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ABSTRACT: Reversible solid-state transformations are important in stimuli-responsive materials. The current understanding is lim-
ited on what kind of structure enables reversible transitions. We report that for molecular solids containing nitro groups, reversible
phase transitions can occur if the nitro group is a hydrogen bond (HB) acceptor and has torsional freedom. We use the polymorphs
of nifedipine (NIF) to illustrate this phenomenon taking advantage of their different molecular packing but identical chemical struc-
ture. NIF has six known polymorphs with four being kinetically stable at 100 K. Upon heating, two polymorphs undergo reversible
phase transitions with large volume change, while the others do not. In the transforming structures, the nitro group is a HB acceptor
and rotates to optimize HBs to offset loss of close packing, while in the inactive structures, the nitro group has similar torsional
freedom but is not engaged in HBs. We test the generality of this phenomenon using all available systems in the Cambridge Structural
Database, including NIF’s derivative nisoldipine, and suggest possible applications in designing materials with controlled mechanical

response.

1. INTRODUCTION

Reversible solid-state phase transitions have important applica-
tions in stimuli-responsive materials, including ferroelectrics, '
soft robotics,’ sensors,*> energy storage,”® and molecular me-
chanical devices.”!%!"!213 In this context, molecular crystals
play a significant role given the vast diversity of organic mole-
cules and the ability to synthesize them at high purity and tailor
their structures at will.'"* Unfortunately, our understanding is
limited on what kind of structure gives rise to easily reversible
solid-state transitions. Only a small number of systems in the
vast structural space are known to have easily reversible poly-
morphic transitions: globular molecules forming plastic crys-
tals,'>'¢ long-chain alkanes with rotator phases,'” and amino ac-
ids with hydrophobic side chains.'®!>?* A reversible transition
has been observed in an organic semiconductor involving tor-
sion of bulky terminal groups linked to a conjugated benzothi-
ophene core.?'*> Here we report a mechanism for reversible
transitions in nitro-containing molecular solids.

The nitro group is present in numerous organic compounds; ni-
tro-rich materials are important as explosives,'** pharmaceuti-
cals,”* chemical intermediates*>*® and nonlinear optics.?”*® An
acceptor of hydrogen bonds (HBs)*+*° the nitro group has a
strong influence on structure formation in molecular sol-
ids.*!*233 In this role, the nitro group proves to be highly flexi-
ble: it has significant torsional freedom®*3%*¢ and it can form
both one-sided and bifurcated HBs.” As we show, this flexibil-
ity allows a nitro group to adapt to thermodynamic conditions
to enable reversible solid-state transitions.

We use the polymorphs of nifedipine (NIF, Chart 1) in this in-
vestigation to directly link the phenomenon of interest to the
molecular packing responsible, without complications from dif-
ferent chemical entities. This way of using polymorphs for
structure-property studies has a long tradition in solid-state

chemistry.*83?404! NIF is an important model for the 1,4-dihy-
dropyridine (DHP) family of calcium channel blockers for treat-
ing hypertension*? and is polymorphic.**#4434647 Because of its
many torsional degrees of freedom and many HB acceptors but
only one donor (the amino H, see Chart 1), NIF exhibits rich
conformational polymorphism*® with diverse HB motifs. NIF
has 6 polymorphs with 4 being kinetically stable at 100 K (two
discovered in this work, see below). We find that upon heating,
two polymorphs (f and y) undergo reversible phase transitions,
but the others (o and §) do not. In B and y NIF, the nitro group
adjusts its orientation at the phase transition to form stronger
HBs and counter the loss of close packing. In o and § NIF, the
nitro group has similar freedom but is not hydrogen-bound and
no phase transition occurs. We show literature examples to
demonstrate the generality of this phenomenon and discuss its
applications in materials design.
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Chart 1. Molecular structure of nifedipine (NIF). The torsion
angles indicate sites of conformational freedom: tpp (C5-C4-C1°-
C2%), tno2 (C17-C2°-N7°-08%), Test1 (C6-C5-C9-010), and Teseo (C2-
C3-C7-08). An ester group is cis if Test = 0° and trans if T = £180°.
The phenyl orientation is symperiplanar (sp) if the nitro group
points in the same direction as C4-H and antiperiplanar (ap) if it
points in the opposite direction. NIF has many HB acceptors (red)
but only one donor (blue).



2. RESULTS

2.1. Polymorphs of NIF. Six polymorphs of NIF are known at
present, including two discovered in this work. The structures
of all these polymorphs have been solved (4 solved in this work)
and are described in Table 1, Figure 1, and the deposited Crys-
tallographic Information Files (CIF). By solution and melt crys-
tallization, previous work observed 4 polymorphs: a,* B,* B’
(high-temperature form of B),* and y’.** This work discovered
a low-temperature form of y’ (named y). Furthermore, by seed-
ing with a structurally related compound (“pseudo-seed-
ing”),**° another polymorph, 5, was discovered. The idea of
pseudo-seeding was inspired by the fact that all NIF poly-
morphs prior to this work contain the “cis/trans conformer”
(Chart 1), but the “cis/cis conformer” is present in the crystals
of NIF analogs such as felodipine®' and is statistically favored
if an ortho-substituent is present on the phenyl ring.>? This led
us to seed felodipine crystals in an NIF melt and to observe the
& polymorph, in which NIF is indeed the cis/cis conformer.
Given the emphasis of this work, we shall not pursue this aspect
of NIF polymorphs here and only use the new structure to es-
tablish the origin for reversible transitions.

The NIF polymorphs have rich conformational diversity and
hydrogen bonding motifs. At 100 K, four polymorphs are kinet-
ically stable in which the molecule has a variety of confor-
mations (Figure 1A; see Table S1 for the torsion angles). Most
polymorphs contain the cis/trans conformer but the cis/cis con-
former is present in the & polymorph. These two conformations
correspond to the two energy minima with respect to ester tor-
sion (Figure 1B), with the cis/cis conformer having lower en-
ergy by 12 kJ/mol, consistent with the results on similar DHP
compounds.*® That is, before the discovery of § NIF by pseudo
seeding, all known polymorphs contain the high-energy
cis/trans conformer. In addition to ester torsion, the nitro group
shows significant freedom. In Figure 1C, we indicate the ob-
served nitro torsion angles on the potential energy surface for
nitro torsion. This energy surface has two adjacent minima sep-
arated by a low barrier, a consequence of the DHP ring at the
ortho-position, and all observed nitro torsion angles are clus-
tered around these two minima. As we discuss later, the tor-
sional freedom of the nitro group created by ortho-substitution
is an important enabler of reversible solid-state transitions.

NIF has many HB acceptors but only one donor — the amino
group (Chart 1), and this leads to several bonding motifs in crys-
tals. In the o and 3 structures, the amino group binds to an ester
group (dashed lines in Figure 1A), but in the y and y’ structures,
it binds to the nitro group. This indicates that the ester group

and the nitro group can both serve as HB acceptors in NIF, con-
sistent with their similar HB basicity constants.*® Indeed, in the
B and B’ structures, both groups serve as acceptors for the same
amino group. Table 2 summarizes the N---O distances in these
HBs. In these structures, the ester---amino interactions are eas-
ily recognized as HBs based on bonding geometry, but the ni-
tro---amino interactions also qualify as HBs in terms of the do-
nor---acceptor distances from the survey by Etter and cowork-
ers on nitroanilines.’’

Upon heating, the four polymorphs stable at 100 K exhibit very
different behaviors (Figure 2). For a and 6 NIF, normal thermal
expansion is observed, with volumetric expansion coefficients
(156 ppm/K for a and 212 ppm/K for §) typical for molecular
crystals.’* In contrast, B and y NIF show a sudden increase of
volume, by 3.2% and 4.7%, respectively, indicating first-order
phase transitions. We designate the high-temperature phases 8’
and y’, respectively.

Besides volume expansion, the phase transitions bring about
changes in molecular conformation and HBs. After the p — B’
transition, the nitro group in one of the symmetry-independent
molecules reorients and becomes disordered (Figure 1A). In the
same molecule, the cis ester group is also disordered. Mean-
while, HBs are strengthened in the high-temperature structure.
This is seen from an average shortening of the N(H)---O dis-
tance by 0.10 A for the ester---amino interaction and by 0.063
A for the nitro---amino interaction (Table 2). We observe simi-
lar changes occur at the y — 7y’ transition: the nitro group reor-
ients after transition (Figure 1A); in one of the two symmetry-
independent molecules, the amino H goes from bifurcated
bonding to the nitro group to one-sided bonding; the frans car-
bonyl group develops disorder. Meanwhile, the HB network be-
comes stronger, as seen from the average shortening of the
N(H)---O(N) distance in the y’ structure by 0.28 A (Table 2). In
both cases (B — B’ and y — v’), the strengthening of HBs and
the creation of disorder likely compensate for the loss of close
packing, leading to an overall decrease of free energy.

Table 3 and Figure 3 show the thermodynamic properties of
NIF polymorphs. The a polymorph is the most stable solid
phase at any temperature. The double-sided arrows indicate re-
versible polymorphic conversions 3 <» 3’ and y <> vy’ discussed
in detail below. Besides these two enantiotropic pairs, another
two polymorphs, B’ and 3, are enantiotropic, but no reversible
transitions have been observed between them. This provides
further constraints for possible explanations for reversible
phase transitions (see below).
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Figure 1. (A) Molecular conformations in NIF polymorphs. There is one symmetry-independent molecule in o and 3, but 2 in the other
polymorphs. Double-sided arrows indicate reversible phase transitions. Disorder is present in high-temperature structures B’ and y’. Each
green line indicates a HB. Given that the two ester groups are inequivalent in the crystal (unlike the case in solution®®), each NIF molecule
is a chiral object and we compare the molecules in the same “chirality” defined as a clockwise rotation while viewing down the C4-H bond
(Chart 1) and tracing from the frans ester to the cis ester and then to the phenyl ring. For a cis/cis conformer (5 NIF only), the clockwise
tracing is from the ester group not engaged in HB to the ester group engaged in HB and then to the phenyl ring. H is omitted except for the
amino H and the chirality-defining C4-H. (B) and (C) Torsional energy E calculated using B3LYP/6-31G(d). (B) E vs. e In this calculation
one ester torsion is scanned while the other is left at the cis conformation and free to vary. The cis/cis conformer has lower energy than the
cis/trans by 12 kJ/mol, even though the latter is adopted by most polymorphs. (C) E vs tnoz. In this calculation, the molecule is cis/trans

while scanning Tno2. Note the two minima separated by a low barrier (4 kJ/mol) each populated by conformers observed in crystals (symbols).
For the disordered B’ structure the width of the vertical line represents occupancy.

Table 1. Crystal structures of NIF polymorphs.”

Form o B p Y Y
T,K 100 297 100 296 338 100 250 296 100 293
Ref./CSD | this work this work | BICCIZ02 BICCIZ03 | this work | this work | this work this work | this work this work
a, A 10.567 10.929 9.666 9.840 9.696 19.065 11.435 11.450 11.905 12.025
b, A 10.408 10.304 13.701 13.807 14.231 11.506 12.244 12.301 10.908 11.238
c, A 14.788 14.812 14.118 14.206 14.463 15.109 12.327 12.356 12.779 12.827
a, deg 90 90 61.03 61.39 61.90 90 75.54 75.63 90 90
p, deg 95.03 93.17 79.63 79.76 80.40 108.96 89.06 89.09 106.98 107.65
y, deg 90 90 81.90 81.99 81.80 90 84.77 84.93 90 90
v, A3 1620.15 1665.47 1605.89 1664.10 1731.05 | 3134.48 1664.21 1679.19 1587.14 1651.84
sp grp P2y/c P2y/c P1 P1 P1 P2y/c P1 P1 P2y/n P2y/n
p, g/em? 1.420 1.381 1.432 1.382 1.329 1.468 1.382 1.370 1.449 1.393
2z 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

“Molecular formula: C;7HsN>Og. Molecular weight: 346.33. See the CSD for the complete list of NIF structures under Ref. Code BICCIZ.
Our v structure is consistent with BICCIZ04°° but has a smaller R factor.



Table 2. Hydrogen bonding in NIF polymorphs.”

Ester:--amino HB Nitro---amino HB

T,K
R0, A Rx-oqn, A
100 2.958(1)
o
297 3.032(3)
none
5 100 2.992(1)
293 3.079(2)
o 2993@mol1; 3.181(2) mol. 1;
5 3.033(2) mol. 2 3.439(2) mol. 2
sog  30400)mol. 3.279(4) mol. 1;
3.093(3) mol. 2 3.525(4) mol. 2
3.402(7) mol. 1;
2.903(6) mol- 13 3 296(11) [46%], 3.209(12)
B 338 3.022(6)mol.2 [34%], 2.913(8) [11%],
AR =-0.10 3‘87(6) [9%] mol. 2
AR =-0.063
3.203(3) mol. 1;
y 100 none 3.528(3)/3.646(3) bifurcated,
mol. 2
3.231(2) mol. I;
250 none 3.005(2) mol. 2
v AR =-0.28
3.247(2) mol. 1
296 none

3.018(2) mol. 2

““mol. 1” and “mol. 2” signify molecules 1 and 2 in a Z’ = 2 struc-
ture. AR is the average change of the N---O distance. For ’ NIF,
the multiple distances for the nitro---amino HB reflect disordered
nitro orientations for which % occupancies are given.
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Figure 2. Molecular volume as a function of temperature in NIF
polymorphs. Normal thermal expansion coefficient (TEC) is ob-
served in a and 6 NIF, while the f and y curves show discontinuity,
indicating first-order phase transitions with volume expansion. The
short dashed line for B’ NIF indicates estimated TEC, which could
not be measured due to fast conversion to the o phase.
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Figure 3. Free energies of NIF polymorphs relative to a NIF. The
calculation was made using the temperatures and enthalpies of
phase transitions (Table 3) and standard thermodynamic equa-
tions.>” The a polymorph is the most stable at any temperature. The
double-sided arrows indicate reversible polymorphic conversions.

Table 3. Thermodynamic properties of NIF polymorphs.

Form a B’ Y )
Tm, K 444 437 410 430
AHp, kJ/mol 39.8¢ 28.1 274 30.8
Solid-state transformation B—p Y=y
T, K 3267 264 ¢
AH,, kJ/mol 2.1 2.6
Ap 3.2% 4.7%

@ Consistent with literature values (36.0 to 39.9 kJ/mol).>%%?
Average transition onset temperatures during cooling (318 K) and
heating (333 K) at 2 K/min; see Figure 4A. ¢ Average transition
onset temperatures during the first cooling (247 K) and the first
heating (281 K) at 2 K/min; see Figure 5A.

2.2. Reversible phase transitions p < B’ and y < y’. A re-
markable property of NIF polymorphs is that four structures are
stable at 100 K (a, B, v, and 3), and two of them (B and y) un-
dergo reversible solid-state transitions upon heating, while the
other two (o and 8) do not. This situation is highly unusual since
in most systems showing reversible solid-state transitions, the
transitions are serial in temperature, with no parallel pathways
as seen in NIF. These parallel pathways provide a strong test of
the transition mechanism.

Figure 4A shows the Differential Scanning Calorimetry (DSC)
traces of the § «» B’ transition measured with a lightly ground
powder. The transition during heating occurs at 333 K with ab-
sorption of heat, while the transition during cooling occurs at
318 K with release of heat. These transitions are first-order with
significant latent heat (2.1 kJ/mol) and volume change (3.2%).
In spite of this, the transition is easily reversible many times



without fatigue. An intriguing feature is that while the temper-
ature hysteresis is sizable (15 K), increasing the scan rate from
2 to 10 K/min has no effect on the transition temperatures.

Figure 4B shows the photomicrographs of the § «» B’ transition
extracted from a video (see Video S1). A single crystal of § NIF
was heated from 298 K to 335 K at 10 K/min and cooled to 298
K at 10 K/min. A phase transition occurs abruptly at 333 K in
less than 70 ms (two video frames) with sudden change of bire-
fringence and lengthening of the crystal (from 205 to 210 um).
Upon cooling, the reverse transition occurs at 316 K in 140 ms
(4 video frames). The heating and cooling transitions are both
single-crystal-to-single-crystal with no obvious damage of the
crystal, consistent with the reversibility of thermal events in
Figure 4A. It was noticed that crystal size influenced whether
the phase transition is single-crystal-to-single-crystal and that
crystals larger than 500 pm could crack during transition.
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Figure 4. Reversible § <« B’ transition in NIF. (A) DSC heat/cool
cycles indicate easy reversibility without fatigue. (B) Photomicro-
graphs of the transition extracted from a video (Video S1). Top
row: heating from 298 K to 335 K at 10 K/min. A B single crystal
transforms to B’ at 333 K (b to ¢) with a change of birefringence
and an increase of its length. Bottom row: cooling from 335 K to
298 K at 10 K/min. The reverse process occurs at 316 K (f'to g).

Similar to the  polymorph, the y polymorph undergoes reversi-
ble transition upon heating. Figure 5A shows the DSC traces for
the y «<» v’ transition. The transition is endothermic on heating
and exothermic on cooling. It is repeatable many times, but the
reversibility is somewhat worse relative to the B <> 8’ transition.
With each heat/cool cycle, the up-transition temperature rises

and the down-transition temperature falls, increasing the hyste-
resis; meanwhile, the enthalpy of transition decreases gradually,
from 2.6 kJ/mol in the first heating to 1.7 kJ/mol in the fifth.
Another feature of the y <> y’ transition is that the DSC trace
has sharp peaks in early cycles, but is smooth in later cycles.
This is caused by crystal fracture, as discussed below.

Figure 5B shows the photomicrographs of the y < y’ transitions
extracted from a video (Video S2). A single crystal of the high-
temperature form y’ was cooled from 298 K to 200 K at 10
K/min and heated to 298 K at 10 K/min. A phase transition oc-
curs during cooling at 244 K with sudden change of birefrin-
gence and fracture of the crystal. The 244 K transition temper-
ature observed in this single crystal agrees with that detected by
DSC in the first cooling (247 K). Upon reheating, the reverse
transition occurs at 285 K, also consistent with the DSC result
(281 K). The crystal fracture during transition is responsible for
the sharp peaks in the DSC trace (Figure 5A). As large crystals
break into small ones, individual fracture events are no longer
resolved, leading to smooth heat flow. Similar result has been
observed with L-pyroglutamic acid where large crystals show
spiky DSC traces during phase transition, while the spikes van-
ish after grinding.®
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Figure 5. Reversible y < y’ transition in NIF. (A) DSC heat/cool
cycles indicate reversibility, as well as increasing hysteresis (see
the dashed curves tracing the onset temperatures) and diminishing
intensity. (B) Photomicrographs of the transition extracted from a
video (Video S2). Top row: cooling from 298 K to 200 K at 10
K/min. A single crystal of y* transforms to y at 244 K (b to ¢) with
change of birefringence and fracture of the crystal. Bottom row:
heating from 200 K to 298 K at 10 K/min. The reverse transition
occurs at 285 K (fto g).
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2.3. Reversible phase transitions in nisoldipine. Similar re-
versible phase transitions were observed in a derivative of NIF,
nisoldipine (NIS, Figure 6A). NIS and NIF have very similar
structures, with the only difference being the replacement of a
methyl ester in NIF by an isobutyl ester in NIS. Only one crystal
structure is known for NIS at the time of this work (CSD ref.
code FULPAD; Table S2).°! This structure is similar to that of
B NIF, in which the amino H is hydrogen bound to both the nitro
and an ester group (Figure 6B). We therefore expect NIS to un-
dergo similar reversible phase transitions as 3 NIF. This is in-
deed the case. As Figure 6C shows, NIS undergoes an endother-
mic transition upon heating with a latent heat of 7 J/g and an
exothermic transition upon subsequent cooling. The transition
can be repeated without fatigue, as in the case of § NIF. A dif-
ference between the two systems is that the transition in NIS is
more gradual and occurs at a higher temperature, near the crys-
tal melting point (422 K).

As in the case of NIF, the reversible transition in NIS is associ-
ated with disordering in the high temperature structure. While
the 293 K structure shows no positional disorder, the 400 K
structure is disordered at the nitrophenyl and isobutyl sites (see
Figure 6B and the deposited CIF files). Figure 6D shows the
molecular volume of NIS as a function of temperature. Below
300 K, normal thermal expansion is observed (TEC = 149
ppm/K); above 300 K, expansion is significantly faster with an
apparent TEC being 2.3 times larger than the low temperature
value. It is noteworthy that the data in the transition zone were
collected during both heating and cooling. Their agreement in-
dicates a reversible phase transition, consistent with the DSC
result.
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Figure 6. (A) Molecular structure of NIS. (B) Effect of phase tran-
sition on the conformation of NIS. Disorder is present in the high-
temperature structure. Each green line indicates a HB. (C) DSC
heat/cool cycles indicate reversible transitions without fatigue. (D)
Molecular volume of NIS as a function of temperature. Normal
thermal expansion is observed below 300 K (TEC = 149 ppm/K,
comparable with the value for a NIF, 156 ppm/K), but “abnormal”
expansion is seen during phase transition with the apparent TEC
being 2.3 times larger. In the transition zone, data were collected
during both heating (solid symbols) and cooling (open symbols),
indicating reversibility of the transition.

3. DISCUSSION

We have observed that two NIF polymorphs (B and y) show re-
versible solid-state phase transitions, but the others (a and §) do
not. The essential difference between the two sets of poly-
morphs is that in § and y NIF, the nitro group is a HB acceptor
and it reorients during transition, leading to stronger HBs. In the
a and 3 structures, the nitro group is not engaged in HBs and no
reversible transitions are observed. In the case of nisoldipine,
the low-temperature structure is similar to that of 3 NIF and it
also undergoes reversible transitions upon heating. These easily
reversing transitions are in contrast with the suspended transi-
tion between enantiotropic polymorphs 3’ and 6 (Figure 3). As
we discuss below, these results identify a general mechanism
for reversible solid-state transitions that involves nitro torsion
and simultaneous optimization of HBs.

Given the importance of nitro torsion in our phenomenon, we
first discuss the torsional freedom of the nitro group in NIF. As
shown in Figure 1C, the energy profile for nitro torsion consists
of two minima at t~oz, = £35° separated by a low barrier of 4
kJ/mol at t~o2 = 0°. This double-welled energy profile differs
from that of the bare nitrobenzene (Figure 7), which has a single
well at Tno2 = 0° surrounded by energy barriers at o, = £90°.
This difference arises from steric effect:* in nitrobenzene, the
nitro group tends to be coplanar with the phenyl ring to maxim-
ize © conjugation,*® but in NIF, the DHP group in the ortho-
position (Chart 1) blocks the access of the nitro group to copla-
narity. The double-welled energy surface creates greater con-
formational freedom for the nitro group. This is illustrated by
the double-sided arrow in Figure 7. At 5 kJ/mol (roughly the
thermal energy), the accessible range for tnoz in NIF is twice
that in nitrobenzene. The large conformational freedom of the
nitro group in NIF is supported by the wide range of torsion
angles in NIF crystals (symbols over the energy curve in Figure
1C), which are all clustered around the two minima.
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Figure 7. Energy vs nitro torsion angle in NIF and related mole-
cules calculated using B3LYP/6-31G(d). Double-sided arrow indi-
cates increased torsional freedom due to ortho-substitution of ni-
trobenzene. The torsion angle of interest is bolded.

We explain the reversible solid-state transitions in NIF and the
related NIS on the basis of the enhanced flexibility of the nitro
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group. In the B and y structures, the nitro group is an acceptor
of HBs — the strongest organizing force in these crystals; with
changing temperature, strain develops in the HB network and
the nitro group makes facile adjustments to ensure optimal ge-
ometry between bonding groups. In the o and 8 polymorphs, the
nitro group is not involved in HBs and its internal rotation,
though feasible, has no strong impact on stability. These poly-
morphs do not show reversible solid-state phase transitions. In
the case of 6 NIF, transformation is thermodynamically allowed
to the B’ phase (Figure 3) but none is observed due to the large
changes in molecular conformation and HB. This explanation
applies equally well to the analog of NIF, NIS (Figure 6). The
minor alteration of a distant ester group is not expected to
change the energy profile for nitro torsion (Figure 7). The crys-
tal structure of NIS is similar to that of § NIF in which the nitro
group is a HB acceptor. Our model predicts similar reversible
transitions in both systems, in perfect accord with experiment.

The discussion above suggests a general principle for reversible
solid-state transitions: For nitro-containing molecular solids,
reversible transitions are expected if (1) the nitro group is a HB
acceptor and (2) the nitro group is conformationally flexible.
Based on the result on NIF polymorphs, we expect the reversi-
ble transition to involve torsion of the nitro group and creation
of disorder in the high-temperature phase.

Our results on NIF indicate that both conditions must be satis-
fied, as all NIF polymorphs should satisfy Condition (2), but
only those that satisfy Condition (1) show reversible phase tran-
sitions. Conversely, the positional isomers of nitroaniline all
satisfy Condition (1) (see Figure S4), but not Condition (2).
This is because an ortho-substituent is absent in the para- and
meta-isomers, making the nitro-torsion barrier similar to that of
the bare nitrobenzene (Figure 7), while the formation of intra-
molecular HB in ortho-nitroaniline elevates the barrier for nitro
torsion. According to our model, these systems should not show
reversible phase transition and this is indeed the case according
to calorimetric® and X-ray diffraction measurements® from
100 K to melting points.

We now discuss examples where Conditions (1) and (2) are
both met and the system shows reversible solid-state transitions.
Our goal is to use the entire literature to test our hypothesis. For
this purpose, the CSD was searched by combining the keywords
“nitro” and “polymorph” or “phase”. This returned 849 hits and
manual inspection identified 8 (Table 4) that satisfy our two
conditions and are predicted to have reversible phase transi-
tions. All these structures contain an ortho-substituted nitroben-
zene group, as in NIF and NIS, with enhanced conformational
freedom (Figure 7). Furthermore, in all these structures, the ni-
tro group is a HB acceptor. One of these 8 hits is y NIF from
this work, now deposited to the CSD. For two of the § cases,
we found no literature information on phase transitions to test
our model. For the remaining 6 cases, reversible phase transi-
tions have been observed in every case, as predicted. The re-
versible transitions in 3 of these structures, 3 NIF, y NIF and
NIS, have already been described above; we will discuss the
remaining 3 cases below.

Table 4. Structures from CSD search that are predicted to
have reversible transitions by the nitro-torsion mechanism.

Consistent with

Name Ref. Code reiliion
B NIF BICCIZ03 Yes
vy NIF 1985173 « Yes
NIS FULPAD Yes
4-chloro-3-nitroaniline ZOXHAX Yes
4-iodo-3-nitroaniline ETOJUS Yes
2-methyl-3,5-dinitroaniline ISAXUV Yes
4-methyl-3-nitroaniline 777J1Q NA.?
4-[(2-nitrophenyl)azo]phenol ~ YEJNAC NA.?

 Deposition number. * No literature information to test the pre-
diction.

We first show that the 3 systems in question satisfy Condition
(2). Figure 7 shows the energy profile for nitro torsion in 4-
chloro-3-nitroaniline and 2-methy-3,5-dinitroaniline. As in the
case of NIF, two energy wells are seen separated by a low bar-
rier. In these molecules, the ortho-substituent prevents the nitro
group from attaining coplanarity with the phenyl ring, creating
the double minima. We expect the profile for 4-iodo-3-nitroan-
ilie to be similar to that for its chloro analog (the nitro-torsion
barrier is apparently insensitive to the size of the ortho-substit-
uent for the large DHP group in NIF does not lead to high bar-
rier).

In 4-chloro-3-nitroaniline and 4-iodo-3-nitroaniline, the nitro
group forms HB with the amino group (Figure 8A). Thus, they
also satisfy Condition (1) and according to our model, both
should exhibit reversible phase transitions. This is indeed ob-
served: upon heating, each system shows a reversible phase
transition with the nitro group developing disorder in the high-
temperature phase (Figure 8A).%

In the case of 2-methyl-3,5-dinitroaniline, the nitro groups form
HBs with the amino group (Figure 8A) and the 3-nitro group
(adjacent to methyl) has large conformational freedom (Figure
7), thus meeting both of our conditions. Our model predicts that
this system should undergo reversible phase transitions. Indeed,
upon heating, the crystal transforms reversibly to a high-tem-
perature structure in which the 3-nitro group is disordered (Fig-
ure 8A).%° An interesting feature of this system is that there are
two nitro groups with different degrees of freedom. Because of
the adjacent methyl group, the 3-nitro group has a double-
welled torsion energy profile similar to that of NIF (Figure 7),
but the 5-nitro group (no ortho-substituent) has a torsion energy
profile similar to that of nitrobenzene. In the high-temperature
structure, the 3-nitro group is disordered, while the 5-nitro is
not. These results are in complete agreement with our predic-
tion. In summary, our literature search has returned only exam-
ples in support of our model and no counterexamples.
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Figure 8. Structures retrieved from the CSD that meet our two con-
ditions and are predicted to have reversible transition by the nitro-
torsion mechanism. (A) Reversible solid-state phase transitions in
4-chloro-3-nitroaniline, 4-iodo-3-nitroaniline and 2-methyl-3,5-di-
nitroaniline. In each case, the nitro group with an ortho-substituent
participates in hydrogen bonding. Consistent with our model, all
three systems exhibit reversible phase transitions during which the
nitro group undergoes internal rotation and develops disorder in the
high-temperature form. Dashed lines indicate HBs. Display colors:
grey for C; red for O; blue for N; cyan for Cl, purple for I, white
for H. H is omitted except for the amino H. (B) Two structures that
meet our conditions, but have no literature information to test our
model.

A further consistency test of the above model is to determine
whether the ester groups in NIF are similarly flexible, for if so,
our model would predict reversible transitions in the a and &
polymorphs as well, involving the torsion of the hydrogen-
bound ester groups. In Figure 1, we compare the energy profiles
for nitro torsion and ester torsion. We find that ester torsion is
less free than nitro torsion across the double minima. While this
comparison is made in the gas phase, the thermal displacement
factors of NIF crystal structures confirm larger torsional oscil-
lations of the nitro group relative to the ester group, indicating
greater freedom.* Thus, the absence of phase transitions in o
and & NIF is fully consistent with the nitro-torsion mechanism
of solid-state transformations.

4. CONCLUSIONS

Using the polymorphs of nifedipine, we have demonstrated that
a nitro-containing solid material is expected to undergo reversi-
ble phase transitions if (1) the nitro group serves as a HB accep-
tor and (2) the nitro group is conformationally flexible. The use
of polymorphs in this context adds considerable weight to the
conclusion since the polymorphs differ only in molecular pack-
ing and share the same chemical composition. During the phase
transition, the nitro group rotates and possibly develops disor-
der in the high-temperature phase, leading to stronger HBs and
higher entropy. This offsets the loss of close packing. The gen-
erality of the phenomenon is supported by all available systems
in the literature for which our model can be tested, including an
analog of nifedipine, nisoldipine. A common feature for all the
systems studied is a nitrobenzene core with a non-hydrogen-

bonding ortho-substituent, which reduces the barrier for nitro
torsion and expands its conformational freedom (Figure 7). We
expect other molecules of this class to show the same phenom-
enon, as well as non-nitrobenzene molecules that satisfy the two
conditions above. These predictions should be further tested in
future work.

The nitro-torsion mechanism for reversible solid-state transi-
tions differs from the other mechanisms previously studied. The
transition to a plastic phase of globular molecules'® requires
whole-molecule rotation so that entropy rises to nearly the lig-
uid level. The transition to rotator phases in long-chain alkanes
and derivatives!’ similarly involves motions of a large portion
of the molecule. The reversible transition in hydrophobic amino
acids" is characterized by rearrangement in the hydrophobic
(van der Waals) region of the structure while the HB motifs re-
main intact. In contrast, the transitions in the nitro compounds
involve the torsion and disordering of a relatively small func-
tional group, while optimizing HBs. This mechanism can be ap-
plied to the design of nitro-containing solid materials that un-
dergo reversible solid-state transitions or are free from them.
Given that about half of the known polymorphic pairs are enan-
tiotropic®’ and can in principle show reversible transitions, we
expect systematic investigations to reveal other mechanisms of
reversible solid-state transitions.

The mechanism of fast, reversible solid-state transitions re-
mains poorly understood. Some associate the high speed with a
cooperative process,”*> while others allow possibilities for a
nucleation-and-growth mechanism in which growth rate is very
fast.®*” Based on simulations, Beckham et al. argue that the fast
transition in terephthalic acid leading to “jumping crystals” is
initiated by surface nucleation followed by fast growth at ~8
m/s.*” For NIF, the information is incomplete at present to de-
termine the mechanism of transformation, but there were occa-
sional indications of nucleation sites from which growth fronts
propagated. This would suggest a nucleation-and-growth pro-
cess. Future work is warranted where high-speed photography
and simulations are used to examine the transformation process.

5. MATERIALS AND METHODS

Nifedipine [1,4-Dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-
pyridinedicarboxylic acid dimethyl ester, NIF, >98% pure, pol-
ymorph a] was purchased from Sigma Aldrich (St. Louis, MO).
Nisoldipine [1,4-Dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-
pyridinedicarboxylic acid isobutyl methyl ester, NIS, >98%
pure] and felodipine [1,4-Dihydro-2,6-dimethyl-4-(2,3-dichlo-
rophenyl)-3,5-pyridinedicarboxylic acid ethyl methyl ester,
>98% pure, polymorph I] were purchased from Tokyo Chemi-
cal Industry Co., Ltd. (TCI).

Single crystals of o NIF for structural solution were grown by
slow evaporation from an ethanol solution at the ambient tem-
perature. NIF is light sensitive and all handling and preparation
were performed under low light conditions and the samples
were protected from light during storage.

B NIF was obtained in two ways: by cross nucleation and by
crystallization in the glassy state. In the cross-nucleation
method, a melt of NIF was seeded with o NIF crystals at 390 K
(controlled with a Linkam THMS 600 hot stage). The resulting
crystals at 390 K were the high-temperature polymorph B’,
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which converted to § on cooling. After preparation, any o seed
crystals were removed with a razor blade. The resulting mate-
rial was a polycrystalline powder. In the second method, single
crystals of § NIF for structural solution were grown from a glass
of NIF containing 10 wt% TWEEN 20 (polyethylene glycol
sorbitan monolaurate, from Sigma Aldrich). The mixture was
melted and cooled to produce a solid glass and single crystals
of B NIF grew from this glass in 2 days at 298 K. Single crystals
of §” NIF were obtained by heating 3 NIF single crystals above
333 K.

Crystallization of isolated liquid droplets was used to prepare
v’ NIF. This method was used because y’ NIF grew slowly and
had phase transition when contacting with other polymorphs.
Small droplets of liquid NIF were formed on a coverslip by
melting the as-purchased material and allowed to crystallize at
373 K. At this temperature, y’ NIF nucleated spontaneously. If
it contained several crystals, the droplet was heated near the
melting point of y* NIF (410 K) to melt all but one. The droplet
was then heated to 405 K to grow a single crystal. y NIF was
obtained by cooling y’ NIF to below 247 K.

Polycrystalline 6 NIF was first obtained by seeding an NIF melt
with felodipine Form I crystals at 298 K and crystallizing at 390
K. Then the polycrystals were used as seeds to grow single crys-
tals of & NIF at 425 K using isolated droplets as described
above.

Single crystals of NIS were grown from the melt using the
method of isolated micro-droplets. Single-crystal structure was
measured by X-ray diffraction as a function of temperature to
investigate phase transitions.

DSC was performed with a TA Instruments Q2000 under N,
purge (50 mL/min). DSC was used to measure the temperatures
and enthalpies of phase transitions (7w, AHm, Tt and AH; in Ta-
ble 3). Powder X-ray diffraction was performed with a Bruker
D8 Advance diffractometer. Raman spectra were obtained with
a Thermo Scientific DXR with a 780 nm laser. Light micros-
copy was performed with an Olympus BH2-UMA equipped
with a digital camera. A Bruker Quazar SMART APEX2 dif-
fractometer was used to collect data for solving crystal struc-
tures. Measurements were performed in dark to prevent degra-
dation of NIF and NIS. The X-ray source was either Mo K, (A
=0.71073 A) or Cu K, (A = 1.54178 A). See the deposited CIF
files under deposition number 1984619, 1984646, 1985173,
1985174, 1985175, 1985177, 1985178, 1985183, 2018451,
2018452 and 2018454 for the details of structural solution,
which can be obtained free of charge from the Cambridge Crys-
tallographic Data Centre www.ccdc.cam.ac.uk/structures.

DFT calculations were performed with Gaussian 16 using
B3LYP with a 6-31G(d) basis set on WebMO.5?
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