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The latent pigment 1,4-dioxo-2,5-di-tert-butoxycarbonyl-3,6-diphenyl-1,2,4,5-tetrahydropyrrolo[3,4-c]pyrrole
(abbreviated DPP-Boc) has been found to exist in the solid state in two polymorphic forms, denoted the α and
β phases. Above ambient temperature, a thermal decomposition reaction occurs in both polymorphs to produce
the commercially important pigment DPP. Significant differences have been observed in kinetic aspects of this
reaction in the α and β phases, and such differences in reactivity must ultimately originate from structural
differences between the two polymorphs. In this paper we focus on establishing a structural understanding of
these materials. The structure of the α phase of DPP-Boc has been determined previously from single crystal
X-ray diffraction data, although certain features of the reported structure are unsatisfactory. Here we report a
revised structure determination of the α phase by Rietveld refinement from powder X-ray diffraction data. The
structure of the β phase of DPP-Boc, which was previously unknown, has been solved directly from powder X-ray
diffraction data using our Monte Carlo technique and Rietveld refinement. A detailed description and comparison
of the structural properties of the α and β phases of DPP-Boc is presented.

1. Introduction
The phenomenon of polymorphism 1–3 has many important
consequences with regard to the properties and applications of
molecular materials. A polymorphic system comprises a set of
crystalline materials with the same chemical composition, but
with different crystal structures. For molecular solids, poly-
morphism arises when a given type of molecule forms different
crystal structures—in many cases the molecule may adopt a
different conformation in the different polymorphs (so-called
conformational polymorphism). As all properties of solids
depend directly on the structural characteristics of the solid,
it is clear that the properties of polymorphs may differ
significantly (even though they contain the same mole-
cule). Thus, in both fundamental and applied contexts, it is
important to understand the structural characteristics of
different polymorphs. In the field of high-performance pig-
ments there are many examples of polymorphism (e.g.
quinacridones,4 DTPP,5,6 diethyl 2,5-diaminoterephthalate 7);
importantly, the different polymorphic forms of these pigment
materials can differ significantly in terms of their colouristic
properties.

Although single crystal X-ray diffraction is the most power-
ful tool for elucidating crystal and molecular structures, the
requirement for single crystal samples of sufficient size and
quality limits the scope of this technique, as many materials of
interest cannot be prepared in this form. Progress in the
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structural characterization of such materials relies heavily on
the availability of techniques to allow crystal structures to
be determined directly from powder diffraction data. Here we
report structural characterization of such an example, based on
polymorphs of the pigment precursor (“latent” pigment) 1,4-
dioxo-2,5-di-tert-butoxycarbonyl-3,6-diphenyl-1,2,4,5-tetra-
hydropyrrolo[3,4-c]pyrrole (DPP-Boc) (Scheme 1).

Scheme 1 Molecular structure of the latent pigment DPP-Boc, and
the thermal reaction to produce the commercial pigment DPP.
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By definition, pigments are coloured solid particles that are
insoluble in the medium in which the pigment is applied (for
example, in paints, plastics and printing inks). Due to the
insolubility of pigments, obtaining a homogeneous colouration
requires the ability to control the dispersion of the pigment
particles in the application medium. An approach developed
recently 8,9 to ensure good dispersion is to introduce the pigment
chromophore as a molecule (pigment precursor or “latent”
pigment) which is readily soluble in the application medium.
Subsequently, the insoluble pigment particles are generated in
situ through an appropriate chemical reaction of the latent
pigment. An illustration is the latent pigment DPP-Boc, which
undergoes a thermal reaction (involving removal of the tert-
butoxycarbonyl group) to produce the commercial red pigment
DPP (Scheme 1). In addition to the exploitation of this reaction
in a variety of different applications media, this reaction is also
known to take place in the crystalline phases of DPP-Boc,
resulting in a solid–solid transformation 10 to produce (ultim-
ately) DPP.8,9

The latent pigment DPP-Boc has been found to exist in two
polymorphic forms, which we denote as the α and β phases. We
have shown 10 that the reaction to produce the pigment DPP
occurs (at high temperature) in both solid phases, but with sig-
nificant differences in kinetic aspects of the reaction in each
polymorph. Ultimately, such differences in reactivity must
originate from structural differences between the two poly-
morphs, and we focus in this paper on establishing a structural
understanding of these materials.

The structure of the α phase of DPP-Boc has been deter-
mined previously from single crystal X-ray diffraction data.11

Rather unusually, the asymmetric unit contains three independ-
ent half molecules, as confirmed by high-resolution solid state

Fig. 1 High-resolution solid state 13C NMR spectra of α-DPP-Boc
(top) and β-DPP-Boc (bottom).

13C NMR (for several carbon environments within the mole-
cule, three peaks of essentially equal intensity are observed in
the 13C NMR spectrum (Fig. 1)). During routine diffraction
experiments, a second polymorph of DPP-Boc has been dis-
covered. High-resolution solid state 13C NMR has provided
some insights 12 concerning structural properties of this poly-
morph. Thus, the 13C NMR spectrum for β-DPP-Boc has only
a single peak for each carbon environment in the molecule
(Fig. 1), implying that the asymmetric unit comprises only one
half molecule (i.e. with the molecular inversion centre located
on a crystallographic inversion centre).

In order to determine the crystal structure of β-DPP-Boc,
attempts were made to prepare crystals of sufficient size and
quality for single crystal X-ray diffraction experiments, but
these attempts were unsuccessful. Instead, the crystal structure
of β-DPP-Boc has been solved from powder X-ray diffraction
data using our Monte Carlo technique 13–15 and refined sub-
sequently using Rietveld refinement.16 The crystal structure of
α-DPP-Boc has also been refined in this work from powder
X-ray diffraction data using the Rietveld method, leading to
an improved description of the structural properties of this
polymorph.

2. Background to powder structure solution
Although traditional techniques 17–21 for structure solution
from powder diffraction data have been applied successfully
in several cases, these techniques have certain intrinsic limit-
ations 17 and organic molecular crystals represent a particularly
challenging case. For these reasons, there has been consider-
able interest in recent years in the development of new
methods for solving crystal structures directly from powder
diffraction data, leading inter alia to a new generation of
“direct-space” approaches. In the direct-space strategy,13,17,22

trial crystal structures are sampled in direct space, with the
“quality” of each trial structure assessed by comparing the
calculated powder diffraction pattern for the trial structure
and the experimental powder diffraction pattern. In our
work, this comparison is quantified on the basis of the profile
R-factor Rwp,17 which considers the whole digitized intensity
profile and implicitly takes care of peak overlap. The struc-
ture solution process effectively involves searching a hypersur-
face Rwp(Γ) to find the best structure solution (lowest Rwp),
where Γ represents the set of variables that define the trial
structures. For the case of one molecule in the asymmetric
unit, the variables in Γ represent the position {x, y, z}, orien-
tation {θ, φ, ψ} and intramolecular geometry (specified by
variable torsion angles {τ1, τ2, ..., τn}) of the molecule. In
general, the bond lengths and bond angles (and any known
torsion angles) are fixed in the calculation, and are taken
either from standard values for the type of molecule under
investigation or from the known geometries of similar mol-
ecules. Methods used to search R-factor (or in some cases χ2)
hypersurfaces to locate the global minimum within direct-
space structure solution strategies have included Monte
Carlo,13–15,17 simulated annealing 22–27 and Genetic Algo-
rithm 28–32 techniques. Here we focus on the application of our
Monte Carlo method.

3. Experimental
For α-DPP-Boc, a polycrystalline sample was ground and
mounted in a rotating disc between two layers of transparent
tape. The powder X-ray diffraction pattern of this sample was
recorded in transmission mode on a Siemens D5000 diffract-
ometer using CuKα1 radiation (Ge-monochromated) and a
conventional scintillation counter. The total data range was
4� ≤ 2θ ≤ 50�, measured in steps of 0.02� over a total data
collection time of 38 hours.
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Fig. 2 Experimental (�), calculated (solid line) and difference (bottom) powder diffraction profiles for the final Rietveld refinement of α-DPP-Boc.
Reflection positions are marked.

For β-DPP-Boc, a polycrystalline sample was ground and
loaded into a capillary (1.0 mm diameter) and mounted on the
high-resolution powder diffractometer on Station 2.3 33,34 at
the Synchrotron Radiation Source, Daresbury Laboratory. The
powder X-ray diffraction pattern was recorded at λ = 1.4000 Å.
The total data range was 5� ≤ 2θ ≤ 60�, measured in steps of
0.01� over a total data collection time of 5 hours.

4. Preliminary analysis
The powder X-ray diffraction pattern of α-DPP-Boc was
indexed using the program ITO 35 on the basis of the first 20
observable reflections, leading to the lattice parameters (mono-
clinic metric): a = 10.50 Å, b = 21.49 Å, c = 17.16 Å, β = 95.3�.
Systematic absences are consistent with space group P21/n.
These lattice parameters and space group are in agreement with
those obtained previously 11 from single crystal X-ray diffrac-
tion data [a = 10.497 Å, b = 21.517 Å, c = 17.176 Å, β = 95.14�].

The powder X-ray diffraction pattern of β-DPP-Boc was also
indexed using the program ITO 35 on the basis of the first 20
observable reflections, leading to the lattice parameters (mono-
clinic metric): a = 6.23 Å, b = 10.30 Å, c = 19.47 Å, β = 90.4�.
Systematic absences are consistent with space group P21/c. The
unit cell volume of β-DPP-Boc is 1250 Å3, in comparison with
3866 Å3 for α-DPP-Boc, consistent with the assignment of six
molecules per unit cell for α-DPP-Boc and two molecules per
unit cell for β-DPP-Boc.

5. Structure refinement of �-DPP-Boc
Our analysis of the powder X-ray diffraction data for α-DPP-
Boc used the structure reported previously 11 as the starting
point for Rietveld refinement using the GSAS program pack-
age.36 The molecular geometry in the structure reported previ-
ously was rather distorted, particularly with regard to the
phenyl rings. Hydrogen atoms were placed in calculated posi-
tions on the phenyl rings and the positions of all atoms were
refined (note that the structure determined previously 11 from
single crystal X-ray diffraction data did not contain hydrogen
atoms). For all atoms of a given type, the isotropic displace-
ment parameters were constrained to a common value and
allowed to refine, except for the hydrogen atoms for which the
common isotropic displacement parameter was fixed at 0.05 Å2.
Standard restraints were applied to bond lengths and bond
angles. Final convergence was achieved (Fig. 2) with Rwp =

11.6%, Rp = 7.7% and χ2 = 9.4 (2300 data points and 230 refined
parameters). The final refined crystal structure is shown in Fig.
3, and atomic coordinates are reported in Table 1. There are
three half molecules in the asymmetric unit. Two of the half
molecules represent one complete molecule with no internal
symmetry (which we refer to as the “asymmetric molecule”),
and the other half molecule is located such that the midpoint of
the central C–C bond of the pyrrolo[3,4-c]pyrrole unit is
located on a crystallographic inversion centre, thus giving rise
to a centrosymmetric molecule (which we refer to as the “sym-
metric molecule”). The unit cell thus contains four asymmetric
molecules and two symmetric molecules. We note that the peaks
at 2θ ≈ 8.2� and 9.4� in the experimental powder diffraction
pattern have significant asymmetry, representing a substantial
contribution to the discrepancy between the calculated and
experimental powder diffraction data (Fig. 2).

From the powder diffraction pattern, it is clear that the
sample of α-DPP-Boc used in this work contains trace amounts
of β-DPP-Boc (peaks at 2θ ≈ 9.1� and 9.7�). We were unable to
find a method to remove the β phase by selective dissolution, as
both polymorphs have comparable solubilities in most common
solvents. While we could, in principle, exclude regions contain-
ing impurity peaks from the refinement, the significant overlap
of peaks from the two phases precludes this action. We note
that, following the determination of the crystal structure of
β-DPP-Boc (see Section 6), a simultaneous refinement of the
two phases could be carried out using the powder diffraction
data described above for α-DPP-Boc.

The crystal structure of α-DPP-Boc (Fig. 3) contains
columns of DPP-Boc molecules stacked along the c-axis. The
molecules in adjacent columns are packed relative to each other
in a herring-bone manner, as shown in Fig. 3(b). Within the
repeat distance along the column axis, there is one symmetric
molecule and two asymmetric molecules, with the two asym-
metric molecules related to each other across the inversion
centre. The structure of α-DPP-Boc is discussed in more detail
in Section 7.

6. Structure solution and refinement of �-DPP-Boc
The crystal structure of β-DPP-Boc was unknown prior to the
present work, in which we have solved this structure directly
from powder diffraction data using our Monte Carlo method.
In the Monte Carlo calculations, the structural fragment (Fig.
4) comprised all atoms of the asymmetric unit (excluding
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hydrogen atoms), comprising half the DPP-Boc molecule with
the molecular inversion centre constrained to reside on the
crystallographic inversion centre. In the Monte Carlo calcula-
tion, “global” rotation of the structural fragment was carried
out by random angular displacements around a randomly
chosen axis constrained to pass through the inversion centre
(denoted × in Fig. 4), and the molecular geometry was varied
by random displacements of four torsion angles (three torsion

Fig. 3 Crystal structure of α-DPP-Boc viewed (a) along the column
axis (c-axis) and (b) along the a-axis (almost perpendicular to the col-
umn axis). Note that the complete contents of the unit cell are shown
(with three independent half molecules along the column axis in the
asymmetric unit). The atom labelling scheme (with the label C for each
carbon atom omitted for clarity) is defined in (c), for the three
independent half molecules viewed along the column axis.

angles within the tert-butoxycarbonyl group and one torsion
angle connecting the phenyl ring to the pyrrolo[3,4-c]pyrrole
unit—see Fig. 4). Note that translation of the structural frag-

Table 1 Final refined atomic coordinates and isotropic displacement
parameters for α-DPP-Boc [P21/n; a = 10.4851(4) Å, b = 21.4631(6) Å,
c = 17.1342(1) Å, β = 95.245(2)�]. Atom labelling is defined in Fig. 3(c)

Atom x y z Uiso/Å2

C1
N2
C3
C4
C5
C6
C7
C8
C9
C10
O11
C12
O13
O14
C15
C16
C17
C18
C19
N20
C21
C22
C23
O24
C25
C26
C27
C28
C29
C30
C31
O32
O33
C34
C35
C36
C37
C38
N39
C40
O41
C42
C43
C44
C45
C46
C47
C48
O49
O50
C51
C52
C53
C54
H6
H7
H8
H9
H10
H26
H27
H28
H29
H30
H43
H44
H45
H46
H47

�0.614(1)
�0.515(1)
�0.403(1)
�0.434(1)
�0.282(1)
�0.275(1)
�0.156(1)
�0.049(1)
�0.056(1)
�0.174(1)
�0.727(1)
�0.537(1)
�0.496(1)
�0.633(1)
�0.657(1)
�0.756(1)
�0.711(1)
�0.529(1)
�0.114(1)
�0.011(1)

0.099(1)
0.064(1)

�0.072(1)
�0.225(1)

0.228(1)
0.249(1)
0.373(1)
0.474(1)
0.451(1)
0.330(1)

�0.026(1)
0.059(1)

�0.110(1)
�0.164(1)
�0.299(1)
�0.172(1)
�0.073(1)

0.105(1)
0.006(1)

�0.105(1)
0.219(1)

�0.227(1)
�0.229(1)
�0.345(1)
�0.460(1)
�0.457(1)
�0.342(1)

0.028(1)
0.001(1)
0.087(1)
0.170(1)
0.080(1)
0.290(1)
0.208(1)

�0.361(7)
�0.149(8)

0.043(3)
0.030(6)

�0.181(8)
0.168(4)
0.391(6)
0.570(6)
0.530(4)
0.312(5)

�0.140(7)
�0.348(9)
�0.552(9)
�0.547(7)
�0.340(7)

�0.453(1)
�0.423(1)
�0.452(1)
�0.500(1)
�0.428(1)
�0.368(1)
�0.343(1)
�0.382(1)
�0.443(1)
�0.467(1)
�0.435(1)
�0.379(1)
�0.390(1)
�0.337(1)
�0.289(1)
�0.313(1)
�0.234(1)
�0.270(1)
�0.031(1)
�0.052(1)
�0.029(1)

0.011(1)
0.016(1)

�0.047(1)
�0.045(1)
�0.054(1)
�0.063(1)
�0.071(1)
�0.068(1)
�0.050(1)
�0.104(1)
�0.143(1)
�0.115(1)
�0.171(1)
�0.151(1)
�0.221(1)
�0.186(1)

0.062(1)
0.099(1)
0.067(1)
0.075(1)
0.089(1)
0.112(1)
0.116(1)
0.102(1)
0.077(1)
0.075(1)
0.160(1)
0.210(1)
0.175(1)
0.226(1)
0.270(1)
0.211(1)
0.251(1)

�0.338(4)
�0.295(4)
�0.365(3)
�0.472(3)
�0.515(6)
�0.049(5)
�0.068(4)
�0.083(6)
�0.074(4)
�0.045(2)

0.128(3)
0.136(3)
0.108(3)
0.061(4)
0.058(7)

�0.053(1)
�0.089(1)
�0.057(1)
�0.005(1)
�0.082(1)
�0.111(1)
�0.127(1)
�0.125(1)
�0.095(1)
�0.078(1)
�0.059(1)
�0.149(1)
�0.213(1)
�0.150(1)
�0.205(1)
�0.270(1)
�0.161(1)
�0.236(1)

0.149(1)
0.108(1)
0.147(1)
0.205(1)
0.206(1)
0.131(1)
0.126(1)
0.047(1)
0.026(1)
0.085(1)
0.164(1)
0.184(1)
0.060(1)
0.075(1)

�0.002(1)
�0.032(1)
�0.065(1)

0.030(1)
�0.095(1)

0.258(1)
0.283(1)
0.254(1)
0.278(1)
0.280(1)
0.356(1)
0.390(1)
0.346(1)
0.270(1)
0.235(1)
0.315(1)
0.278(1)
0.386(1)
0.403(1)
0.443(1)
0.459(1)
0.325(1)

�0.117(9)
�0.148(6)
�0.143(7)
�0.088(5)
�0.057(4)

0.001(9)
�0.036(6)

0.068(6)
0.210(6)
0.246(7)
0.389(9)
0.450(5)
0.371(6)
0.237(8)
0.175(6)

0.009(2)
0.061(4)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.083(5)
0.009(2)
0.083(5)
0.083(5)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.061(4)
0.009(2)
0.009(2)
0.009(2)
0.083(5)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.083(5)
0.083(5)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.061(4)
0.009(2)
0.083(5)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.083(5)
0.083(5)
0.009(2)
0.009(2)
0.009(2)
0.009(2)
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
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ment is not necessary, as the pivot point (×) resides on the
crystallographic inversion centre. Each Monte Carlo move
comprised random displacements of all four variable torsion
angles, with global rotation of the structural fragment carried
out in every seventh Monte Carlo move. The complete data
range 8� ≤ 2θ ≤ 60� was used in the Monte Carlo calculation.

Fig. 4 The structural fragment used in the Monte Carlo structure
solution calculation for β-DPP-Boc. The atoms included in the calcu-
lation are indicated by the solid line. The pivot point is marked × and
the variable torsion angles are defined by arrows.

Table 2 Refined atomic coordinates and isotropic displacement
parameters of β-DPP-Boc [P21/c; a = 6.2280(5) Å, b = 10.2981(2) Å,
c = 19.4676(3) Å, β = 90.4065(8)�]. Atom labelling is defined in Fig. 6(a)

Atom x y z Uiso/Å2

C1
N2
C3
C4
C5
C6
C7
C8
C9
C10
O11
C12
O13
O14
C15
C16
C17
C18

�0.231(1)
�0.272(1)
�0.115(1)
�0.030(1)
�0.112(1)

0.079(1)
0.090(1)

�0.087(1)
�0.274(1)
�0.295(1)
�0.341(1)
�0.386(1)
�0.363(1)
�0.573(1)
�0.658(1)
�0.797(1)
�0.467(1)
�0.813(1)

0.080(1)
�0.043(1)
�0.135(1)

0.068(1)
�0.274(1)
�0.328(1)
�0.459(1)
�0.534(1)
�0.481(1)
�0.348(1)

0.179(1)
�0.041(1)
�0.134(1)

0.026(1)
0.074(1)
0.193(1)
0.099(1)

�0.036(1)

0.031(1)
0.062(1)
0.048(1)

�0.006(1)
0.066(1)
0.092(1)
0.108(1)
0.093(1)
0.065(1)
0.053(1)
0.041(1)
0.124(1)
0.163(1)
0.131(1)
0.194(1)
0.176(1)
0.242(1)
0.211(1)

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

The parameter S 13 was fixed at S = 3 throughout the structure
solution calculation, and in total 20 000 Monte Carlo moves
were carried out. The best structure solution, corresponding
to Rwp = 34.7% (Monte Carlo move number 861), was readily
discriminated from “wrong” structures, for which the average
value of Rwp was about 44%. The trial structure with lowest
Rwp sampled during the Monte Carlo calculation was used as
the starting structural model for Rietveld refinement.

Rietveld refinement was carried out over the complete data
range 8� ≤ 2θ ≤ 60� using the program SR15LS.37 The overall
strategy for Rietveld refinement was the same as that adopted
for α-DPP-Boc (see Section 5), except that the background was
refined using a background function (rather than a fixed back-
ground) and hydrogen atoms were not included. The isotropic
displacement parameters were fixed at 0.05 Å2 for all atoms
throughout the refinement. Final convergence was achieved
with Rwp = 10.3%, Rp = 7.9% and χ2 = 2.7 (5200 data points
and 64 refined parameters). The experimental and calculated
powder diffraction patterns are compared in Fig. 5 and the final
refined atomic coordinates are given in Table 2.

The crystal structure of β-DPP-Boc (Fig. 6) contains
columns of DPP-Boc molecules stacked along the a-axis. The
molecules in adjacent columns are packed relative to each other
in a parallel arrangement, as shown in Fig. 6(b). The molecular
packing arrangements in α-DPP-Boc and β-DPP-Boc differ
significantly, as now discussed in detail.

7. Discussion
In both the α and β phases, the DPP-Boc molecules form
columns (along the c-axis for α-DPP-Boc and the a-axis for
β-DPP-Boc) as shown in Figs. 3 and 6. One major difference
between the structures of the α and β phases concerns the
relative packing of these columns of molecules. In α-DPP-Boc,
the molecules in adjacent columns are packed relative to
each other in a herring-bone arrangement (Fig. 3(b)), whereas
in β-DPP-Boc, the molecules in adjacent columns are packed
relative to each other in an essentially parallel arrangement
(Fig. 6(b)). Although there are some similarities in the packing
of molecules along a given column in the α and β phases, the
details differ significantly.

The periodic repeat distance along the column axis is
approximately three times larger for α-DPP-Boc (17.13 Å) than

Fig. 5 Experimental (�), calculated (solid line) and difference (bottom) powder diffraction profiles for the final Rietveld refinement of β-DPP-Boc.
Reflection positions are marked.
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β-DPP-Boc (6.23 Å), reflecting the fact that the asymmetric
unit is three times larger for α-DPP-Boc (three half molecules)
than β-DPP-Boc (one half molecule). For α-DPP-Boc, there are

Fig. 6 Crystal structure of β-DPP-Boc viewed (a) along the column
axis (a-axis) and (b) along the b-axis (almost perpendicular to the
column axis). The atom labelling scheme (with the label C for each
carbon atom omitted for clarity) is defined in (a).

Table 3 Torsion angles defining the angle between the pyrrolo[3,4-c]-
pyrrole units and the phenyl rings in α-DPP-Boc and β-DPP-Boc, and
the corresponding torsion angles in DPP and other DPP derivatives of
known structure [m-Cl-DPP represents 1,4-dioxo-3,6-bis(3�-chloro-
phenyl)-1,2,4,5-tetrahydropyrrolo[3,4-c]pyrrole; p-Cl-DPP represents
1,4-dioxo-3,6-bis(4�-chlorophenyl)-1,2,4,5-tetrahydropyrrolo[3,4-c]-
pyrrole]

α-DPP-Boc (symmetric molecule)
α-DPP-Boc (asymmetric molecule)

β-DPP-Boc
DPP 38

m-Cl-DPP 39

p-Cl-DPP 39

N2–C3–C5–C6
N20–C21–C25–C26
N39–C40–C42–C43
N2–C3–C5–C10

22.7�
35.4�

�34.9�
47.2�
6.9�

�10.1�
3.4�

three molecules in the repeat unit along the column, represent-
ing one symmetric molecule (denoted S) flanked by two asym-
metric molecules (denoted A). Thus, the molecular packing
arrangement along the columns can be envisaged to comprise
groups of three molecules stacked as: � � � A�S�A � � � A�S�A � � �
A�S�A � � � . The intermolecular separation is significantly
shorter within each group of three molecules (i.e. A�S spacing;
5.05 Å) than between adjacent groups (i.e. A � � � A spacing; 7.07
Å). These distances between pairs of molecules are measured
from the midpoints of the central bonds of the pyrrolo-
[3,4-c]pyrrole units in the two molecules. For β-DPP-Boc, the
spacing between each pair of adjacent molecules (related by the
lattice translation) is 6.23 Å.

In α-DPP-Boc, the conformations of the Boc groups and the
phenyl rings are different for each of the three half molecules
in the asymmetric unit. The torsion angles defining the angle
between the pyrrolo[3,4-c]pyrrole units and phenyl rings in
α-DPP-Boc and β-DPP-Boc are listed in Table 3, together with
the corresponding torsion angles in DPP and derivatives of
DPP of known structure.38,39 It is clear that the non-planarity is
significantly greater for the DPP-Boc molecules (in both the α
and β phases) in comparison with the molecules in the other
DPP pigments in Table 3. The non-planarity of the phenyl rings
with respect to the pyrrolo[3,4-c]pyrrole units is particularly
substantial for β-DPP-Boc.

The torsion angles defining the conformations of the Boc
groups in α-DPP-Boc and β-DPP-Boc are listed in Table 4.
Again, there are significant differences in this conformational
aspect, particularly between the symmetric and asymmetric
molecules in the structure of α-DPP-Boc.

Of the different molecular conformations found in the α and
β phases of DPP-Boc, the symmetric molecule in α-DPP-Boc
exhibits the greatest degree of planarity, both in terms of the
angle between the pyrrolo[3,4-c]pyrrole units and the phenyl
rings (Table 3) and in terms of the conformation of the Boc
groups (Table 4). The relative planarity of this molecule may be
an important feature facilitating the close intermolecular separ-
ation within the groups of three molecules (A�S�A) in the struc-
ture of α-DPP-Boc. Within these groups of three molecules
(A�S�A), the phenyl rings of the asymmetric molecules are
tilted such that they form identifiable edge-to-face interactions
with the phenyl rings of the symmetric molecule. The distances
between the centre of each phenyl ring of the symmetric
molecule and the midpoint of the nearest edge of a phenyl ring
of the asymmetric molecule are 3.98 Å and 4.03 Å (note that
there is no evidence for such interactions between phenyl rings
of adjacent asymmetric molecules in the α phase, nor between
adjacent molecules in the β phase). In the α phase, the pyrrolo-
[3,4-c]pyrrole units of the symmetric and asymmetric molecules
are essentially parallel to each other, with only a slight
displacement in the direction of the planes.

A further contrast between the α and β phases concerns the
angle of tilt of the planes of the pyrrolo[3,4-c]pyrrole units
away from the stacking axis. Thus, the angle between the
normal to the plane of the pyrrolo[3,4-c]pyrrole units and
the stacking axis is about 10� larger for the β phase than the
α phase, representing a greater degree of tilting in the β phase—
see Figs. 3(b) and 6(b).

As discussed in Section 1, physical and chemical properties
may in general differ within a family of polymorphs, as a con-
sequence of structural difference. Indeed, the α and β phases of
DPP-Boc differ in colour (different shades of orange/yellow).

Table 4 Torsion angles defining the conformations of the Boc groups
in α-DPP-Boc and β-DPP-Boc

α-DPP-Boc (symmetric molecule)
α-DPP-Boc (asymmetric molecule)

β-DPP-Boc

N2–C12–O14–C15
N20–C31–O33–C34
N39–C48–O50–C51
N2–C12–O14–C15

175.8�
�150.5�

141.9�
�155.5�
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However, as discussed in Section 1, the main technological
importance of DPP-Boc is not in its own colouristic properties,
but rather in terms of its application as a latent pigment for the
production of DPP via the thermal decomposition reaction. In
this regard, we have found that the kinetic aspects of this chem-
ical reaction differ substantially between the α and β phases (for
example, the initial rate of reaction is substantially faster for
the α phase). Clearly such differences in chemical properties
originate from the different structural characteristics of the α
and β polymorphs. This issue will be discussed in more detail,
together with our studies of kinetic and structural aspects
of the chemical transformations in the α and β phases of
DPP-Boc, in a forthcoming publication.10
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