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The crystal structures of a yellowish-red pigment, 1,4-diketo-3,6-diphenylpyrrolo(3,4-c)pyrrole (DPP),
and its derivative with high proton affinity, 1,4-diketo-3,6-bis(4’-dipyridyl)-pyrrolo-[3,4-c]pyrrole(DPPP),
were predicted using Polymorph Predictor in Materials Studio 4.4. The possible structures were gener-
ated using Monte Carlo method and they were minimized with COMPASS and Dreiding forcefields.
Among the predicted structures with the space groups same as those of the experimental X-ray crystal

Keywords: . structures, structures fitting best to the experimental structures were searched. The resulting structures
Crystal structure prediction . . . . . .
Pigments are in good agreement with the experimental structures showing that Monte Carlo simulated annealing
DPP is an efficient method for predicting crystal structures of DPP derivatives.

DPPP © 2010 Elsevier Ltd. All rights reserved.

Monte Carlo simulation
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1. Introduction

Organic and inorganic pigments are essential materials for
paint, ink, cosmetic and synthetic fiber industries. Pigments are
also key components for display devices such as LCD and OLED,
and the recent increased demand for innovative display devices
has caused extensive studies on organic pigments [1,2]. In
general, pigment molecules can be tightly stacked by m—m=
interaction and retain the crystalline features during the whole
chemical engineering processes. Thus, the main physicochemical
properties of pigments, such as color, brightness, light fastness
and saturation, are greatly affected by the crystal packing and
morphology. Determination of crystal structure and morphology
is very difficult and time consuming [3], and therefore crystal
structures of many useful pigments are still unknown. If the
crystal structures can be predicted precisely by computational
methods, the physical and chemical properties of pigments
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would be better understood and therefore be more easily
controlled. Crystal structure prediction (CSP) could also find
applications in research areas such as pharmaceutics, hydrogen
storage, functional fibers and other related with crystalline
materials.

During the last decade, many research groups tried CSP for small
organic molecules using various computational approaches [4—9].
Four times of CSP blind tests have been held by the Cambridge
Crystallographic Data Center (CCDC) [10—13] and many research
groups took part in the tests. In spite of the continued efforts, there
are many remaining problems to be solved, such as the limitation
on the number of total atoms and asymmetric units.

In this study, we have predicted the crystal structures of two
organic pigments with different packing structures and then
compared the structures and the simulated X-ray powder diffrac-
tion (XRPD) patterns with the experimental data. The first pigment
studied is 1,4-diketo-3,6-diphenylpyrrolo(3,4-c)pyrrole(DPP) [14],
or CI Pigment Red 255, which is yellowish red, and used in
conventional paint and ink applications, refinish, PVC, EL, and color
filters for LCD. The second pigment is 1,4-diketo-3,6-bis(4’-dipyr-
idyl)-pyrrolo-[3,4-c]-pyrrole (DPPP) [15], a dipyridyl derivative of
DPP. Particularly, DPPP has two crystal phases with different space
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groups and, because of the high proton affinity of the pyridine N
atom, it can be used for H; sensing or storage [15]. The chemical
structures of DPP and DPPP molecules are shown in Fig. 1 and the
crystallographic information is listed in Table 1. Both the molecules
have two rotatable bonds between the core structure and aromatic
rings. Interestingly, the torsional angles of these rotatable bonds are
different for DPP and DPPP affecting their crystal packing struc-
tures. We tried CSP with and without considering the conforma-
tional degrees of freedom and compared the results, particularly for
DPPP.

2. Computational details and crystal structure prediction

We optimized molecular structures at the level of Hartree—Fock
with 6-31G(d) basis set and calculated electrostatic potential
derived (ESPD) point charges based on the optimized structures
using GAUSSIANO3 [16]. The optimized structure was then used as
the main input for the following polymorph packing runs. The
polymorphic prediction was performed using the Polymorph
Predictor module in Materials Studio 4.4 (MS 4.4) [17]. In this
process, the input molecule was constrained as a rigid entity so that
the intramolecular forces are fixed and only the intermolecular
interactions become important in determining the lattice energy of
predicted structures.

Thousands of crystal packing structures with a desired space
group were generated by the Monte Carlo simulated annealing
method. The subgroup of the desired space group was also
searched because the intramolecular symmetry may not be prop-
erly treated during the CSP process. These structures were clustered
based on their structural similarity and cell formula, and then
subjected to the energy minimization using the selected forcefield

a DPP

Table 1
The Crystallographic information of 1,4-diketo-3,6-diphenylpyrrolo(3,4-c)pyrrole
(DPP) and 1,4-diketo-3,6-bis(4’-dipyridyl)-pyrrolo-[3,4-c]pyrrole(DPPP).

DPP DPPP
Phase | Phase Il
Space Group P1 P2¢/n P24/c
z 1 2 4
a 3.817 3.722 3.695
b 6.516 6.263 18.201
c 13.531 26.506 18.456
o 93.11 90.00 90
B 86.97 94.41 94.680
Y 95.02 90.00 90
Cell V/Z[A®] 3344 616.0 1237.1
plglem?®] 1.425 1.565 1.559

with Ewald summation. Finally, the predicted structures were
clustered again, and then ranked according to the lattice energy.
These structures are indexed as (nth run)-(space group)-(ranking of
energy); for example, structure 4-Pi-1 is the one ranked at the first
place in the 4th run for P1 space group. We tested COMPASS [18—20]
and Dreiding 2.21 [21] as the forcefield, and used the ESPD point
charges for electrostatic energy calculation.

In order to compare the predicted structures to the experi-
mental X-ray crystal structures, the powder diffraction patterns
were simulated with the Reflex Plus module in Materials Studio 4.4.
The XRPD patterns simulated for the X-ray and predicted structures
were obtained with 2@ angles ranging from 2° to 35°, using Cu K«
radiation with wavelength of 1.5406 A. All the X-ray crystal struc-
tures were obtained from CCDC.

b DPPP

Fig. 1. Chemical structures of (a) 1,4-diketo-3,6-diphenylpyrrolo(3,4-c)pyrrole(DPP) and (b) 1,4-diketo-3,6-bis(4’-dipyridyl)-pyrrolo-|3,4-c]pyrrole(DPPP).
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3. Results and discussion
3.1. DPP

DPP is a yellowish-red pigment with excellent hiding power and
outdoor durability, and has many industrial applications. Only one
polymorph of DPP has been reported so far (CCDC reference code
SAPDES) and its packing shapes and structures are shown in Fig. 2.
All the molecules in the crystal lie parallel to one another and
the packing shapes are very similar to those of a-quinacridone
and a-copper phthalocyanine. The crystal structure of DPP has
triclinic (space group Pi1) symmetry and its crystallographic
parameters are listed in Table 1.

As previous studies [4,5,7] had suggested, we calculated the
atomic ESPD charges using Hartree—Fock method with 6-31G(d)
basis set. When we used other point charges calculated by QEq [22]
or Gasteiger [23] methods, no simulated structure was found
similar to the X-ray crystal structure.

After four consecutive packing runs with Dreiding or COMPASS
forcefield, about 3900 crystal structures were generated for each
forcefield. The structures obtained using Dreiding forcefield
showed lattice energies ranging from —8.6 to 60.6 kcal/mol, and the
ones fitting well to the X-ray structure were found in the low
energy and high density region as shown in Fig. 3a. The two best
fitting structures, 4-Pi-1 and 4-P1-1, are the ones ranked first for
the lowest lattice energy among the structures obtained in the
fourth run for P1r and P1 space groups, respectively. The crystallo-
graphic information on these best structures is listed in Table 2.
We also performed predicting calculations four times consecutively
using COMPASS forcefield and obtained about 15,249 predicted
structures. The lattice energy was ranging from -161.69
to —115.01 kcal/mol and the energy—density plot is shown at

Fig. 3b. We could find the best matched structures at the first place
energy ranking for P1 space group in the first run in the total
prediction calculations. The XRPD patterns simulated on the basis
of the X-ray and the predicted crystal structures of DPP are in good
agreement with each other (Fig. 4). Fig. 5 shows that structure 1-
P1-1 predicted with COMPASS forcefield superimposes well with
the X-ray structure.

3.2. DPPP

DPPP is a dipyridyl derivative of DPP with high proton affinity.
Protonation at the pyridine N atoms induces color change from
vivid red to violet and, because of this property, DPPP can be
utilized for H, gas sensing. Mizuguchi et al. reported two different
crystal structures, phase I and II, of DPPP [24] and their crystallo-
graphic data and packing shapes are summarized in Table 1 and
Figs. 6 and 7, respectively. The molecular conformations are
different in the two phases and the molecule in phase II has
different torsion angles of the two pyridine-linkage bonds. In the
CSP, however, the input structure of DPPP optimized at the Har-
tree—Fock level has same torsion angles of the pyridine-linkage
bonds, and this conformation is kept rigidly in the whole prediction
process.

The lattice energy of 2373 structures predicted using COMPASS
forcefield ranges from —124.8 to —79.1 kcal/mol. Among these, the
structure best fitting to phase I is the one ranked first in the second
run for P27 subgroup and the structure best fitting to phase Il is the
one ranked at the 32nd place in the first run for P2;/c space group.
The crystallographic data of these simulated structures are listed in
Table 3. Using Dreiding forcefield, we generated 3748 structures
with lattice energies ranging from —17.9 to 19.3 kcal/mol. The best
structure for phase I is at the third rank of energy in the fourth run

Fig. 2. The X-ray crystal structure of DPP.
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Fig. 3. Scatter plots of energy—density in the results of DPP structures predicted using
(a) Dreiding forcefield and (b) COMPASS forcefield. Each solid symbol depicts the best
fitted structure to the X-ray crystal structure.

for P2 space group and the best structure for phase Il is at the 62nd
rank in the first run for P2;/c group. In the energy—density plot
(Fig. 8), the structures predicted for phase I are found in the low
energy and high density region and the structures for phase II are
found in the relatively high energy region.

Table 2

Crystallographic data and lattice energy for the predicted polymorph structures of
DPP as obtained from the Polymorph Predictor with COMPASS and Dreiding force-
field in the energy calculations.

Forcefield DPP X-ray COMPASS Dreiding
1-P1-1 4-P1-1 4-P1-1
Space Group Pt P1 P1 P1
a 3.817 3.714 3.749 3.733
b 6.516 13.482 6.515 6.563
¢ 13.531 6.408 13.929 13.855
o 93.11 93.14 85.57 94.44
B 86.97 92.37 86.69 92.59
Y 95.02 89.69 87.16 86.91
Cell V/Z[A3] 3344 320.1 3383 337.623
plg/cm3] 1.425 1.496 1.415 1.418
LE*(kcal/mol) -161.54 —8.56 -8.31

@ Lattice Energy.
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Fig. 4. The simulated powder patterns of the X-ray and predicted structures of DPP
which are from the results with (a) Dreiding and (b) COMPASS forcefield.

Fig. 5. (a) Comparison of the packing shapes of the X-ray structure (blue) and the
simulated structure (brown) of DPP which was predicted with COMPASS forcefield. (b)
An overlay of the unit cells of the X-ray (red) and predicted (green) structures. (For the
interpretation of the reference to color in this figure legend the reader is referred to the
web version of this article).
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Fig. 6. X-ray crystal structure of DPPP in phase I. The dashed lines depict the hydrogen bonding in the crystal structure.

Fig. 7. X-ray crystal structure of DPPP in phase II. The dashed lines depict the hydrogen
bonding in the crystal structure.

As shown in Fig. 9a, the simulated XRPD patterns of phase I are
very similar for the X-ray structure and for the structure predicted
using COMPASS forcefield. The predicted structure of DPPP in
phase I is very well overlaid with the X-ray structure (Fig. 10). In
the case of phase II, however, the XRPD patterns show small
differences between the X-ray and the predicted structures
(Fig. 9b). This is presumably because of the difference in the
torsion angles: as mentioned above, the DPPP molecule in phase II
has two different torsion angles of the pyridine-linkage bonds but
the input molecule used in the prediction process has the same
torsional angles for these rotatable bonds. Nevertheless, the
packing shapes of the predicted phase II structure shown in Fig. 11
indicate that in spite of the different conformational structure of

Table 3

Crystallographic data and lattice energy for the predicted two different polymorph
structures of DPPP as obtained from the Polymorph Predictor with COMPASS and
Dreiding forcefield in the energy calculations.

Phase | Phase II

Forcefield Dreiding COMPASS Dreiding =~ COMPASS
Structure X-ray 4-P21-3 2-P21-1 X-ray 1-P2;/c-62 1-P2¢/c-32
Space Group P2¢/n P2, P24 P2i/n  P24/c P2,/c

a 3.722  3.742 3.742 3.695 3.708 3.765

b 6.263 6.341 6.299 18.201 18.612 17.907

c 25506 27.369 26.371 18.456 19.231 18.216

a 90.00 90.00 90.00 90.00 90.00 90.00

B 9441 99.36 96.66 94.68 83.61 92.39

Y 90.00 90.00 90.00 90.00 90.00 90.00
Cell V/z[A}] 6160 64077 61270  1237.1 131838 1226.9
plg/cm3] 1565 1505 1573 1.559  1.462 1571
LE*(kcal/mol) -1732 -124.76 -12.26 —-122.19

2 Lattice Energy.

input molecule from the X-ray structure CSP process used in this
work may generate reliable crystal structures. In fact, we also tried
CSP using the input molecule with full conformational degrees of
freedom, but we could not obtain structures similar to the phase II
crystal structure. It seems that more simulation steps are required
in the Monte Carlo calculation for the molecule with higher degree
of freedom.
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Fig. 8. Scatter plots of energy—density in the results of DPPP structures predicted
using (a) Dreiding forcefield and (b) COMPASS forcefield. Each solid symbol depicts the
best fitted structure to the X-ray crystal structure.
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Fig. 9. The simulated powder patterns of the X-ray and predicted structures of DPPP
which are from the results with COMPASS for (a) phase I and (b) phase II.

Fig. 12 shows the simulated XRPD pattern of the structure pre-
dicted using Dreiding forcefield. In contrast to the result of
COMPASS, the phase II crystal structure is well predicted with
Dreiding forcefield. The XRPD patterns of predicted and X-ray of
DPPP phase Il is very similar. But, in the case of phase I, the peak
intensity and position have small differences and it comes from the
difference of unit cell dimensions and the torsional angles of the
molecule.

4. Summary

We performed crystal structure prediction for DPP and DPPP.
These two organic pigments have almost similar molecular
structures but different crystal structures. Using the polymorph
prediction tools with COMPASS and Dreiding forcefields and the
Hartree—Fock level ESP charge, the DPP and DPPP crystal struc-
tures could be predicted with high accuracy. In spite of the
conformational difference between the input X-ray structures, the

b

Fig. 10. (a) Comparison of the packing shapes of the X-ray structure (blue) and the
simulated structure (brown) of DPPP (phase I) which was predicted with COMPASS
forcefield. (b) An overlay of the unit cells of the X-ray (red) and predicted (green)
structures. (For the interpretation of the reference to color in this figure legend the
reader is referred to the web version of this article).

prediction process could correctly predict the DPPP phase II
structure showing that Monte Carlo simulated annealing is
an useful method for predicting the crystal structures of DPP
derivatives.

Fig. 11. (a) Comparison of the packing shapes of the X-ray structure (blue) and the
simulated structure (brown) of DPPP (phase II) which was predicted with Dreiding
forcefield. (b) An overlay of the unit cells of the X-ray (red) and predicted (green)
structures. (For the interpretation of the reference to color in this figure legend the
reader is referred to the web version of this article).
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Fig. 12. The simulated powder patterns of the X-ray and predicted structures of DPPP
which are from the results with Dreiding for (a) phase I and (b) phase II.
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