselves with the sp2 lone
pairs of the carbonyl oxygen. Further investiga-
tions on indanthrone and flavanthrone will be
reported later. Some care must be taken in the
interpretation of the non-bonded contact distance

U 4 w Interaction energy

(kcal/mol)

Number of Label Type
interactions

—8.4
—8.4
—2.6
—2.6
-2.5
-2.5

-1

-1

S o oo o~
(=]
—_—_—0 O O O

-1

T—TC
TT—TC

. a——
o0 e
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Fig. 10. The packing of %-quinacridone molecules in which the w—m interactions are in and out of the paper.

and angles for these particular systems in this
study because of the limited accuracy of the
published structure determinations. However, the
results are entirely consistent with more accurate
studies described elsewhere [41,43].

Molecular orbital calculations using AM1 [20]
have been carried out on selected structures in
order to examine the magnitude of these inter-
actions and to quantify their relative importance in
the pigment structures of interest in this study.
Initially, we considered the structure of benzoqui-
none [45] which crystallises in layers held together
by dimer forming C—H:::::0 non-bonded contacts
as shown in Fig. 12. The dimer energy from the
crystal structure was found to be —3.0 kcal/mol

and from the minimised gas phase structure as
—3.2 kcal/mol. This is over half the energy amount
of a traditional carboxylic acid dimer structure
arrangement and is in excellent agreement with the
estimate of an individual C—H::::O interaction
being worth —1.4 kcal [18].

Next, we considered the crystal structure of
acetic acid [46] which incorporates a non-tradi-
tional dimer structure (A) in preference to the
more traditional dimer structure (B), see Fig. 13.
Using AM1 [20], the minimised dimer arrange-
ment based on the crystal structure has an energy
of —4.1 kcal/mol whereas the minimised tradition-
al dimer arrangement (B) has a dimer energy of
—5.5 kcal/mol. This is in excellent agreement with

Table 8
The important intermolecular interactions in CI Pigment Yellow 1 (8)
U 14 w Interaction energy Number of Label Type
(kcal/mol) interactions
1 1 0 —10.6 1 a m—1t/electrostatic
0 1 0 -9.8 1 b T—1t/electrostatic
1 1 1 -2.2 2 ¢ N—-O:::::H-C
0 1 1 -2.1 2 ¢ N-O:::::H-C
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Fig. 11. The packing of CI Pigment Yellow 1 molecules.

the calculations based on atom—atom potentials
[44] which resulted in dimer energies for (A) and
(B) of —4.3 and —6.5 kcal/mol, respectively.
Then, we looked at the crystal structures of the
1:1 complexes of urea/barbital (C) and acetamide/
barbital (D) [47,48]. The structures are isomor-
phous both crystallising in the orthorhombic space
group P2;2,2,. The unit cell dimensions are given
in Fig. 14, and they are only slightly different for
the two complexes, with the acetamide/barbital
dimensions slightly larger in the ¢ and b dimensions

in order to incorporate acetamide which is bulkier
than urea. Urea forms a bifurcated hydrogen bond
with the oxygen atom in barbital. Acetamide
makes similar contacts in which a C—H::::0
contact replaces an N—H:::::O contact with a re-
tention of overall structure (space group symme-
try). Molecular orbital calculations (AM1) on the
crystal structures indicate a binding energy of
—3.8 kcal/mol for urea/barbital and —2.4 kcal/mol
for acetamide/barbital. The calculated value of
—3.8 kcal/mol for the urea/barbital bifurcated
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o)
b H
HT H
Jo)
o) g
H H
HT H
o}

Fig. 12. Structure of benzoquinone dimer.

hydrogen bond is in excellent agreement with the
urea—urea bifurcated hydrogen bond of —4.5 kcal/
mol from atom—atom potential methods [49].

3.10. Intermolecular interactions involving
halogens

The structure determining role of C—H::::
(Halogen) and halogen:::::;halogen interactions is
even less well characterised than the weak hydro-
gen bonds but has been a matter of interest for
many years. These interactions are believed to be
attractive in nature [50]. In this investigation, we
have restricted our studies to indigo (4), dichlor-
oindigo (9) [51] and dibromoindigo (10) [52] (see
Fig. 15) as these are the only systems close in
structure to the pigment systems of interest and
that have sufficient and accurate structural in-
formation to be of use, see Table 9.

Crystallographic studies [41] have highlighted
a number of short CL:::H contacts which are
closer than the sum of the Van der Waals radii of
2.95 A. The shortest contact reported was 2.57 A.
Theoretical calculations on chlorine containing
systems have encountered problems in reproduc-
ing experimental observables and some workers

(0]
HC—(

0 O-H--- 0
OH H30« >\;CH3
O--- H 0--- H-C

(A) (B)

7H -

Fig. 13. The dimer arrangements of acetic acid.

a=10.30A a=10.61A
b=10.18 A b=10.56 A
c=11.62 A c=11.24 A

[0} H ! N/H @) H /H

. H— _H—N

=0 =0 =01 fo
N H—N N “H

o 4 o}

(©) (D)

Fig. 14. The crystal structures of 1:1 urea:barbital (C) and 1:1
acetamide:barbital (D) complexes.

have proposed a partial covalent bond with the
strength of about 3% of a full covalent bond [53].
Others have suggested an anistropic Van der
Waals radii within the potential functions [54],
the Van der Waals radii would be 1.90 and 1.67 A
perpendicular and parallel to the non-bonded
contact direction.

Chlorine—chlorine interactions have specific ar-
rangements (I and II) with contact distances
ranging from 3.27 to 3.49 A, respectively, see
Fig. 16. The arrangement (I) is consistent with
an inversion centre, twofold axis or mirror plane.
Due to the limited number of crystal systems
adopted by organic molecules, this usually results
in triclinic space groups [11].

Molecular mechanics (MM) and molecular
orbital (MO) calculations have been employed to
study the important interactions in the solid state
structures of indigo, dichloroindigo and dibro-
moindigo. The default force field within SYBYL
[55] has been used for MM and MOPAC [20] for
MO. A lack of parameters prevented the use of the
more sophisticated force fields for crystal packing
calculations which were used earlier on the pig-
ment systems of interest.

0
SO0y
o}
X=H (4)
=Cl (9)
= Br (10)

Fig. 15. The molecular structures of indigo (4), 6,6'-dichlor-
oindigo (9) and 6,6’-dibromoindigo (10).
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Table 9
The structural details for the base and halogenated indigos (4,
9, 10)

X H Cl Br
Structure Indigo Dichloroindigo Dibromoindigo
a 9.24 15.07 11.5

b 5.77 3.75 4.85

c 12.22 5.77 12.6

o 90 86.76 90

i3 107 97.22 104

X 90 94.5 90

Source Ref. [29] Ref. [45] Ref. [46]
Crystal system Monoclinic Triclinic Monoclinic
Space group P2,/c P1 P2,/a

C 0.68 0.69 0.68

Dimer energy —6.1 -7.8 =7

(kcal/mol)

The dimer energy calculated for indigo of
—6.1 kcal/mol is in excellent agreement with the
value of —5.9 kcal/mol calculated earlier in this
study. In dichloroindigo, the dimer energy is in-
creased to —7.8 kcal/mol. In dibromoindigo, the
increase in dimer energy is only to —7.0 kcal/mol.
The packing efficiency of the dichloro system is
increased relative to indigo and dibromoindigo
indicating a more efficient use of the space in the
solid state. The b-axis is also the shortest in the
dichloroindigo case. One of the most obvious
changes in the structure for the dichloroindigo case
is in the crystal system in that it has been reduced to
a triclinic space group in an attempt to achieve the
chlorine arrangement (I) discussed earlier. The
Cl:::Cl contact distance is 3.44 A and the CL:::H
dimer is 2.99 A. The calculated interaction energies
for these systems are given in Table 10.

—Cl

cl—

() (1)

Fig. 16. Arrangements for chlorine—chlorine interactions.

These calculations suggest that the CI:::::Cl and
Cl::::H interactions are relatively weak when com-
pared against the hydrogen bond and the weak
hydrogen bonds. As individual interactions, they
are, however, 10 times stronger than an H::::H
interaction which is worth about 0.06 kcal/mol [56].
Replacing a hydrogen atom with a chlorine atom
on the end of a benzene ring is likely to increase the
intermolecular interactions in that direction. In
dichloroindigo, the CL::::H and Cl::::Cl interac-
tions along with hydrogen bonds hold the mole-
cules together in a layer. The layers are held
together through w—rt stacking interactions.

4. Conclusions

Theoretical calculations have been employed to
examine the important interactions in pigment type
molecules. Excellent agreement was found with
experimental data where for example, the calculated
lattice energy of indigo is in agreement with its ex-
perimental sublimation enthalpy and the theoreti-
cal dimer energy of phthalocyanines is in agreement
with the experimental dimer energy for porphyrins.

The packing coefficient (C) for the pigment
systems studied were in general agreement with the
trends discussed in earlier publications [11,13].
Large, flat aromatic systems seem to have the
largest values, eg. perylene based pigment (0.76),
phthalocyanine (0.73). The value of 0.76 is close to
perylene itself (0.78), the slight reduction probably
being due to the disruption by the end methyl
groups. The high performance pigments tend to
have the best packing coefficients and the values
tend to be above 0.70. They also tend to have the
highest lattice energies (> 40 kcal/mol) though this
does depend to some extent on molecular size. The

Table 10
The important intermolecular interactions involving chlorine
atoms

Non-bonded Qistance Energy Method

interaction (A) (kcal/mol)

ClL:::Cl 3.44 —0.50 MO
—0.47 MM

CL::zH 2.99 —0.45 MO
—0.70 MM
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low performance pigments such as indigo and CI
Pigment Yellow 1 have lower packing values (0.68)
and tend to have the lower lattice energies
(30—37 kcal/mol). The packing coefficients of these
two molecules are closer to those of disperse dyes
than pigments [18].

The perylene based pigment studied, is inter-
esting in that despite having weak hydrogen bond
interactions present through C—H::::0=C con-
tacts, its packing efficiency remains high. It is an
attractive possibility that in certain cases, weak
hydrogen bonds can be designed into the molecular
framework so as to complement the desire to pack
in the most efficient manner rather than compete
against it as in the case of traditional hydrogen
bonds. This would offer the best of both worlds.

The —m interactions are the most important
interactions dominating the majority of the struc-
tures and accounting for over 50% of the total
lattice energy. In some of the larger planar systems,
they can contribute up to 85% of the total lattice
energy. These interactions usually occur along the
shortest crystallographic axis. The desire to pack
efficiently overrides all other considerations except
for hydrogen bonding. The t—m interactions form-
ing dimers in phthalocyanines have a calculated
value of —12.4 kcal/mol which is in excellent agree-
ment with the published experimental estimate of
—11.442.4 kcal/mol for the dimer energy in por-
phyrins [56]. In phthalocyanines, spatial donor and
spatial acceptor regions have been identified.

The strengths of w—m interactions result from
the collective sum of a large number of small
interactions rather than one specific intermolecular
interaction such as that in a traditional hydrogen
bond. The structures of the systems involved,
adopt similar arrangements and the planar parts
of the molecule sit parallel above and below each
other separated by about 3.5 A but slipped or offset
from one another. The offset is about 3 A in phtha-
locyanines and 1.5 A in perylenes, flavanthrone
and indanthrone. The w—1t interactions are a more
complex phenomena than might first appear. They
contain both Van der Waals attractive and re-
pulsive interactions as well as an electrostatic con-
tribution. They are actually a combination of the
repulsion between the 7 clouds and the attraction
between the 7 clouds and the underlying partially

charged o framework. In the comprehensive review
[56] on the nature of T—7t interactions, the origin of
m—1t stacking and the magnitude of the interac-
tions is described in some detail with the argument
that the balance of mw—m repulsion and w—o
attraction governs the degree of offset.

Hydrogen bonding interactions also play an
important role in holding the molecules together
though not as dominant as one might initially
think. Even in indigo and DPP, they are not the
most important interactions in terms of magni-
tude. However, the need to arrange in networks
does reduce the packing efficiency and so they do
have a major role in overall structure arranging.

One of the more interesting observations in this
study, was the role of weak hydrogen bonds in
completing the three-dimensional intermolecular
interactions in selected structural arrangements.
The calculated interaction energies for these weak
hydrogen bond dimers ranged from a half to
a third as strong as conventional hydrogen bonds.
Further calculations on selected systems (Section
3.9) confirmed the importance of these interac-
tions. The role of directional contacts such as
CL:::)Cl and Cl:::::H non-bonded interactions were
less clear but the studies in Section 3.10 seemed to
indicate that the additional interactions help
tighten up the packing in selected arrangements.

In such a limited analysis of poor quality struc-
tures, care must be taken in interpretation of the
exact numbers produced. However, the trends
from different methods and from crystallographic
evidence suggest an order of relative importance
and magnitude for the interactions and this is given
in Table 11. Calculations and crystallography sug-
gest that it should be possible to design potential
weak hydrogen bond forming units into the
molecular framework which will compliment the

Table 11
The important intermolecular interaction strengths

Interaction type Strength (kcal/mol)

m— dimer —11
Traditional hydrogen bond dimer —6

Special hydrogen bond dimer —(2.0-3.0)
—(1.0—1.5)
—0.5
—0.06
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need for molecules to pack in the most efficient
manner. However, there will always be competing
interactions and packing from traditional hydro-
gen bonds.
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