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ABSTRACT: The six polymorphs of nifedipine (NIF) known at present have been
discovered over the past 50 years, and the most recent one (δ), discovered in 2020,
came from an unusual route. This polymorph is ranked second in thermodynamic
stability but evaded all previous workers until its melt was seeded with the crystal of
a foreign substance, felodipine, in which the molecule has a different conformation
from all other NIF polymorphs known at that time. Given this unusual discovery in
the lab, we investigated whether crystal structure prediction (CSP) can find this
and other polymorphs in a “routine” search. We show that our CSP finds all
ordered polymorphs of NIF known at present as low-energy structures (Ranks 1, 3,
4, and 43), including the most recent one unveiled by pseudoseeding (Rank 4). NIF being a flexible molecule, it is of interest to learn
which of its many conformers provides the best building block for crystals. An experimental investigation of this question is limited
by survival; that is, information exists on the structures that are observed but not on those that are difficult to observe or not yet
discovered. In this regard, our “computer experiments” access the full range of possibilities. We find that the synperiplanar (sp)
conformer with respect to phenyl torsion produces lower-energy crystals than the antiperiplanar (ap) conformer, with the most
stable ap crystal being 4 kJ/mol higher in energy than the most stable sp structure. Experimentally, the sp conformer dominates the
ap in solution and is the only conformer observed in crystals. With respect to the ester torsions, the cis/trans conformer produces the
lowest-energy crystals, followed by the cis/cis conformer and by the trans/trans conformer. Experimentally, five of the six known
polymorphs contain the cis/trans conformer, one contains the cis/cis conformer, and none contain the trans/trans conformer.
Overall, the CSP is remarkably successful in predicting the polymorphs of NIF in spite of its complex conformational space and
provides a quantitative assessment of the relative costs of employing different conformers as units of crystal building.

■ INTRODUCTION

Nifedipine (NIF, Chart 1) is one of the World Health

Organization’s Essential Medicines1 and a prototypical 1,4-

dihydropyridine calcium channel blocker for treating hyper-
tension and angina.2 The molecule has significant conforma-
tional flexibility with major torsional angles being τest1, τest2, τPh,
and τNO2

(Chart 1). Recognized as polymorphic in the 1970s,3

the number of NIF polymorphs has grown over time (Table
1), now standing at six.4−6 Among these, the most recent
discovery, δ NIF,6 is especially intriguing. Despite being the
second most stable of the six forms, δ NIF was not observed
under a wide range of crystallization conditions until Gui et al.
introduced “pseudo-seeds” into molten NIF.6 In their
experiment, a melt of NIF was seeded with the crystal of a
foreign substance (felodipine) in which the molecule has a
different conformation from all polymorphs of NIF known at
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Chart 1. Structure of Nifedipine (NIF)a

aThe major torsion angles: τPh (C5−C4−C1′−C2′), τNO2
(C1′−

C2′−N7′−O8′), τest1 (C6−C5−C9−O10), and τest2 (C2−C3−C7−
O8). An ester group is cis if τest ≈ 0° and trans if τest ≈ ±180°. The
phenyl orientation is synperiplanar (sp) if the nitro group points in the
same direction as C4−H and antiperiplanar (ap) if it points in the
opposite direction.
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the time. This led to the nucleation and growth of δ NIF in
which NIF adopts the same conformation as the seed crystal.
The story of NIF polymorphs is not unique. There have

been other reports of the unexpected appearance (and
disappearance) of polymorphs,7,8 with the new polymorphs
being less or more stable than the previous ones.9,10 The NIF
story fascinates in regard to the role of molecular
conformation. Before Gui et al., the previous crystallization
conditions only accessed part of the conformational space,
while pseudoseeding gained access to another part. This type
of experimental search is guided by chemical intuition and is
not easily generalized. In contrast, the crystal structure
prediction (CSP) approach11−13 can in principle search the
full conformational space in the discovery of polymorphs. In
this work, a CSP was performed to determine whether the δ
polymorph of NIF, discovered by an exotic route in the lab,
can be discovered in a “routine” search by computers. The
results would help assess the likelihood of polymorphs evading
laboratory discovery.
We report that the CSP successfully finds all ordered

polymorphs of NIF, while the two disordered polymorphs fall
outside the current search space. The most stable experimental
form (α) is the lowest-energy predicted structure. It is
significant that the elusive δ polymorph is identified as a
low-energy structure (Rank 4). This straightforward unveiling
of a “hidden” polymorph capitalizes on the ability of the CSP
to explore the full conformational space. These “computer
experiments” also enabled investigations of the energetic costs
of employing different conformers as building blocks of
crystals.

■ COMPUTATIONAL METHODS
The CSP calculations were conducted using an integrated cloud
platform.14 Gas-phase molecular conformations and energies were
calculated at the level B3LYP/6-31G(d), and the results were used to
fit the system-specific force-field parameters. Crystal structures were
searched with Z′ = 1 and 2 using a global optimization method that
combines the particle swarm optimization (PSO) method and the
Monte Carlo (MC) algorithm. On the basis of the Cambridge
Structural Database (CSD) statistics, the Z′ = 1 search included 12
space groups (P1̅, P2/c, P21/c, C2/c, P21212, P212121, Pca21, Pna21,
Aea2, Pccn, Pbcn, Pbca), and the Z′ = 2 search included 9 space groups
(P1̅, P21, Cc, P21/c, C2/c, P212121, Pca21, Pna21, Pbca). During the
search, the lattice parameters, molecular positions and orientations,
and major torsional angles were allowed to vary. Lattice energies were

calculated initially using a system-specific force field to return hits
within 40 kJ/mol of the global minimum. Lattice energies were then
optimized at the DFT level using VASP15−17 during which unit-cell
parameters, torsional angles, and molecular positions and orientations
were all allowed to vary. The geometries and energies were optimized
using the Perdew−Burke−Ernzerhof functional18 with dispersion
correction.19 Crystal structures were ranked by lattice energies, and
the structures within 10 kJ/mol of the global minimum were reported.

To compare the similarities between the predicted and the
observed crystal structures, a cluster of 15 molecules from each
were overlain using the software Mercury. The two structures are
deemed a match if the root mean-square deviation for the cluster
(RMSD15) is smaller than 1 Å. An RMSD15 value smaller than 0.3 Å is
considered an excellent match.

■ RESULTS
NIF has six known polymorphs at present (Table 1).6 Form α
is the most stable at all temperatures and obtained using both
solution crystallization and melt crystallization. The metastable
forms β and γ and their high-temperature, disordered
counterparts β′ and γ′ were discovered by melt crystalliza-
tion.20 It is noteworthy that δ NIF is thermodynamically the
second most stable form below ca. 360 K but was unknown
until 2020 when Gui et al. seeded the melt of NIF with the
crystal of felodipine, an analogue of NIF.6 Of the six
polymorphs, δ NIF is the only one in which the molecule
has cis/cis conformation with respect to the torsions of the two
ester groups (see Chart 1), which happens to be the
conformation of the felodipine seed crystal, while all other
polymorphs contain the cis/trans conformer.
The CSP resulted in 155 predicted crystal structures with

lattice energies within 10 kJ/mol of the global minimum,
including 59 with Z′ = 1 and 96 with Z′ = 2. The results are
displayed in Figure 1; the list of structures and the
corresponding CIF files are in the Supporting Information.
Table 2 compares the experimental structures of NIF

polymorphs with the corresponding CSP hits. The CSP found
all NIF polymorphs without disorder, namely, α, β, γ, and δ, as
Rank 1, 3, 43, and 4, respectively; these structures are indicated
by the red open symbols in Figure 1. There is reasonable
agreement between the predicted and the observed unit-cell
constants. In Table 2, RMSD15 is the root-mean-square
deviation for the overlay of 15 molecules in the predicted
and the observed structures. These overlays are shown in
Figure 2.

Table 1. Crystal Structures of NIF Polymorphs Known at Presenta

form α β β′ γ γ′ δ

T, K 100 297 100 296 338 100 250 296 100 293
CSD ref
code

BICCIZ14 BICCIZ07 BICCIZ02 BICCIZ03 BICCIZ08 BICCIZ09 BICCIZ11 BICCIZ10 BICCIZ12 BICCIZ13

a, Å 10.567 10.929 9.666 9.840 9.696 19.065 11.435 11.450 11.905 12.025
b, Å 10.408 10.304 13.701 13.807 14.231 11.506 12.244 12.301 10.908 11.238
c, Å 14.788 14.812 14.118 14.206 14.463 15.109 12.327 12.356 12.779 12.827
α, deg 90 90 61.03 61.39 61.90 90 75.54 75.63 90 90
β, deg 95.03 93.17 79.63 79.76 80.40 108.96 89.06 89.09 106.98 107.65
γ, deg 90 90 81.90 81.99 81.80 90 84.77 84.93 90 90
V, Å3 1620.15 1665.47 1605.89 1664.10 1731.05 3134.48 1664.21 1679.19 1587.14 1651.84
sp grp P21/c P21/c P1̅ P1̅ P1̅ P21/c P1̅ P1̅ P21/n P21/n
ρ, g/cm3 1.420 1.381 1.432 1.382 1.329 1.468 1.382 1.370 1.449 1.393
Z/Z′ 4/1 4/1 4/2 4/2 4/2 8/2 4/2 4/2 4/1 4/1
R % 3.55 4.73 4.39 5.47 6.69 5.76 4.63 4.38 3.82 4.35
aMolecular formula: C17H18N2O6. Molecular weight: 346.33 g/mol. See the CSD for the complete list of NIF structures under ref. code BICCIZ.
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The lowest-energy predicted structure (Rank 1) matches α
NIF, the most stable polymorph, with RMSD15 = 0.203 Å,
indicating an excellent match. That α NIF is the lowest-energy
structure is in agreement with its largest enthalpy of melting of
all the polymorphs (after accounting for the solid-state
transformations in the β and γ polymorphs).6 The CSP
identified δ NIF as Rank 4 (Rank 3 within Z′ = 1), with
RMSD15 = 0.159 Å. In the Z′ = 2 search space, the CSP
identified β and γ as the lowest and 26th lowest-energy
structures (Rank 3 and 43 overall). The corresponding
RMSD15 values are larger (0.490 and 0.368 Å) but still
represent acceptable matches. The two high-temperature,
disordered polymorphs, β′ and γ′, fall outside the CSP search
space. It is worth noting that the CSP of this work was a “blind
test” with respect to δ NIF. While the structures of the other
polymorphs had been published, the CSP team was unaware of
the δ NIF structure. Consistent with experiments, the CSP

finds δ NIF to have the cis/cis conformation, unlike all other
known NIF polymorphs (cis/trans). Considering the long time
and the unusual route (pseudoseeding) to discover this
polymorph, its straightforward unveiling by CSP highlights
the potential for the CSP to cover experimental blind spots.
The successful prediction of δ NIF in a new region of the
conformational space, as well as the recovery of all known
polymorphs, demonstrates the excellent performance of the
CSP method.

Energetic Costs of Using Different Conformers as
Units of Crystal Building. Figure 3 shows the energy
landscape for the Z′ = 1 search results where the points are
color-coded to indicate the constituent conformer with respect
to the two ester torsions (Chart 1). Among the 59 structures,
35 (59%) contain the cis/trans conformer, 19 (32%) contain
the cis/cis conformer, and 5 (8%) contain the trans/trans
conformer. That is, the cis/trans conformer is used most
frequently to build crystals, followed by cis/cis and by trans/
trans. One way to evaluate the relative energies of the crystals
produced by these conformers is to compare the five lowest-
energy structures of each conformer. By this measure, the

Figure 1. Relative lattice energy plotted against density for predicted
crystal structures of NIF with Z′ = 1 (solid circle) and 2 (open
diamond) within 10 kJ/mol relative to the global minimum. The red
circles and diamonds indicate the structures that correspond to the
experimental polymorphs (see Table 1).

Table 2. Comparison of Experimental and Predicted Structures of NIFa

α β γ δ

form CSD ref code CSP rank CSD ref code CSP rank CSD ref code CSP rank CSD ref code CSP rank

BICCIZ14 Rank 01 BICCIZ02 Rank 03 BICCIZ09 Rank 43 BICCIZ12 Rank 04
T, K 100 0 100 0 100 0 100 0
a, Å 10.567 10.439 9.666 9.092 19.065 19.038 11.905 11.904
b, Å 10.408 10.568 13.701 14.026 11.506 11.521 10.908 10.758
c, Å 14.788 14.826 14.118 14.127 15.109 15.184 12.779 12.948
α, deg 90 90 61.03 62.82 90 90 90 90
β, deg 95.03 95.84 79.63 81.71 108.96 107.23 106.98 108.14
γ, deg 90 90 81.90 88.06 90 90 90 90
sp group P21/c P21/c P1̅ P1̅ P21/c P21/c P21/n P21/n
Z/Z′ 4/1 4/1 4/2 4/2 8/2 8/2 4/1 4/1
ρ, g/cm3 1.420 1.414 1.432 1.460 1.468 1.446 1.449 1.460
RMSD15, Å 0.203 0.490 0.368 0.159

Figure 2. Overlay of predicted (red) and experimental structures
(blue) for a cluster of 15 molecules in α, β, γ, and δ NIF viewed along
the b axis.
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crystals of the cis/cis and the trans/trans conformers are +4 kJ/
mol and +8 kJ/mol higher in energy, respectively, than those of
the cis/trans. The conformer distribution is more complex in
the Z′ = 2 case given that the two symmetry-independent
molecules can have different conformations. But ignoring this
difference, we find that the cis/trans conformer is employed the
most often in the Z′ = 2 structures (80%) followed by cis/cis
(18%) and by trans/trans (2%), similar to the Z′ = 1 case.
The distribution of conformers in the predicted structures is

consistent with the experimental finding that, of the six known
polymorphs of NIF, five contain the cis/trans conformer, one
contains the cis/cis conformer, and none contain the trans/
trans conformer. It is also in agreement with a survey of 26
crystal structures of dihydropyridine-type NIF analogues,
which contain the cis/trans or the cis/cis conformer and
never the trans/trans.21 In this context, our CSP results are
data from “computer experiments” and help assess the
energetic cost of using a given conformer as unit of crystal
building. Such experiments would be difficult to perform in the
laboratory; for example, the trans/trans conformer has not
been observed in any NIF polymorphs known to date but can
be “observed” in computers.
It is noteworthy that the preference for the cis/trans

conformer in the crystalline state appears to be different
from that in the gas phase. According to DFT calculations,6 the
cis/cis conformer has the lowest energy in the gas phase,
followed by cis/trans (+12 kJ/mol) and by trans/trans (+ 24
kJ/mol). This means that despite its high conformational
energy, the cis/trans conformer is more commonly used as a
building block of crystals, leading to lower-energy structures
(Figure 3).
Figure 4 shows the crystal energy landscape for Z′ = 1 with

data points color-coded to indicate the sp and ap conformers
associated with phenyl torsion (Chart 1). Of the 59 structures,
48 (81%) contain the sp conformer, and 11 (19%) contain the

ap conformer. Thus, the sp conformer is used far more
frequently as a unit of crystal building. The sp crystals have
lower energies than the ap crystals. For example, the lowest-
energy ap crystal is +4 kJ/mol higher in energy than the
lowest-energy sp crystal. Similarly, in the Z′ = 2 search results,
sp crystals are more common (99%) than ap crystals (1%). The
preference for the sp conformer in predicted crystal structures
is in agreement with experimental results. In all six known
polymorphs of NIF, the molecular conformation is sp with
respect to phenyl torsion. The same preference is observed in
the solution of NIF at 303 K in which 90% of the molecules are
sp and 10% are ap.22

■ CONCLUSIONS
The newest polymorph of NIF (δ) had evaded detection for
five decades and was discovered by the unorthodox method of
pseudoseeding.6 Despite its unusual discovery in the lab, δ NIF
was unveiled by standard CSP with a systematic search of the
conformational space. This confirms the value of CSP as an
important complement for experimental search for poly-
morphs. The predicted global minimum matches the most
stable α NIF, while the other ordered structures are identified
as low-energy structures (Ranks 3, 4, and 43). For NIF, it is
important that the search be performed to cover both Z′ = 1
and Z′ = 2 structures; otherwise, the β and γ forms would have
been missed.
As is the case with most CPS results,23,24 the predicted

polymorphs of NIF outnumber the observed ones. In
particular, of the four lowest-energy predicted structures,
only Rank 2 has no experimental counterpart. This raises
questions as to whether Rank 2 (and other low-energy
structures) can be discovered experimentally or could be
removed as a “redundant” structure that is equivalent or easily
transformed to another. The CSP predicts many crystal
structures built from the trans/trans conformer (Figure 3) and
the ap conformer (Figure 4), while no such structures have
been observed by experiment. To narrow the gap between

Figure 3. Crystal energy landscape color-coded to show the
distribution of conformers arising from the ester torsions. The Z′ =
1 search space results are shown in which the possible conformers are
cis/cis, cis/trans, and trans/trans represented by blue squares, green
circles, and red triangles, respectively.

Figure 4. Crystal energy landscape color-coded to show the
distribution of conformers arising from phenyl torsion (sp and ap
for the Z′ = 1 search space results).
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experiment and computation, there have been examples of new
crystallization conditions leading to new polymorphs.10,25−30

On the computational side, kinetic factors can be taken into
account to eliminate unviable structures, for example, short-
lived structures due to fast polymorphic transition.
A significant limitation of the experimental mapping of the

crystal energy landscape is survival; that is, we have data on the
structures with high enough stability and fast enough
crystallization rates to be observed, not those that are difficult
to observe or not yet discovered. This leads to a sampling bias
that frustrates the investigation of many long-standing
questions in solid-state chemistry; for example, are racemic
compounds generally denser and more stable than conglom-
erates?31−33 What is the energetic penalty to crystallize a polar
structure relative to a nonpolar structure?34 What is the
energetic cost of building crystals with one conformer as
opposed to another?35 Experimental studies of these questions
are necessarily limited by the structures that can be observed,
but the answers may require the structures that are not (yet)
observed. In this work, we used the results of our “computer
experiments” to investigate the last of the questions above,
showing how a given conformer of NIF is favored over others
as a unit of crystal construction and the relative usage of
different conformers in predicted structures. This under-
standing would be difficult to attain by experiment since the
needed information on less stable structures is unavailable. In
the same way, the CSP could be utilized to investigate the
other questions above without limitations imposed by survival.
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