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Abstract: N-(3-hydroxyphenyl)-3-methoxybenzamide was synthesised by amide coupling. After
crystallisation, single-crystal X-ray diffraction revealed two distinct polymorphs of the compound:
one in the orthorhombic space group Pna21 with one molecule in the asymmetric unit (Z′ = 1)
and a second in the triclinic space group P-1 with two molecules in the asymmetric unit (Z′ = 2).
A comparison of the structures reveals that the differences between the two can be attributed to
conformational variations, disorder, and the dimensionality of the hydrogen bonding networks, with
one forming a three-dimensional net and the other forming layers that exhibit approximate p21/b11
layer group symmetry. Molecular dynamics simulations and well-tempered metadynamics-enhanced
sampling calculations provide insight into the transition of one polymorph into the other at room
temperature. The efficiency of the crystal packing is assessed by a comparison of the densities and
melting points of the two structures.

Keywords: polymorphism; crystal packing; amide coupling; approximate symmetry;
N-arylbenzamide; molecular dynamics simulations; metadynamics

1. Introduction

N-Arylbenzamides, a structural motif often associated with biological activity [1–3],
may be prepared using a range of methodologies such as amide coupling, metal-catalysed
carbonylation, and the reaction of arylisocyanides with styrenes [4–6]. The diversity of
synthetic approaches and the corresponding pendant functionality makes this class of
drug-like compounds essential constituents of screening libraries. During recent efforts
to introduce more examples of this important class of materials into our own compound
library, N-(3-hydroxyphenyl)-3-methoxybenzamide was synthesised via amide coupling.

N-(3-hydroxyphenyl)-3-methoxybenzamide (Figure 1) had previously been reported
by Xu and Alper [7] as having been prepared by palladium-catalysed carbonylation. As only
1H and 13C NMR spectra were reported for this compound, the decision was made to fully
characterise it, including by single-crystal X-ray crystallography. The compound was found
to crystallise as two polymorphs: polymorph I, which crystallised in the orthorhombic
space group Pna21, and polymorph II, which crystallised in the triclinic space group P-1.

In this work, we detail the structural analysis of the two polymorphs of N-(3-hydroxyp-
henyl)-3-methoxybenzamide with respect to their conformation, intermolecular interac-
tions, and packing efficiency. In addition, the spontaneous transformation of one poly-
morph to the other was rationalised using molecular dynamics simulations and well-
tempered metadynamics-enhanced sampling calculations. This analysis should provide
insights into the solid-state properties of N-arylbenzamides and add to the sum of our
knowledge of polymorphic systems in general [8].
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Figure 1. N-(3-hydroxyphenyl)-3-methoxybenzamide with the numbering scheme and other labels 
used in this article. 

In this work, we detail the structural analysis of the two polymorphs of N-(3-hydrox-
yphenyl)-3-methoxybenzamide with respect to their conformation, intermolecular inter-
actions, and packing efficiency. In addition, the spontaneous transformation of one poly-
morph to the other was rationalised using molecular dynamics simulations and well-tem-
pered metadynamics-enhanced sampling calculations. This analysis should provide in-
sights into the solid-state properties of N-arylbenzamides and add to the sum of our 
knowledge of polymorphic systems in general [8]. 

2. Experimental 
2.1. Synthesis 

N-(3-hydroxyphenyl)-3-methoxybenzamide: 3-Methoxybenzoic acid (100 mg, 0.66 
mmol) was added to a solution of 3-hydroxyaniline (75 mg, 0.69 mmol), HATU (377 mg, 
0.99 mmol), and Et3N (0.23 mL, 1.65 mmol) in DMF (4 mL) and the mixture was stirred for 
2 h at 70 °C (Figure 2). The mixture was cooled to room temperature, concentrated in 
vacuo, using heptane for the azeotropic removal of the DMF. EtOAc (20 mL) was added, 
and the resulting solution was washed with brine (20 mL). The organic layer was sepa-
rated, dried (MgSO4), and concentrated in vacuo, to give the crude product, which was 
purified using column chromatography (SiO2, 2:1 petrol/EtOAc), yielding the desired am-
ide as a white crystalline solid (100 mg, 0.66 mmol, 62%). Rf = 0.27 (SiO2, 2:1 petrol: EtOAc); 
IR νmax (neat) 3380, 3100, 3000, 2850, 2800, 1650, 1580, 1410 cm−1; δH (400 MHz; DMSO-d6) 
ppm 10.09 (1H, s, NH), 9.42 (1H, s, OH), 7.52 (1H, d, H7, J 8 Hz), 7.47 (1H, s, H3), 7.43 (1H, 
t, H6, J 8 Hz), 7.36 (1H, s, H10), 7.19–7.09 (3H, m, H5/H13/H14), 6.52 (1H, d, H12, J 8 Hz), 
3.84 (3H, s, OMe); δC (101 MHz, DMSO-d6) ppm 165.7 (C1), 159.6 (C4), 158.0 (C11), 140.6 
(C9), 137.0 (C2), 130.0 (C6), 129.7 (C13), 120.3 (C7), 117.7 (C5), 113.4 (C3), 111.7 (C14), 111.3 
(C12), 108.0 (C10), 55.8 (C8); m/z (ESI+) 244(11%, M+H+), 226(23), 135(100), 107(65), Found: 
M+H+, 244.0966. C14H14NO3 requires 244.0968. Anal calcd for C14H13NO3: C, 69.12; H, 5.39; 
N, 5.76. Found; C, 69.27; H, 5.37; N, 5.65. 

Figure 1. N-(3-hydroxyphenyl)-3-methoxybenzamide with the numbering scheme and other labels
used in this article.

2. Experimental
2.1. Synthesis

N-(3-hydroxyphenyl)-3-methoxybenzamide: 3-Methoxybenzoic acid (100 mg, 0.66 mmol)
was added to a solution of 3-hydroxyaniline (75 mg, 0.69 mmol), HATU (377 mg, 0.99 mmol),
and Et3N (0.23 mL, 1.65 mmol) in DMF (4 mL) and the mixture was stirred for 2 h at 70
◦C (Figure 2). The mixture was cooled to room temperature, concentrated in vacuo, us-
ing heptane for the azeotropic removal of the DMF. EtOAc (20 mL) was added, and the
resulting solution was washed with brine (20 mL). The organic layer was separated, dried
(MgSO4), and concentrated in vacuo, to give the crude product, which was purified using
column chromatography (SiO2, 2:1 petrol/EtOAc), yielding the desired amide as a white
crystalline solid (100 mg, 0.66 mmol, 62%). Rf = 0.27 (SiO2, 2:1 petrol: EtOAc); IR νmax
(neat) 3380, 3100, 3000, 2850, 2800, 1650, 1580, 1410 cm−1; δH (400 MHz; DMSO-d6) ppm
10.09 (1H, s, NH), 9.42 (1H, s, OH), 7.52 (1H, d, H7, J 8 Hz), 7.47 (1H, s, H3), 7.43 (1H, t,
H6, J 8 Hz), 7.36 (1H, s, H10), 7.19–7.09 (3H, m, H5/H13/H14), 6.52 (1H, d, H12, J 8 Hz),
3.84 (3H, s, OMe); δC (101 MHz, DMSO-d6) ppm 165.7 (C1), 159.6 (C4), 158.0 (C11), 140.6
(C9), 137.0 (C2), 130.0 (C6), 129.7 (C13), 120.3 (C7), 117.7 (C5), 113.4 (C3), 111.7 (C14), 111.3
(C12), 108.0 (C10), 55.8 (C8); m/z (ESI+) 244(11%, M+H+), 226(23), 135(100), 107(65), Found:
M+H+, 244.0966. C14H14NO3 requires 244.0968. Anal calcd for C14H13NO3: C, 69.12; H,
5.39; N, 5.76. Found; C, 69.27; H, 5.37; N, 5.65.
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cle-Mesh Ewald (PME) method [20], where a cut-off of 1.0 nm for short-range electrostatic 
and van der Waals interactions was applied. 

Following energy minimisation, both systems were subjected to 500 ps NVT and NPT 
equilibration with a step size of 2 fs. For NVT equilibration, the crystal and water groups 
were gradually heated to 300 K under the influence of the V-rescale thermostat [21] with 
a time constant of 0.1 ps. All heavy atom hydrogen bonds were constrained using LINCS 
(Linear Constraint Solver) position restraints [22]. The non-bonded short-range interac-
tions were treated with the Verlet cut-off scheme, with the cut-off distance set to 1.0 nm. 
For long-range electrostatics, the PME method was applied, as mentioned above. 

For the NPT equilibration, the temperature was kept at 300 K using the same temper-
ature coupler, followed by Parrinello–Rahman pressure coupling [23] with the target pres-
sure of 1 bar. Finally, both polymorphs were subjected to 100 ns simulations to obtain 
trajectories for subsequent analysis using GROMACS tools. The local flexibility of each 
crystal, as well as their individual molecules, was assessed via per-atom root mean square 
fluctuation (RMSF). The variations in dihedral angles throughout the simulation were also 
assessed. 

  

Figure 2. Reaction scheme detailing the amide coupling resulting in N-(3-hydroxyphenyl)-3-
methoxybenzamide.

2.2. X-Ray Crystallography

Crystals suitable for single-crystal X-ray diffraction were grown by slow evaporation
of the solvent from a solution of the compound in petrol–ethylacetate, as was the case
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of polymorph I and methanol in the case of polymorph II. The melting point range was
398–400 K for crystals of polymorph I and 381–383 K for crystals of polymorph II.

Single-crystal diffraction data were collected on an XtaLAB Synergy HyPix-Arc 100
diffractometer using copper radiation (λCuKα = 1.54184 Å) at 150 K using an Oxford
Cryosystems CryostreamPlus open-flow N2 cooling device.

Intensities were corrected for absorption using a multifaceted crystal model created
by indexing the faces of the crystal for which data were collected [9]. Cell refinement, data
collection, and data reduction were undertaken via the software CrysAlisPro [10].

All structures were solved using XT [11] and refined by XL [12] using the Olex2
interface [13]. All non-hydrogen atoms were refined anisotropically, and hydrogen atoms
were positioned with idealised geometry, with the exception of those bound to heteroatoms,
the positions of which were located using peaks in the Fourier difference map. The
displacement parameters of the hydrogen atoms were constrained using a riding model
with U(H) set to be an appropriate multiple of the Ueq value of the parent atom.

2.3. Molecular Dynamics Simulations

All-atom MD simulations were performed using GROMACS [14] with AMBER99SB-
ILDN [15–17] parameters. First, topology files for the crystal structures of polymorph
I and polymorph II were generated using the AnteChamber Python Parser Interface
(ACPYPE) [18]. Each crystal structure was then positioned in a 3D-PBC cubic box 0.5 nm
away from the edge of the protein with TIP3P water [19]. Each polymorph system was
subjected to energy minimisation via the steepest descent method for 1000 cycles, with an
energy step size of 0.01 nm and a maximum number of steps of 50,000. The maximum
force was set at 1000 kJ/mol/nm. Long-range electrostatic interactions were treated using
the Particle-Mesh Ewald (PME) method [20], where a cut-off of 1.0 nm for short-range
electrostatic and van der Waals interactions was applied.

Following energy minimisation, both systems were subjected to 500 ps NVT and NPT
equilibration with a step size of 2 fs. For NVT equilibration, the crystal and water groups
were gradually heated to 300 K under the influence of the V-rescale thermostat [21] with a
time constant of 0.1 ps. All heavy atom hydrogen bonds were constrained using LINCS
(Linear Constraint Solver) position restraints [22]. The non-bonded short-range interactions
were treated with the Verlet cut-off scheme, with the cut-off distance set to 1.0 nm. For
long-range electrostatics, the PME method was applied, as mentioned above.

For the NPT equilibration, the temperature was kept at 300 K using the same tem-
perature coupler, followed by Parrinello–Rahman pressure coupling [23] with the target
pressure of 1 bar. Finally, both polymorphs were subjected to 100 ns simulations to obtain
trajectories for subsequent analysis using GROMACS tools. The local flexibility of each
crystal, as well as their individual molecules, was assessed via per-atom root mean square
fluctuation (RMSF). The variations in dihedral angles throughout the simulation were also
assessed.

2.4. Metadynamics

To explore the ϕ and Ψ torsion angles (Figure 1) for the molecules of polymorphs I
and II, Plumed 2.90 [24] was used to implement well-tempered metadynamics simulations.
For each torsion angle, four atoms were selected to define the dihedral angle of interest.
The initial height of each Gaussian potential (HEIGHT) was set to 1.2 kJ/mol, with a width
(SIGMA) of 0.05 radians, and a Gaussian added every 1000 simulation steps (PACE). A bias
factor (BIASFACTOR) of 10 was also applied. The Gaussian potentials added as a function
of the collective variable were recorded in the HILLS file. Subsequently, the Free Energy
Surface (FES) was reconstructed by integrating the HILLS data, providing insights into the
differences in the energy landscapes for the individual units of polymorphs I and II.
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3. Results and Discussion

The two polymorphs of N-(3-hydroxyphenyl)-3-methoxybenzamide (Table 1) are
similar in terms of their unit cell dimensions and volumes, but a cursory glance at the
asymmetric units of the two structures reveals the first salient difference between them. In
polymorph I, the asymmetric unit comprises a single molecule, whereas that of polymorph
II is made up of two molecules (Figure 3). Interestingly, as polymorph I crystallises in a non-
centrosymmetric space group (Pna21), and polymorph II crystallises in a centrosymmetric
space group (P-1), this is contrary to expectation as Z′ for the non-centrosymmetric structure
is often a multiple of that of the centrosymmetric structure [25], though examples that
contradict this observation are known [26].

Table 1. Crystal data and structural refinement details for N-(3-hydroxyphenyl)-3-
methoxybenzamide.

Polymorph I Polymorph II

Empirical formula C14H13NO3 C14H13NO3

Formula weight 243.25 243.25

Temperature/K 150.0(2) 150.0(2)

Crystal system Orthorhombic Triclinic

Space group Pna21 P-1

a/Å 8.73890(10) 9.0055(4)

b/Å 12.1817(2) 11.8889(5)

c/Å 11.6805(2) 12.4615(3)

α/◦ 90 75.317(3)

β/◦ 90 73.306(3)

γ/◦ 90 71.143(4)

Volume/Å3 1243.44(3) 1190.23(9)

Z 4 4

ρcalcg/cm3 1.299 1.357

µ/mm−1 0.757 0.790

F(000) 512.0 512.0

Crystal size/mm3 0.14 × 0.12 × 0.10 0.19 × 0.10 × 0.03

Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184)

2Θ range for data collection/◦ 10.492 to 154.536 7.526 to 154.482

Index ranges −10 ≤ h ≤ 10, −14 ≤ k ≤ 14, −13 ≤ l ≤ 14 −11 ≤ h ≤ 11, −12 ≤ k ≤ 14, −14 ≤ l ≤ 15

Reflections collected 11,271 22,322

Independent reflections 2328 [Rint = 0.0349, Rsigma = 0.0237] 4748 [Rint = 0.0286, Rsigma = 0.0234]

Data/restraints/parameters 2328/1/171 4748/532/403

Goodness-of-fit on F2 1.033 1.043

Final R indexes [I ≥ 2σ (I)] R1 = 0.0275, wR2 = 0.0712 R1 = 0.0395, wR2 = 0.1020

Final R indexes [all data] R1 = 0.0281, wR2 = 0.0718 R1 = 0.0456, wR2 = 0.1068

Largest diff. peak/hole/e Å−3 0.17/−0.14 0.35/−0.27

Flack parameter −0.19(11) n/a
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Figure 3. The asymmetric units of polymorph I (left) and polymorph II (right) with ellipsoids drawn
at the 50% probability level. Hydrogen atoms not involved in hydrogen bonding and the minor
disorder component in polymorph II was omitted for clarity.

As the term asymmetric unit might suggest, the two molecules representative of the
structure of polymorph II are not related by crystallographic symmetry, and this can be
attributed to the difference in conformation between them. The conformational variation
can be visualised by overlaying the two molecules (Figure 4).
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Figure 4. Overlay diagram of molecule 1 (red) and molecule 2 (blue) of polymorph II.

Considering this diagram of the two molecules where the amide groups are overlayed,
it becomes apparent that the angles of both benzene rings with respect to the amide are
at the root of the difference in conformation together with the orientation of the methoxy
substituent. In addition, the methoxyphenyl group of molecule 2 is also observed to be
disordered in two positions, principally due to the libration of the benzene ring and the
orientation of the methoxy group.

A further overlay diagram can be used to show the conformational variation between
the two polymorphs (Figure 5). When compared to those of polymorph II, the single
molecule comprising the asymmetric unit of polymorph I can be seen to be most similar to
molecule 1; however, the relative positions of both the hydroxyl and methoxy substituents
on the benzene rings with respect to the amide group are reversed.
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Figure 5. Overlay diagram of polymorph I (yellow) with molecule 1 (red) and molecule 2 (blue) of
polymorph II. The minor disorder component was omitted for clarity.

This conformational variation and the different number of molecules in the asymmetric
unit have a direct influence on the supramolecular structure of the two polymorphs. As hy-
drogen bonds manifest in both structures (Table 2), the crystal packing can be characterised
using Margaret Etter’s graph set notation for hydrogen bonding networks [27].

Table 2. Hydrogen bond distances and angles for N-(3-hydroxyphenyl)-3-methoxybenzamide.

H-A/Å D-A/Å D-H···A/◦

Polymorph I

O3-H3···O1 1 1.86(3) 2.728(2) 170(3)

N1-H1···O1 2 2.13(3) 2.965(2) 167(2)

Polymorph II

O3-H3···O1 3 1.721(18) 2.6405(14) 171.9(15)

O6-H6···O4 4 1.759(19) 2.6627(14) 177.6(16)

N1-H1···O6 5 2.238(17) 3.0845(15) 163.0(14)

N2-H2···O3 2.016(18) 2.8731(15) 164.4(15)

C13-H13···Mol. 1(R1centroid) 4 2.8810(7) 3.593(2) 132.62(9)

C28-H28···Mol. 1(R2centroid) 5 3.4542(6) 4.2202(13) 139.31(9)
1 3/2 − X, 1/2 + Y, 1/2 + Z; 2 −1/2 + X, 1/2 − Y, +Z; 3 1 − X, 1 − Y, −Z; 4 2 − X, −Y, 1 − Z; 5 − 1 + X, 1 + Y, +Z.

The hydrogen bonding network in the structure of polymorph I is a three-dimensional
net with hydrogen bonds propagating in three directions. In the crystallographic [100]
direction, the amide proton of one molecule donates to the carbonyl oxygen atom of the
amide group of a neighbouring molecule, forming a hydrogen-bonded chain with the
graph set C(4) (Figure 6). Each molecule in the chain is related to the next molecule by the
symmetry of the a glide plane.
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Figure 6. The C(4) hydrogen bonding motif along the [100] direction in the structure of polymorph I
viewed down the [010] direction with hydrogen bonds depicted as dashed lines. Hydrogen atoms
not involved in hydrogen bonding were omitted for clarity.

Hydrogen bonds where the hydroxyl group acts as a donor to the carbonyl oxygen
atom on an adjacent molecule are also observed in the supramolecular structure. These
interactions form additional chains with the graph set C(8). As the orientation of each
successive molecule in the C(4) chain propagating through the amide groups alternates
with the a glide plane, two such C(8) chains are observed in both the [011] and [0-11]
directions (Figure 7).
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In this case, each molecule in the C(8) chain is related to the next molecule by the
symmetry of an n glide plane in the appropriate direction. Together, these three chains
form a complete, three-dimensional hydrogen-bonded network.

By way of contrast, the hydrogen-bonded network in the structure of polymorph II
forms two-dimensional layers of hydrogen-bonded molecules coplanar with the crystallo-
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graphic (110) plane. These layers are best described as parallel chains of hydrogen-bonded
molecules linked by rings of hydrogen bonds.

The one-dimensional chains form as a result of the amide proton of one molecule
donating a hydrogen bond to the hydroxyl group of its neighbour and not the carbonyl
group, as was observed for polymorph I. This results in a C(6) chain motif propagating in
the [1-10] direction (Figure 8). The chain comprises both molecules 1 and 2, and each pair
of these molecules is related to the next pair of molecules by pure translation symmetry.
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viewed down the [001] direction (left) and down the [0-11] direction showing the approximate glide
symmetry (right). Hydrogen bonds are depicted as dashed lines, and hydrogen atoms not involved
in hydrogen bonding were omitted for clarity.

Though molecules 1 and 2 are not related by crystallographic symmetry, viewing
the structure along this direction reveals approximate glide symmetry, which is a clear
indication that the structure exhibits approximate symmetry, a feature common in structures
with Z′ > 1 [28–30].

The full nature of this approximate symmetry is revealed by an analysis of the complete
two-dimensional hydrogen bonding network (Figure 9). Layers of hydrogen-bonded
molecules are formed in the (110) plane due to the linking of the C(6) chains by a hydrogen-
bonded R2

2(16) ring motif comprising two hydrogen bonds, where the hydroxyl group
of molecule 1 donates to the carbonyl oxygen atom of an adjacent molecule 1. The two
molecules in the ring are related by inversion symmetry so that, by extension, each chain
that is linked is related to its neighbour by inversion. It is also worth noting that within the
layers, there appear to be weak π···π interactions with centroid–centroid distances of ca.
4 Å [31] between the R1 and R2 benzene rings of both independent molecules. Interactions
of this type were absent from the structure of polymorph I.

In terms of symmetry, as well as the approximate glide symmetry in the [0-11] direction,
there is also an approximate 21-screw axis symmetry in the [001] direction at an angle of
88◦. When taken together, the layers in this structure mimic p21/b11 layer group symmetry.
Interestingly, the approximate symmetry is even more clear if the methoxy groups are
ignored. Alternatively, if the R1 ring of either molecule was rotated by 180◦, the screw and
glide symmetry would also be improved. It would seem that this symmetry is broken to
reduce steric interactions between the hydrogen-bonded chains in the [0-11] direction. This
results in the methoxy groups superimposing in the direction of the chain with similar
z-coordinate values and a somewhat uneven spacing to accommodate them in the structure.
What is clear is that, although the orientation of the methoxy groups breaks the symmetry
in the layer, the symmetric relationships between most of the atoms appear to have been
maintained as much as possible.
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The approximate symmetry is confined to the two-dimensional layer, and each layer
is offset by ca. 2.80 Å. Between the layers, the most obvious interactions appear to be
edge-to-face H···π contact (Table 2).

As might be expected, the dimensionality of the hydrogen bonding networks is
apparent in the habits adopted by the crystals of the two polymorphs (Figure 10). Reflecting
the three-dimensional nature of the network in polymorph I, the crystals grow as blocks,
whereas those of polymorph II are plate-like in nature, indicative of its layered structure.

The differences in the conformation, packing and intermolecular interactions detailed
here provide insight into the melting point analyses performed on crystals of both poly-
morphs. Polymorph I melts at a higher temperature than polymorph II. It stands to reason
that this might be the case in polymorph I, as the three-dimensional hydrogen bonding
network observed in polymorph I suggests that the crystal is held together by strong
interactions in all directions.

The same cannot be said about polymorph II, and its lower melting point can be
rationalised by the structural features outlined in this analysis. The higher density of
polymorph II attests to the packing efficiency afforded by the π interactions in this structure,
but as they are inherently weaker than hydrogen bonds; this, coupled with the lower
dimensionality of the two-dimensional hydrogen bonding network in the structure, the
weak inter-layer π interactions and the disorder of the methoxy-substituted benzene ring
all suggest a structure that is not strongly held together. In addition, crystal structures
with Z′ > 1 are often identified as being metastable [32], and this could well be the case for
polymorph II on the basis of the physical and structural evidence.

Indeed, a polymorphic transition was observed and confirmed by melting point mea-
surements. Crystalline samples of polymorph II convert to polymorph I over a short period
of time (<3 days at −20 ◦C), and this would seem to support the argument that polymorph
II is metastable. To further investigate the relationship between the two forms and the
observed polymorphic transition, equilibrium molecular dynamics (MD) simulations of
both polymorphs in explicit water and at room temperature were carried out.
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Figure 10. The crystals of polymorph I (left) and polymorph II (right) for which data were collected.

Analysis of the dihedral angles ϕ and Ψ in the simulation indicates that polymorph I
is stable, with the R1 ring controlled by the dihedral angle Ψ observed to ‘flip’ (Figure 11).
The ensemble observed for polymorph II was more diverse; for molecules in the interior of
the crystal, rotation of the R1 ring was restricted, while some showed the “flipping” of Ψ
or ϕ, destabilising the π···π interactions observed exclusively in polymorph II (Figure 12).
In solvent-exposed regions of the crystal, the spontaneous transition to a conformation
resembling polymorph I was observed.
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Figure 11. (a) The asymmetric unit of polymorph I, coloured to reflect computed root-mean-square
fluctuations (RMSFs) from the lowest (blue) to the highest (red) flexibility. Torsional angles ψ and
ϕ are highlighted. (b) Sampling over torsional angles Ψ and ϕ over 100 ns of equilibrium MD
simulations and the torsional distribution of Ψ and ϕ angles for polymorph I. (c) The asymmetric
unit of polymorph II, coloured as in panel (a). (d) Sampling over torsional angles Ψ and ϕ for over
100 ns of equilibrium MD simulations and the torsional distribution of Ψ and ϕ angles for polymorph
II in the interior of the crystal.

Overall, the simulations explain the decreased stability of polymorph II and suggest
that the transition from polymorph II to polymorph I may occur spontaneously. This
was further validated through well-tempered metadynamics simulations (Figure 13). The
conformation resembling that observed in polymorph I is close to the energy minimum,
with other conformations observed in the MD simulation populating the adjacent minima.
For polymorph II, the energy minima corresponding to the ϕ and Ψ values observed in
the crystal are shallower compared to the minima of polymorph I with a difference of
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+4 kJmol−1. The energy barriers calculated are not very high (+8 kJmol−1), indicating that
the spontaneous transition from polymorph II to polymorph I is possible, which is consis-
tent with equilibrium MD simulations. The simulations provide a possible confirmation of
the metastable nature of polymorph II and the transition from polymorph I to polymorph
II at room temperature.
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Figure 12. (a) The asymmetric unit of polymorph II at the crystal surface, coloured to reflect computed
root-mean-square fluctuations (RMSFs) from the lowest (blue) to the highest (red) flexibility. Torsional
angles Ψ and ϕ are highlighted for each monomer. (b) Sampling over torsional angles Ψ and ϕ of
each monomer shown in (a) over 100 ns of equilibrium MD simulations. (c) The asymmetric unit of
polymorph II at the crystal surface after the phase transition resembling polymorph I with molecules
coloured as in (a). (d) Sampling over torsional angles Ψ and ϕ over 100 ns of equilibrium MD
simulations and the torsional distribution of Ψ and ϕ angles for the phase-transitioned polymorph II.
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Figure 13. Potential energy surfaces of both polymorphs explored during well-tempered metadynam-
ics simulations. The ϕ (X-axis) and Ψ (Y-axis) dihedral angles were selected as collective variables.
During the simulations, the molecules were biased to explore all possible combinations of ϕ and
Ψ dihedrals. Energy values [kJ/mol] are indicated by colour gradient, from dark blue (minima) to
yellow (maxima).

4. Conclusions

The crystal structures of polymorphs I and II of N-(3-hydroxyphenyl)-3-methoxybenza-
mide have been determined and compared. The features detailed in this analysis, such
as the number of molecules in the asymmetric unit, the dimensionality of the hydrogen
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bonding network, and the nature of the intermolecular interactions in the structures,
rationalise the differences in crystal habit, density, and melting point between the two
forms and demonstrate that aspects of the structure can be correlated with the material
properties.

Polymorph I exhibits a hydrogen bonding network in three dimensions, high symme-
try (Z′ = 1) and a lower density. In contrast, the denser polymorph II bears many of the
hallmarks of a metastable form; Z′ = 2, disorder, crystal packing that exhibits approximate
symmetry and hydrogen-bonded layers held together by π interactions. The results of
the molecular dynamics simulations provide insight into the polymorphic transition of
polymorph II to polymorph I that was observed and attests to the metastable nature of
polymorph II.

Systematic studies of this kind are important when it comes to understanding polymor-
phism, which is often hard to predict. This analysis provides insights into the solid-state
chemistry of N-arylbenzamides specifically, and small organic molecules in general and
will prove useful to those in the pharmaceutical, crystallographic and physico-chemical
fields.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cryst14121070/s1. Figure S1: (a) Polymorph I. (b) Polymorph II.
Figure S2: 1H NMR Spectrum of N-(3-hydroxyphenyl)-3-methoxybenzamide. Figure S3: 13C NMR
spectrum of N-(3-hydroxyphenyl)-3-methoxybenzamide. Figure S4: COSY NMR spectrum of N-(3-
hydroxyphenyl)-3-methoxybenzamide. Figure S5: HMBC NMR spectrum of N-(3-hydroxyphenyl)-3-
methoxybenzamide. Figure S6: HSQC NMR spectrum of N-(3-hydroxyphenyl)-3-methoxybenzamide.
Figure S7: FTIR spectrum of N-(3-hydroxyphenyl)-3-methoxybenzamide. Figure S8: MS spectrum of
N-(3-hydroxyphenyl)-3-methoxybenzamide.
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