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Crystal structure prediction of N-halide
phthalimide compounds: halogen bonding
synthons as a touchstone†

Zahrasadat Momenzadeh Abardeh, a

Alireza Salimi *a and Artem R. Oganov *b

We address the crystal structure prediction problem by combining the evolutionary algorithm USPEX (used

to predict sets of low-energy crystal structures) and the synthon approach (extracting preferable

supramolecular synthons from the Cambridge Structural Database, CSD, and then indicating the most

stable structure as well as the most likely metastable polymorphs among the predicted low-energy

structures with synthons). This approach is applied to three compounds: N-chlorophthalimide (ncp),

N-bromophthalimide (nbp), and N-iodophthalimide (nip). Database search has indicated the importance of

halogen bonding N–X⋯OC synthons (X = Cl, Br, I) as a touchstone. The predicted structures of ncp of

rank 1 and nbp of rank 3 match the experimental ones. Our results imply that the synthon approach can

successfully suggest the right structures amongst a handful of lowest-energy predicted structures. Two

candidate crystal structures were suggested using the synthon approach for nip.

Introduction

The goal of crystal structure prediction (CSP) is to produce a
set of possible crystal structures of a compound by starting
from a chemical diagram.1–4 In CSP calculations for
molecular crystals, due to weakness of intermolecular
interactions, there are many crystal structures with close
energies; resolving such small energy differences is a
challenge for existing theoretical methods, and the
experimental structures are often latent among the 100
lowest-energy structures.5,6 The energy difference between
low-energy structures is tiny, making it difficult to choose the
right one. Complementary experimental data can help to
determine the right crystal structure with more certainty.2,5–7

In practice, an input of theory is very important in structure
determination from powder diffraction (SDPD) to obtain the
structural model for further refinement8 or to help avoid
incorrect structure models;9 One usually resorts to SDPD
when single crystals of sufficient quality are not available.10,11

Polymorphism in organic compounds also complicates
the CSP calculations, where molecules adopt different crystal

structures that can be assessed experimentally.12–18 If an
experimental compound is thermodynamically stable
(“thermodynamic polymorph”), it can be found as the global
energy minimum, as opposed to metastable polymorphs that
correspond to local energy minima. To find all possible
polymorphs of a compound among the produced crystal
structures, it is necessary to consider both kinetic and
thermodynamic factors.5,19 In computational methods, only
thermodynamic factors are considered and direct access to
kinetic factors is very hard.20

Information about kinetic factors implicitly exists in
crystal structure databases of polymorphs, such as the
Cambridge Structural Database (CSD), from which the
repetitivity of supramolecular interactions (synthons) can be
extracted. Intuitively, rapidly crystallizing metastable
polymorphs are likely to contain such synthons,21 but since
synthons are based on the most important intermolecular
interactions, they are also often found in stable polymorphs.
Systematic analysis of large datasets (such as those found in
the CSD) allows one to indicate likely polymorphs, whether
kinetic or thermodynamic.22 Indeed, Desiraju emphasized
that synthons encapsulate both kinetic and thermodynamic
features.23–25 If a pattern is seen often enough in the
experimental crystal structures (CSD), it can be assumed that
this pattern is kinetically favoured (chemical model) and
likely to exist in other crystal structures with a similar
skeleton of molecules to reproduce a suitable arrangement in
the crystal packing (geometric model).26 Often, molecular
crystals have small energy differences between different
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polymorphs, and theoretical calculations may have difficulty
resolving these small differences – in these cases, synthons
can indicate the most likely ground state. The synthon
approach to crystal structure prediction helps to take into
account complexities inherent in the crystallisation process
that result in forming various polymorphs of compounds
with kinetic and thermodynamic factors.19,20,23,27,28 In order
to guide the search for a significant structural interaction in
the crystal structure prediction, Gilmore et al. have proposed
cluster analysis and dendrogram plots based on CSD data.
Cluster analysis has been used to investigate the probability
and geometry of intermolecular interactions in a class of
related compounds and apply them to the desired
molecule.29

Here, we perform classification and analysis of
intermolecular interactions using the clustering methods
implemented in dSNAP software.30,31 In this work, we
combine cluster analysis and synthon approaches, focusing
on halogen bonding synthons, which leads to a simpler and
faster study. The CSP calculations for N-halide phthalimides
(N-chlorophthalimide (ncp), N-bromophthalimide (nbp), and
N-iodophthalimide (nip), the chemical structure of which is
shown in Fig. 1) were performed using the evolutionary
algorithm USPEX.32–35 The energy difference between the
lowest-energy structures is very small, and the structures
produced cannot be reliably ranked. The investigation of the
generated crystal structures shows that the main distinction
is in the geometry and type of the intermolecular interaction
synthon. Understanding the type and geometry of a possible
intermolecular interaction in the crystal structure will be
useful for detecting plausible candidate structures. This can
be achieved by applying crystal engineering concepts to the
study of experimental crystal structures in the CSD.
Regarding this, the interaction sites of N-halide phthalimides
were determined to be aromatic CH, CO, and N–X groups.
These sites have a potential to form intermolecular
interaction synthons by hydrogen bonding (CH⋯O/X) and
type I/II halogen bonding (X⋯X/O) in the crystal structure.

To understand which interactions can be observed in
similar experimental structures (based on the probability and
geometry of interactions), cluster analysis was performed on
the basis of the synthon approach. Hydrogen and halogen
bonds, which are directional interactions and can be easily
distinguished by the bond angle, were used in the cluster
analysis. The C–H⋯X hydrogen bond has geometries with a
C–H⋯X angle of about 150–180° (for a weak interaction, the

C–H⋯X angle (X = N, Cl, and O) is smaller than 130°).36,37 In
type I halogen bonding, close contacts of a halogen atom
with electrophiles are observed at about 90–120°. Meanwhile,
in type II halogen bonding, a halogen atom comes into close
contact with nucleophiles approximately along the covalent
bonds at about 180°.38–41 To classify the intermolecular
interactions, CSD search was performed and its results were
analysed as a dendrogram using dSNAP software. Moreover,
the crystal structure of nbp was determined using the SDPD
method, and the results were compared with a previously
reported structure obtained using single-crystal X-ray
analysis42 and with the CSP structures to confirm the
methodology in this study.

Methods
Crystal structure prediction

The molecular structure geometry was optimised by
density functional theory (DFT), using the Gaussian 09
program43 and the B3LYP/6-311g (p, d) basis set. The
evolutionary algorithm USPEX was used to search for low-
energy crystal structures of N-halide phthalimides (ncp,
nbp, and nip); we used the USPEX 10.1 code.32–35 In the
USPEX calculations, each generation contained 50–100
structures. The first generation was produced using a
random symmetric structure generator and using the
most common space groups P1̄, P21/c, P212121, P21, Pbca,
C2/c, Pna21, Pnma, Pca21, Cc, C2, P1, Pc, P41, and P412121,
and one molecule in the asymmetric unit (Z′ = 1). The
lowest-energy (60%) structures were used to produce the
new generation. The second and all subsequent
generations consisted of 50 structures, which were
produced from low-energy ones by variation operators
(50% by heredity, 10% by soft mutation, 10% by
rotational mutation), and 30% of each generation were
produced by a random symmetric structure generator. All
generated structures were relaxed at T = 0 K and ambient
pressure, and the enthalpy was used as fitness. All
structures were optimised using the GULP code44 with the
Dreiding force field,45 and the atomic charges were
determined using the QEq method (Fig. S5) (ESI†).46 At
the post-processing step, we selected low-energy structures,
removed duplicate structures (identified using the packing
similarity search in Mercury software based on RMSD15

criteria),47 and reoptimized all structures using the PBE-
D3 method,48 (as well as PBE-MBD and PBE0-MBD
methods49 for the ten lowest-energy structures), as
implemented in VASP50–52 within the framework of the
projector augmented wave (PAW)53,54 method. A kinetic
energy cutoff of 700 eV, Brillouin zone sampling with a
k-point grid of 2π × 0.06 Å−1 resolution, and convergence
criteria of 1 × 10−5 eV per atom for total energies and 5
× 10−3 eV Å−1 for forces were used. The lowest-energy
structures of ncp, nbp, and nip are shown in ESI† Tables
S1–S3. We also performed zero-point energy (ZPE)
calculations for the top-3 structures of nbp and nip. TheFig. 1 Chemical structure of N-halide phthalimide compounds.
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results showed that ZPE changes energy differences by a
negligibly small amount (see Table S4†).

CSD search and cluster analysis

To investigate the probability of interactions and the synthon
geometry in experimental structures of compounds similar to
the compounds studied here, CSD analysis of fragments I
and II was performed (Fig. 2). In the CSD search, we selected
structures with R factor ≤0.07, no disorder, no errors in the
structure, no polymerization of molecules, and no ions (CSD
version 5.38, updated November 2021).55 In fragment I, the
bond angle and length were specified for N–7A⋯QB, where
7A is any halogen atom and QB = F, Cl, Br, I, O, or H
(Fig. 2a). The number of atoms bonded to 7A was set to 1
(T1), and the cutoff for this interaction was set as the sum of
van der Waals radii. In the database search for fragment I, 42
hit structures were found which have 53 hit fragments. The
number of hit fragments is larger than the number of hit
structures because some of the hits present several
interaction cases. The obtained structures were classified on
the basis of similarity in bond lengths and angles using
dSNAP software.56 In addition, fragment II was defined to
study the interaction geometry of N–X⋯OC separately for X
= Cl, Br, I (Fig. 2b). The interaction between the halogen
atom and the carbonyl group was specified (the X⋯O length,
N–X⋯O angle θ1, and X⋯OC angle θ2), the N atom was set
to have three bonded atoms (T3), and the cutoff for this
interaction was set as the sum of van der Waals radii.52 In
fragment II, there were 20, 9, and 7 hit structures, with 26,
10, and 7 hit fragments for Cl, Br, and I, respectively. The
histograms of angles θ1 (N–X⋯O) and θ2 (X⋯OC) are
shown in Fig. S1–S4 (ESI†).

The results of cluster analysis are shown as a dendrogram
in Fig. 3. The horizontal axis shows the hits (experimental
structures). The vertical axis indicates the similarity level
between the hit structures in the classification, restricted by
the cut level line. The choice of dendrogram cut level, which
defines the number of clusters, is a critical issue in any

cluster analysis. In classification methods, estimating the
number of clusters is an unsolved problem.21 The choice of
cut level depends on the level of detail required from the
analysis, so one has to take it based on pragmatic factors;
here we took it as 0.755. These settings produce clusters that
represent a specific type of interaction based on the bond
angle. The metric multidimensional scaling (MMDS) plot and
the dendrogram agree. More details are presented in the
ESI.†

SDPD method

A powder microcrystalline sample of nbp was loaded into an
aluminium sample holder which was rotated during data
collection to improve particle statistics and to minimise the
preferred orientation effects. The indexing of the powder
diffraction pattern at low angles using DICVOL04 software57

suggested an orthorhombic system with approximate cell
parameters a = 22.676 Å, b = 6.687 Å, and c = 5.245 Å [MĲ14) =
23.4; FĲ14) = 36.2(0.0138, 28)]. The best space group,
estimated on the basis of the systematic absences, was
P212121. The structure was resolved using DASH software58

with the simulated annealing technique. The final
refinements were performed using the GSAS/EXPGUI software
suite;59 soft restraints were applied to the bond lengths and
angles, with additional planarity restraints. The peak shapes
were best described using the Thompson–Cox–Hastings
formulation of the pseudo-Voigt function.60 The background
was described using the shifted first Chebyshev function with
36 points regularly distributed over the entire 2θ range. The
preferred orientation was modelled using the spherical
harmonics description61 with eight coefficients. The indexing
figures of merit, crystallographic data, and processing
parameters for nbp are presented in Table S7 (ESI†). The
experimental, calculated, and difference patterns are shown
in Fig. S6 (ESI†).

Results and discussion

The prediction of the N-halide phthalimide crystal structures
was started with N-bromophthalimide (nbp). The search for
the possible crystal structures was performed in a set of the
most common space groups with one molecule in the

Fig. 2 Ĳa) Fragment I and (b) fragment II of an N-halide phthalimide
molecule. (c) Representation of structures including various interactions
with fragment I obtained from CSD search before clustering.

Fig. 3 Dendrogram and MMDS plot (inset) for interactions between
sites 7A (halogen atom) and QB (halogen, O, and H atoms). Cluster A
(red) contains 8 hits, cluster B (yellow) – 25, cluster C (green) – 9,
cluster D (light blue) – 5, cluster E (dark blue) – 2, cluster F (magenta) –
3, and cluster G (brown) – 1.
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asymmetric unit. After 100 generations, 7000 structures were
produced. The structures within 50 kJ mol−1 of the global
minimum were selected. Structures with an identical space
group with RMSD15 smaller than 0.2 were considered
identical. The resulting set of structures was reoptimised
using the PBE-D3 functional in the VASP code. We thus
identified and reoptimized 20 structures within 15 kJ mol−1

of the most stable structure. The low-energy crystal structures
belong to P21/c, P212121, P21, and C2 space groups. Then, a
similar procedure was used for ncp. In 30 generations,
possible crystal structures with space groups P1, P1̄, P21, P21/
c, C2/c, and P212121 were produced, with Z′ = 1. After
reoptimization, 35 low-energy structures were obtained
within 15 kJ mol−1 of the most stable one.

To predict the crystal structure of nip, 1500 structures
were produced with space groups P1, P1̄, P21, P21/c, C2/c,
P212121, Pbca, Pna21, Pnma, Pca21, Pc, P41, and P412121, with
Z′ = 1, in 35 generations. After reoptimisation, 19 low-energy
structures were obtained within 15 kJ mol−1 of the most
stable one. The low-energy structures belong to P21, P21/c,
P212121, and P41 space groups.

The lowest-energy structures of ncp, nbp, and nip are
presented in ESI† Tables S1–S3. We selected the PBE + D3
ranking for CSP landscapes since it includes all structures of
interest (within 15 kJ mol−1 of the most stable structure). The
plots of the PBE + D3 energy versus the density of the
predicted structures are shown in Fig. 4. To get an idea of
the sensitivity of the results to the computational method,
for the ten lowest-energy structures, we performed relaxations
and energy calculations with the much more expensive
methods of PBE + MBD and PBE0 + MBD.49 The relative
energies of the ten lowest-energy predicted structures of ncp,
nbp, and nip calculated with the methods mentioned are
shown in Fig. 5 and Table S5.† The final rankings of the ten
lowest-energy structures are based on PBE0 + MBD energies.

The cluster analysis for possible intermolecular
interactions of fragment I in the CSD led to the outlining of
seven clusters (Fig. 3 and Table S6†). Cluster A (red) contains
8 hits, cluster B (yellow) – 25 (the highest frequency), cluster
C (green) – 9, cluster D (light blue) – 5, cluster E (dark blue) –

2, cluster F (magenta) – 3, and cluster G (brown) – 1. The
characteristic geometries of these seven clusters are
summarised in Table S6.† Cluster A corresponds to a close
contact between X (halogen) and H atoms resulting in a
hydrogen bond. According to the geometrical parameters of
hydrogen bonds (the CH moiety as a donor),33 this cluster
includes four cases with CH⋯X bond angles from 140 to
166° and N–X⋯H from 103 to 109°. Cluster B (25 hits)
corresponds to a close contact between X (halogen) and O
atoms (22 cases) and X⋯H (3 cases). 22 structures have type
II halogen bonding, with N–X⋯O bond angles from 153 to
179°. Cluster C corresponds to a close contact between
halogen and H atoms (8 cases) forming a hydrogen bond,
and in one case between two halogen atoms resulting in a
halogen bond. These eight cases have weak hydrogen
bonding, with CH⋯X bond angles from 117 to 135° and N–
X⋯H bond angles from 100 to 133°. Cluster D structures
have type II halogen bonding N–X⋯X–N, with bond angles θ1
from 153 to 166° and θ2 from 92 to 135° (2 cases). In the
other cases, there is no significant intermolecular interaction.
Cluster E corresponds to a close contact between two halogen
atoms which leads to type I halogen bonding. Cluster F has
three hits, one of which has type I halogen bonding X⋯O,
whereas in others there is no significant intermolecular
interaction. In cluster G, there is only one hit – type II
halogen bonding X⋯O. Overall, the cluster analysis of
fragment I revealed that 70% of the intermolecular
interactions occur via halogen bonding, with the rest of them
resulting from hydrogen bonding. The results showed that
halogen atoms interact with oxygen atoms more frequently
(85% of cases are X⋯O bonds) than with other halogen
atoms (15% of cases are N–X⋯X bonds). In addition, 55% of
halogen bonding interactions are of type II halogen bond.

Careful examination of the obtained CSD structures
containing fragment I (CSD-structure hereafter for short)
showed two types of synthon geometries, the N–X⋯O dimer
(only 2 cases) and catemer (all remaining 40 cases) – see
Fig. 6. The short-range synthons of halogen bonding in most
cases expanded with the participation of the weak hydrogen
bonding interactions of C–H⋯O/X. For instance, the CSD

Fig. 4 Relative lattice energy plotted (ΔE (PBE + D3), kJ mol−1) against the density of the predicted structures of ncp, nbp, and nip. The selected
structures and the polymorphic forms of nip are shown in green and yellow, respectively, with the rank numbers (see Table S5†).
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refcodes CSUCIM for the dimer synthon and YOPJUJ for the
catemer synthon are shown in Fig. 6b. On the basis of cluster
analysis results, we can expect that the N–X⋯O halogen
bonding catemer synthon, as a repetitive synthon of the
halide–imide skeleton, may be further observed in
polymorphic structures expanded by hydrogen bonding of C–
H⋯O/X interactions.

In addition, the N–X⋯OC intermolecular interaction
was studied in detail using the CSD structure as fragment II.
The interaction parameters between the halogen atoms and
OC were defined as the X⋯O bond length, N–X⋯O angle
θ1, and X⋯OC angle θ2 (Fig. 2b). For N–Cl⋯OC, in
84.6% of the hits, the angles θ1 and θ2 are in the range 154–
178° and 128–152°, respectively, the orientation of the
chlorine atoms is related to the halogen interaction (the
sigma hole of the halogen atom is involved), and the oxygen
of the carbonyl group acts as a nucleophile. In 11.6% of the
hits, θ1 and θ2 are approximately equal (with a difference of

1.5 to 3°). One hit has θ1 = 161° and θ2 = 171°. All hit
structures have a catemer synthon, except for two which have
a dimer synthon. In the case of N–Br⋯OC, the angles θ1
and θ2 are in the range 168–179° and 135–149°, respectively,
and this orientation is related to the halogen interaction. All
the hit structures have a catemer synthon. For N–I⋯OC,
seven hits were obtained, six of which have the angles θ1 and
θ2 in the range 171–176° and 122–147°, respectively. In one
case, θ1 = 151° and θ2 = 147°, and all the hit structures have
a catemer synthon.

With this knowledge, we investigated the structures
obtained using CSP (CSP-structures hereafter for short) which
are within 15 kJ mol−1 of the most stable structures of the
N-halide phthalimides. Interestingly, for ncp, among the 35
CSP-structures, 82.9% showed a halogen bonding synthon,
with the angles θ1 and θ2 in the range 152–168° and 104–
149°, respectively. Meanwhile, only 5.7% of these structures
have a chalcogen bond, with the angles θ1 and θ2 in the

Fig. 5 The relative energies of the ten lowest-energy predicted structures of ncp, nbp, and nip were calculated with PBE + D3, PBE + MBD, and
PBE0 + MBD.

Fig. 6 (a) N–X⋯O dimer and catemer synthons, and (b) their respective CSD refcodes of CSUCIM (left) and YOPJUJ (right).
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range 70–71° and 170–172°, respectively. In the case of nbp,
there are 20 CSP-structures, all of them having halogen bond
interactions, with the angles θ1 and θ2 in the range 153–171°
and 102–147°, respectively. Similarly, for nip, there are 19
CSP-structures, and 94.7% of them are involved in halogen
bond interactions, with θ1 and θ2 angles ranging from 153 to
176° and from 116 to 153°, respectively.

We compared the interactional behaviours of the CSD-
structures and CSP-structures by means of the presence of
the halogen bonding synthon as a criterion (Table 1). The

experimental and theoretical structures are in close
agreement with each other. In both sets, 85–100% of the hits
are related to the halogen catemer synthon. All CSP-
structures of nip have a halogen interaction, and low-energy
structures have space groups P21, P212121, and P41.
Interestingly, CSD-structures containing a N–I⋯OC contact
with refcodes of AKIXUP, PAKBUB, ZZZVCQ01, and PAKBEL
are present in the set of nearly similar space groups of P1̄,
P212121, P41, and P412121, respectively (Fig. 7a). One can find
that the orientations of molecules that form a plausible

Table 1 Presence of structures with a N–X⋯OC contact in the CSD and CSP sets and their geometric parameters of interactions

CSD-structures CSP-structures

X Percentage Interaction type

Angle rangeb

Percentage Interaction type

Angle rangeb

θ1 θ2 θ1 θ2

Cl 84.6 Halogen bond 154–178 128–152 82.9 Halogen bond 152–168 104–149
11.6a θ1 ≅ θ2 142–161 140–162
3.8 θ1 and θ2 > 160° 161 171 5.7 Chalcogen bond 70–71 170–172

Br 100 Halogen bond 168–179 138–149 100 Halogen bond 153–171 102–147
I 87.5 Halogen bond 171–176 122–145 94.7 Halogen bond 153–176 116–153

12.5 Halogen bond 151 147

a There are three hits where θ1 and θ2 are equal to (160.9°, 162.45°), (158.88°, 155.98°), and (141.72°, 139.93°). b The angles are reported as
integers.

Fig. 7 (a) N–I⋯OC halogen bond in CSD structures with fragment I, (b) the arrangement of molecules in CSD refcodes ZZZVCQ01 and PAKBUB
around the screw axes 41 and 21 to form the halogen bond, and (c) the halogen bonding synthons and the arrangement of molecules in the
lowest-energy predicted structures of nip of ranks 1, 3, 8, and 10.
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directional halogen bond are related to the screw axes 41 and
21 as repetitive symmetry elements (Fig. 7b).

The rankings of the ten low-energy structures for each
compound, based on various methods, are listed in Table
S5.† In addition, the previously reported experimental crystal
structure of ncp62 and nbp42 compounds and the structure of
nbp determined in this work using the SDPD method are
shown in Fig. S7.† Comparison of the CSP-structures with the
experimental ones based on the RMSD15 criteria revealed that
the predicted structures match the experimental ones are in
ranks 1 for ncp and 3 for nbp (Tables S5† and 2). The low-
energy structure of nbp in rank 1 as a thermodynamically
stable form is also close to the experimental structure based
on the lattice energy, space group, density, and synthon

arrangement. The similarity index revealed that only the
structure of rank 3 matches the experimental one.
Interestingly, comparison of the bond angles in the halogen
bonding synthons of the experimental structures with those
of the ten lowest-energy of nbp shows that the rank 3
structure has the closest values to the experimental structure.
This indicates both the kinetic and thermodynamic
preference for synthons, so that the most abundant synthon
is seen in the most stable (rank 1) structure of ncp, while the
predicted metastable (rank 3) structure in nbp includes this
synthon.

For nip, the geometry of the synthon is related to the
structures of ranks 1, 3, 8, and 10 which are within the range
of CSD-structures. It can be said more precisely that the

Table 2 Lattice parameters of the predicted and experimental structures for ncp, nbp, and nip

CSD refcode/structure rank Space group a, Å b, Å c, Å α, ° β, ° γ, ° V, Å3 d, g cm−3 RMSD15

Exp-WEZVIG P212121 5.728(1) 6.275(1) 20.725(2) 90 90 90 744.923 1.620 —
Rank 1-ncp P212121 5.661 6.138 20.830 90 90 90 723.825 1.660 0.19
Exp-SDPD P212121 5.217(27) 6.661(24) 22.633(9) 90 90 90 786.611 1.900 —
Exp-VELWIV P212121 5.235(3) 6.661(4) 22.648(13) 90 90 90 789.738 1.900 —
Rank 3-nbp P212121 5.133 6.483 23.079 90 90 90 768.096 1.946 0.29
Rank 1-nip P212121 23.704 6.604 5.129 90 90 90 802.841 2.262
Rank 3-nip P41 8.252 8.252 12.826 90 90 90 873.315 2.079
Rank 8-nip P212121 7.389 8.379 13.363 90 90 90 827.346 2.195
Rank 10-nip P41 7.753 7.753 13.664 90 90 90 821.239 2.211

Fig. 8 2D Hirshfeld fingerprint plots, dnorm mapping of Hirshfeld surfaces, and crystal packing for the structures of (a) ncp of rank 1, (b) nbp of
rank 3, and (c) nip of rank 1 that are isostructural (orthorhombic crystal system with the P212121 space group). (d) Suggested structure for nip of
rank 3.
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predicted crystal structure of nip closest to the CSD is of rank
3, with the P41 space group with θ1 = 173° and θ2 = 135°.
Interestingly, the structure of rank 1 is isostructural with ncp
and nbp. This structure has θ1 = 170°, θ2 = 132°, and an
orthorhombic crystal system with the P212121 space group.
The structure of rank 10 is similar to that of rank 3 with
RMSD15 = 0.5. The structure of rank 8 also exhibits the
P212121 space group, θ1 = 172°, and θ2 = 136° (see Table 2).
In Fig. 7c, the halogen bonding synthons and the molecular
arrangement in the lowest-energy predicted structures of nip
are of ranks 1, 3, 8, and 10 which are related to the screw
axes 41 and 21 as repetitive symmetry elements in
comparison with CSD-structures (refcodes ZZZVCQ01 and
PAKBUB).

Regarding the recurrence of the halogen bonding synthon
in the structures in this study as a robust unit in the crystal
packing, we used this synthon as a criterion in selecting (or
rejecting) the structures. On the other hand, the role of
supramolecular synthons as structural units was previously
mentioned as a kinetic factor in the formation of
polymorphic structures (kinetic polymorphs).23 These
polymorphs regularly have structures with higher energy than
those in the global energy minimum. However, we can
suggest that two selected structures of nip (ranks 1 and 3)
could be thermodynamic and kinetic polymorphic forms of
this compound closest to the global minimum with suitable
geometrical parameters of the halogen bond. The results
indicate that both thermodynamic and kinetic effects of the
supramolecular synthon are likely important in determining
the crystal structure. Indeed, the importance of these effects
appears to increase with the presence of directional
interactions such as halogen bonds, which can lead to
synthesizable metastable polymorphs. The lattice parameters
of the experimental and predicted structures for ncp and nbp
and the polymorphic structures suggested for nip of ranks 1,
3, 8, and 10 are presented in Table 2.

To obtain more insight into the similarities and
differences of crystal packings in the obtained structures, the
intermolecular interactions were investigated using Hirshfeld
surface analysis. The dnorm mappings of the Hirshfeld
surfaces for the predicted structures are shown in Fig. 8. In
these mappings, the sigma holes of the halogen atom
engaged in the N–X⋯OC interactions are indicated by red
circles. In the 3D surfaces, the contacts whose lengths are
equal to the sum of the van der Waals radii of the involved
atoms are shown in white, whereas those having shorter and
longer lengths are shown in red and blue, respectively. The
fingerprint plots also show the relative quantitative
contribution of each type of contact to the intermolecular
interactions: for the X⋯O contacts in these compounds, the
contributions for the Cl, Br, and I atoms are 8.2%, 11.8%,
and 13.1%, respectively. Interestingly, the ascending order of
these contributions is consistent with the increasing halogen
polarisation and thus the strength of the halogen bonding.
The X⋯H and O⋯H contacts indicate the role of hydrogen
bonds in these compounds. The contribution of oxygen–

halogen interactions is three to four times larger than that of
halogen–halogen interactions. These Hirshfeld surfaces
clearly show the similarities of the crystal packings of ncp,
nbp, and rank 1 nip, whereas nip of rank 3 has a completely
different crystal structure.

Conclusions

In this study, the evolutionary algorithm USPEX was used to
predict the crystal structures of N-halide phthalimide
compounds. Sets of low-energy structures (within 15 kJ mol−1

of the most stable structure) were studied in detail. On the
basis of the synthon approach, the most likely structures
were selected from the low-energy predicted structures. In
fact, we used the halogen bonding synthon as a known
repetitive interaction unit for selecting (or rejecting) the
target structures. The selection of the best candidate was
carried out based on the best orientation of the OC moiety
towards the sigma hole of the halogen atom (θ1 and θ2
angles), which led to a suitable chemical model and the
subsequent formation of the target crystal structure. Out of
the ten lowest-energy structures obtained, the structures of
ncp of rank 1 and nbp of rank 3 were found within 3 kJ
mol−1 of the most stable structures, showing close agreement
with experiments. This methodology was used to predict the
unknown structures of nip as two polymorphic structures of
ranks 1 and 3. The results indicate that synthons, including
both chemical and geometric recognition, can have an
important role in determining the most likely structures
among large sets of crystal structures produced in CSP
calculations.
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