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ABSTRACT: The creation of long-lived amorphous phases has potential applications in numerous fields, for example the instabil-
ity of the amorphous phase leads to higher solubility of pharmaceutical phases often leading to higher bioavailability. The rate of
recrystallisation of an amorphous phase offers the key limitation on the application of many such phases, yet understanding the
energetic and structural factors that control the stability of molecular amorphous phases is limited with, empirical classifications
based on thermal analysis used to identify materials. From a set of molecularly related benzanilides, examples of all three classes
have been identified allowing use of crystal structural analysis, Raman spectroscopy and energetic calculations to determine the
structural factors playing a role in the different stabilities. While the behavior of most systems reflects the relative energy of the
crystalline phase to the amorphous, kinetic factors based on whether a NH...O=C hydrogen bond is present in the crystalline phase
plays a key role in stabilizing the amorphous phase as the loss of this bond reduces the conversion rate. In contrast, systems without
this bond display fast recrystallisation due to the greater structural similarity between the amorphous and crystalline phases.

INTRODUCTION

A given compound can be present in a range of solid forms
including different crystal structures (polymorphism),' com-
plexed with other compounds (co-crystals, salts, hydrates and
solvates)? or as an amorphous phase with no long-range order.?
The choice of solid-state form plays a key role in controlling
the physicochemical properties. Amorphous materials are
higher energy states than crystalline phases and so will display
higher solubilities which can be beneficial for pharmaceutical
materials.* However, the amorphous state is inherently unsta-
ble compared to the crystalline form and so may spontaneous-
ly recrystallize.” Thus, understanding the chemical and crystal-
lographic factors that control the stability of a given crystal
phase is vital to develop the ability to predict and design phas-
es with increased amorphous stability.

Studies into what makes a good amorphous former have
been carried out for both organic and inorganic materials.® An
empirical crystallization classification based on the thermal
behavior recorded by heat/cool/heat cycle by differential scan-
ning calorimetry (DSC) has been proposed.” Type I systems
have a crystallization event on the cooling cycle and in Type 11
systems the crystallization event occurs on the second heating
cycle. Type III materials do not display a recrystallization
event and so exhibit metastable amorphous phases. This clas-
sification can be supported by thermodynamic calculations
such as the Hoffmann equation:®
AHpys(Tn — YT
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Where AHj,s = enthalpy of fusion, 7,, = melting point, AG =
free energy difference between amorphous and crystalline
phases at temperature 7. This approach assumes the heat ca-
pacity of each of the two phases is independent of tempera-
ture. The larger the AGY the greater the driving force for crys-
tallization. While this analysis gives an insight into thermody-

AGT =

namic driving force, kinetic factors also contribute to amor-
phous stability.

Studies into the amorphization of molecular systems for
pharmaceutical applications have been a focus of interest ow-
ing to the associated practical implications. Most amorphous
pharmaceuticals are created as dispersed mixtures on amor-
phous phases such as polymers and so many studies focus on
the stability of such mixtures rather than the individual com-
ponents.” Studies on pure compounds have generally investi-
gated single compounds or collections of common pharmaceu-
tical ingredients with few chemical structural relationships.
For example, machine learning has been applied to 136 com-
pounds to predict crystallization classifications with an accu-
racy of ~85%.'" However, these predictions do not reveal the
underlying reasons for the different behaviors. A set of twelve
related diarylamines'' has been investigated highlighting the
entropy of fusion as an identifying factor between good and
poor glass-formers with impacts on both thermodynamic and
kinetic factors (a correlation with the melt viscosity). Howev-
er, there is still a lack of insight into the interplay of chemical
and crystallographic structure on the resulting stability of
amorphous phases, limiting the ability to design and create
new phases with useful amorphous properties. Thus, further
studies into families of related compounds are required to gen-
erate the necessary information.

Benzanilides are frequently studied molecules as models for
pharmaceutical materials and the impact of functional groups
on crystal packing motifs.'””> The nature of their amorphous
phase has been rarely studied and so a set of chemically relat-
ed 2-methoxybenzanilides (2MeOBZ-Y, Scheme 1) have been
synthesized and their crystal structures and thermal behavior
investigated. The common molecular framework allows for
both isostructural crystal structures and molecular factors to be
identified through the systems. Computational tools have been
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used to identify structural and chemical factors that control the
observed behavior.
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Y =H, 3-F, 4-F, 3-Cl, 4-Cl, 3-Br, 4-Br, 31, 4-1, 3-Me,
4-Me, 3-OMe, 4-OMe, 3-CF3, 4-CF3, 3-NO,, 4-NO,

Scheme 1. Chemical structure of benzanilides (2MeOBZ-
Y) studied.

METHODOLOGY
Synthesis of 2-methoxybenzanilides

Benzanilides of general structure 2-
CH3;0C¢HsNHCOC(H4Y; Y = H, CHs, F, Cl, Br, OCHs, NO,
and CF; were prepared by condensation of 2-methoxyaniline,
CH3C6H4NH, with the requisite substituted benzoyl chloride,
YC¢H4COCl, in the presence of an acid scavenger [(C>Hs);N]
in cold dichloromethane solution, as illustrated by the specific
example described below for 2-CH;0CsHsNHCOCsH4(4)CHs.

All the condensations were done in a fume cupboard, typi-
cally at or near ambient temperature, though cooling of the
reaction mixture in cold water was sometimes necessary. Most
reactions were complete within 1 to 3 hours, but it was gener-
ally convenient to leave the reaction mixture stirring overnight
before employing the standard workup on the following work-
ing day. However, the progress of the reaction was readily
monitored by tlc (on SiO;, eluting with petroleum ether and
ethyl acetate, typically in the ratio 2 : 1). The rf of the substi-
tuted benzoyl chloride was usually much greater than that of
the more basic benzanilide. It was most economical to employ
the cheaper reactant (usually, but not always, the substituted
benzoyl chloride) in slight excess (typically about 5%).

Preparation of 2-CH30CsHsNHCOCsH4(4)CHs.

A solution of 4-methybenzoyl chloride (1.61 g, 10.4 mmol)
in dichloromethane (20 ml) was added drop by drop from a
pressure equalizing dropping funnel during 20 minutes to a
magnetically stirred solution of 2-methoxyaniline (1.02 g, 8.00
mmol) in dichloromethane (30 ml) containing triethylamine
(2.47 g, 24.4 mmol) in a three necked round bottomed flask
under a nitrogen atmosphere. Stirring was continued over-
night. The reaction mixture was poured into water (100 ml),
the organic phase was separated and the aqueous phase was
extracted with dichloromethane (3 x 30 ml). The combined
organic phases were washed sequentially with aqueous sodium
carbonate solution (10% w/v, 20 ml) and dilute hydrochloric
acid (2M, 20 ml), dried (MgSO,), filtered and rotary evapo-
rated to constant mass, with final removal of residual solvent
at rotary pump pressure, to give a pale pink solid (2.35 g, 9.73
mmol, 97.6%). Recrystallisation from ethanol/water gave 4-
methylbenzoyl-2-methoxyanilide as almost colorless crystals
with a faint pink tinge (mpt. 75-6 °C, 1.77 g, 7.34 mmol,
73.5%).

IR Spectroscopy

IR spectra were obtained on a PerkinElmer Spectrum 100
instrument with a UATR attachment (PerkinElmer, USA).
Data were acquired between 4000 and 650 cm™ with a spectral

resolution of 1 cm using 16 scans. Background data were
acquired prior to analysis under the same conditions to allow
subtraction from the sample data.

Raman Spectroscopy

Raman spectra were acquired using a Renishaw InVia mi-
cro-Raman spectrometer (Renishaw, UK) by focusing a suita-
ble crystal of each sample under the x100 (0.95 N,) lens and
exposing to 514 nm excitation from a Laser Physics 50 mW
laser attenuated to 10% power using the onboard neutral den-
sity filters. Spectra were acquired between 3400 and 100 cm’!
with a spectral resolution of 1 cm™ using 2 averaged accumu-
lations of 10 second exposure each.

Samples of selected amorphous materials were prepared by
melting (ca. 2 mg) in a DSC pan placed on a hot plate set to
the melting temperature of the compound (determined by
DSC) before quench cooling by immediately plunging into
liquid nitrogen. The samples were analyzed immediately in the
same manner as the crystalline samples.

Thermal Analysis

DSC data were collected using a TA instruments Q2000
equipped with a RCS90 cooling system. Samples (ca. 5 mg)
were weighed accurately to T-zero aluminum pans and sub-
jected to heat/cool/reheat cycles (reference pan of the same
type). The initial heating cycle was performed at 10 °C/min
from ambient to 20 °C above the melting temperature of the
sample, before cooling to -50 °C at 10 °C/min. The final re-
heat cycle was performed at 10 °C/min to the same tempera-
ture as the first cycle.

Single Crystal X-ray Diffraction

Suitable single crystals of each sample were grown by slow
evaporation. Data were collected on aBruker APEX-II
CCD diffractometer. The crystals were kept at 100 K during
data collection. Using Olex2," the structure was solved with
the SHELXT™ structure solution program using Intrinsic
Phasing and refined with the SHELXL'" refinement package
using least squares minimization.

Powder X-ray Diffraction

All PXRD data were collected in Bragg-Brentano reflection
geometry on a Bruker D8 diffractometer with a Lynxeye de-
tector using X-rays generated from Cu K, (A = 1.5418 A)
source. Collections were over the range 5 — 30°/26 with a step
size of 0.02° for a total of 3 minutes.

Computational Methods

Lattice energies of the determined crystal structures were
calculated using CASTEP'® through the Materials Studio inter-
face. The energies were evaluated using the PBE functional
with TS dispersion correction,!” the on-the-fly-generated ultra-
soft pseudopotential was used as the basis set.'® The energy
frameworks for each structure were evaluated using Crys-
talExplorer'® and calculated at the DFT level (CE-BLYP/36-
31G(d,p) except for I containing system CE-HF/3-21G level).
Isolated dimers were extracted from the crystal structures and
the hydrogen positions optimized in orca®® at the DFT level
with the PBEh-3¢c method®' before final evaluation with
B2PLYP-D3/def2-QZVPP calculations.”> Crystal structure
predictions were carried out using polymorph predictor in
Materials Studio with the COMPASSIII forcefield.”

RESULTS AND DISCUSSION
Crystal Structure Analysis



Single crystal structure determination was carried out on all
samples with suitable crystals (Table S1). The 2MeOBZ-Y
systems with Y = H, 3-Cl, 3-Br, 3-I, 3-CF3, 4-CF3, 4-NO; all
display a N-H...O=C H-bond amide chain as the dominant
hydrogen bonding interaction. The Y = 4-Cl, 4-Br, 4-1, 4-Me
and 3-NO; systems lack any strong hydrogen bonding interac-
tions and are based on 7...m stacking interactions. This differ-
ence in hydrogen bonding is reflected in the position of the
NH and CO stretches in the IR spectra of the compounds.
Those featuring the hydrogen bond appear at lower wave-
numbers than those without the hydrogen bonding (Table 1).
This shift allows for identification of bonding with these sys-
tems where single crystal determination was not possible (e.g.
Y = 3-F, 4-F, 3-OMe, 3-Me).

Table 1 IR peak positions for NH and CO stretches in se-
lected 2MeOBZ-Y compounds.

Y van/em! veo/em™
H 3237 1638
3-F 3305 1647
4-F 3320 1649
3-Cl 3313 1645
3-Br 3312 1646
31 3301 l644
3-Me 3315 1651
3-CF; 3306 1647
4-CF; 3341 1660
3-OMe 3324 1660
4-OMe 3347 1655
4-NO, 3319 1666
4-Cl 3412 1665
4-Br 3409 1664
4-1 3404 1662
4-Me 3424 1660
3-NO; 3412 1672

2MeOBZ-H crystallizes as a Z* = 2 system with both mole-
cules in a twisted conformation (t; = -66, 68°; 1, = -156, 164°)
in a monoclinic Pn cell. The NH...O=C bond forms a 1-D
chain along the (101) direction. These are linked in to 2-D
sheets and the final 3-D structure by weaker CH...OMe H-
bonds (Figure 1).

Figure 1 (a) H-bond formed between the symmetry independent
molecules in the crystal structure of 2MeOBZ-H, (b) formation of

2-D sheet through interlinking of two H-bonded chain by weaker
CH...O H-bond.

2MeOBZ-Y with Y = 3-Cl and 3-Br are isostructural with a
7’ = 1 monoclinic P2//n unit cell. The NH...O=C H-bond
forms a translational chain along the (010) direction, pairs of
which form a ladder structure through R%(8) motif formed by
CH...OMe bonds (Figure 2a). These ladders are held into a
layer structure by weak CH...O=C bonds (Figure 2b). The
final 3-D structure forms through Hal...Hal interactions stack-
ing these sheets in a herring bone style.

)

Figure 2 (a) Formation of 1-D ladder in 2MeOBZ-3Cl, (b) exten-
sion of ladders into 2-D sheet by CH...O H-bonds.

2MeOBZ-3I forms a Z’ = 1 monoclinic P2,/c unit cell. It is
structurally related to 2MeOBZ-3Cl/Br with a match of 15/30
molecules due to the 1-D ladder structure (Figure 3a). Howev-
er, the ladders are linked through m...I interactions generated
by the glide plane rather than the 2; screw axis to form the
final structure (Figure 3b).

Figure 3 (a) Formation of 1-D ladder in 2MeOBZ-31, (b) stacking
of sheets into final structure by weaker bonds.

2MeOBZ-3CFshas a Z’ = 2 monoclinic P2y/c unit cell. The
two symmetry independent molecules form separate 1-D
translation chains through NH...O=C H-bonds which are
linked through weak CH...F bonds (Figure 4a). These struc-
tures then form the final 3-D structure through a range of
weaker CH...O bonds (Figure 4b).



Figure 4 (a) Packing of symmetry independent molecules into 1-D
ladder, (b) crystal packing viewed down the b-axis for 2MeOBZ-
3CFs.

2MeOBZ-3NO; packs in a Z’ = 2 P T triclinic unit cell.
One set of symmetry independent molecules forms close di-
mers through charge transfer interaction between the MeO and
NO; group which then stack through further «...7 interactions
(Figure 5). The second molecule also forms a CT stack but
with a greater N...O distance present (Figure 5). These stacks
then link through CH...O,N H-bonds forming the final 3-D
structure.

Figure 5 Stacks of 2MeOBZ-3NO; molecules formed by two
symmetry independent molecules. N...O and close contact dis-
tances in A are shown.

2MeOBZ-Y with Y = 4-Cl, 4-Br and 4-I are all isostructural
with a Z” = 1 triclinic P T unit cell. There are no strong H-
bonds present and instead 2-D sheets are formed through
weaker CH...O bonds (Figure 6a). A combination of =...w
stacking and Hal...Hal bonds constructs the final 3-D structure
(Figure 6b).
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Figure 6 (a) Formation of 2-D sheet in 2MeOBZ-4Br through
weak H-bonds, (b) stacking of sheets into 3-D structure.

2MeOBZ-4Me has structural similarities to the 4-Cl
isostructural set with no strong H-bonds present and the same
1-D ladder structure present (Figure 7a). However, the ladders
are linked by weak CH...O interactions into stepped sheets,

which are then interlaced together by m...m stacking to give
the final 3-D structure (Figure 7b).

Figure 7 (a) 1-D chain formed in 2MeOBZ-4Me, (b) interlaced
stepped sheets formed by weaker CH...O and =...7 interactions.

2MeOBZ-4NO; forms a crystal with a Z’ = 1 monoclinic
P2y/n unit cell, with a 1-D NH...O=C chain. However, this
structure is formed by the glide plane allowing for the overlap
of the NO2 and OMe groups and associated charge transfer
interaction (). These chains are linked through weaker CH...O
interactions into the final 3-D layered structure.
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Figure 8 (a) 1-D chain formed by NH...O=C bond in 2MeOBZ-
4NO;, (b) packing of chains into final 3-D structure.

2MeOBZ-4CF; has a Z’ =1 orthorhombic Pna2, unit cell,
with a NH...O=C translation chain running in the (001) direc-
tion. The chains form a crinkled sheet through CH...F interac-
tions, which are stacked together by CH...n and CH...F inter-
actions to form the final 3-D structure.

Figure 9 (a) 1-D formed by NH...O=C H-bond in 2MeOBZ-
4CF3, (b) resulting packing of chains into final 3-D structure.

Thermal Analysis

All the samples were analyzed by heat/cool/heat DSC cycles
and classified as either Type I, II or III, while the value of
AGTat 298 K was determined for each system (Table 2, Fig-
ures S1 —S17).



Table 2 Summary of thermal properties of 2MeOBZ-Y
systems.
Y Thermal | T, AgusH AgusS AGE%K
Type °C /Jmol™ | /1 K| /kJmol!
mol!
H 111 64.3 21.1 62.5 -2.17
3-F 111 58.2 22.1 66.6 -1.99
4-F 111 92.3 284 77.7 -4.27
3-Me 111 63.1 29.6 87.9 -2.97
3-CF; 11 56.4 26.5 80.3 -2.28
3-OMe | III 50.4 22.0 68.1 -1.59
4-OMe | 1II 97.1 329 88.7 -5.15
3-Cl 11 1004 | 33.2 88.9 -5.35
3-Br 1T 1129 | 36.6 94.6 -6.42
3-1* 1I 107.5 | 30.6 80.5 -5.02
112.6 | 16.6 429 -2.91
4-NO, | /T 146.6 | 34.0 80.9 -6.99
4-Cl 1 1249 | 323 81.2 -6.08
4-Br I 141.6 | 404 97.4 -8.16
4-1 1 1345 | 31.0 76.0 -6.09
4-Me I 74.1 223 64.2 -2.70
4-CF; I 109.1 | 29.8 78.0 -5.12
3-NO; |1 1454 | 353 84.2 -7.22

*=second polymorph formed on second heating cycle.

For most systems, the thermodynamic behavior agrees with
the empirical classification with low values of free energy
corresponding to good glass-forming systems. However, there
are some anomalous values, with Y = 4-Me showing compa-
rable values to Type III systems but exhibiting Type I behav-
ior. To investigate whether the chemical structure had a direct
effect on the behavior the free energy values were plotted
against the Hammett c-constants® for the different substitu-
ents (Figure 10).
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Figure 10 Plot of AG2°®Kagainst the Hammett c-constant of the
different substituents. Type I systems (red), Type II (blue) and
Type III (green). For Type I systems the temperature difference
between the melting point and recrystallisation point are given.

While there is a clustering to the data with a suggestion of
electron-withdrawing groups favoring Type I and electron-

donating Type I1I, the chemical structure is not a definite dom-
inating factor. The isostructural sets have similar properties
and are closely clustered, reflecting the similar chemical prop-
erties of the CI/Br/l substituents. 2MeOBZ-4Me is clearly
anomalous, along with 2MeOBZ-4NO, which shows differing
behavior in different samples (Figure S17). 2MeOBZ-4Me
has the highest driving force of the Type III systems suggest-
ing a kinetic factor in the behavior of this case. To investigate
the structural changes that occur during the conversion pro-
cess, Raman spectroscopy was undertaken on crystalline and
amorphous phases.

Raman Spectroscopy of Amorphous/Crystalline Phases

For selected samples (Y = 3-NO,, 4-Me, 4-1, 4-NO,, 4-OMe
and 4-Br), Raman spectra were collected for both the crystal-
line and amorphous phases generated by liquid nitrogen
quenching. In the case of 2MeOBZ-3NO;, no amorphous
phase could be obtained with recrystallization occurring upon
removal from the hot plate.

2MeOBZ-4Me and 2MeOBZ-41 show no change in the
peak positions between the two phases although the amor-
phous phase has broader peaks (Figure 11). This suggests
there is little change in the local environment about the mole-
cules. In contrast, the spectra for Y = 4-NO,, 4-OMe (Figure
12) all show clear shifts in the C=O stretching band, which
moves to higher wavenumber. In the case of 2MeOBZ-3Br,
the sample recrystallized during subsequent Raman analysis
confirming that the peak shifts do correlate with the change in
phase (Figure 13). For the amorphous phases, the new peak
position now matches the location in crystal systems which
lack the NH...O=C H-bond. These results indicate that in the
amorphous phases the stronger H-bonding between the mole-
cules is lost. Thus, those crystals which lack such a bond (Y =
4-Cl, 4-Br, 4-1, 4-Me, 3-NO,, all Type I) can more rapidly
recrystallize, compared to those systems featuring NH...O=C
bond (Y = H, 3-F, 4-F, 3-Me, 4-OMe, 3-CF; all Type 111, 3-Cl,
3-Br, 3-I are type II). 2MeOBZ-4NO, does feature a
NH...0=C H-bond but also has a large AG2%®¥suggesting that
the thermodynamic driving force can overcome the kinetic
factors in this case. However, these properties are closely bal-
anced as shown by the sample variability in behavior with
different samples classified as either Type I or II.
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Figure 11 Comparison of Raman spectra in the range 1800 — 1000
cm’! for (a) 2MeOBZ-4Me (crystalline phase green line, amor-
phous black line) and (b) 2MeOBZ-4I (crystalline phase red line,
amorphous phase blue line).
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Figure 12 Comparison of Raman spectra in the range 1800 — 1000
cm! for (a) 2MeOBZ-4NO; (crystalline phase green line, amor-
phous black line) and (b) 2MeOBZ-4OMe (crystalline phase
black line, amorphous phase green line).
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Figure 13 Comparison of Raman spectra in the range 1800 — 1000
cm’! for 2MeOBZ-3Br for crystalline (black line) and amorphous
(blue line) samples. Subsequent collections captured mixed amor-
phous/crystalline sample (green) and recrystallized sample (red
line).

Energetic Analysis

The lattice energies of crystal structures of the samples de-
termined were calculated at the DFT level using CASTEP
(Table 3). These show little variation between the materials
confirming that the differences in behavior between the phases
is not dependent on the overall crystal energy but rather spe-
cific interactions. The energy framework for each system was
calculated in CrystalExplorer, with each system displaying a
strong 1-D chain interaction with weaker interactions between
these chains (Table 3).

Table 3 Energetics for molecular crystals

System Lattice Energy’ Strongest Intermolecu-
kJ mol”! lar Interactions’/kJ
mol!
2MeOBZ -172 NH...0=C: -50.6/-61.2
interchain: -23.2/-21.3
2MeOBZ-3CF3 -173 NH...0=C: -56.9
interchain: -28.2
2MeOBZ-40Me | -187 NH...0=C: -46.6
interchain: -19.7
2MeOBZ-3Cl1 -172 NH...0=C: -51.3
interchain: -17.1
2MeOBZ-3Br -172 NH...O=C: -54.1
interchain: -7.8
2MeOBZ-31 -179 NH...0=C: -57.2
interchain: -17.2
2MeOBZ-4NO, | -185 NH...0=C: -58.6
interchain: -12.5
2MeOBZ-4Cl -172 n stack: -57.1
interchain: -14.1
2MeOBZ-4Br -171 n stack: -60.7
interchain: -15.7
2MeOBZ-41 -175 n stack: -62.7
interchain: -32.5
2MeOBZ-4Me -175 w stack: -36.1




interchain: -31.9, -24.1

2MeOBZ-4CF; -173 NH...0=C: -55.9

interchain: -30.5, -23.3

2MeOBZ-3NO, -191  stack: -80.4/-60.1

interchain: -12.7

§Calculated CASTEP PBE-TS/OTFG ultrasoft potential;
Fealculated CE-B3LYP-D3/6-31(d,p) except I CE-HF/3-21G

2MeOBZ-4Me shows the weakest dominant interaction;
however, it has more secondary interactions of higher strength
than the other systems. These lead to an interlaced structure
that does not have room to significantly alter upon melting
(Figure 14). This supports the lack of change observed in the
Raman spectra of the amorphous phase. Therefore, while
2MeOBZ-4Me thermodynamically would be expected to be a
Type I1I system, the kinetics enforce the Type I behavior.

Figure 14 (a) Formation of 1-D chain through the strongest inter-
molecular interaction in 2MeOBZ-4Me, (b) interlaced packing of
the chains into the final 3-D structure showing the 2" and 3
strongest interactions.

The lack of the NH...O=C H-bond appears to be an im-
portant factor in the kinetics of the Type I/IIl systems as the
absence of this bond prevents rapid recrystallisation. However,
it is not yet clear why the systems do not have this interaction
since the NH is not forming a competing H-bond. For the hal-
ogenated systems and 3-NO, the alternative mt-stack interaction
is lower in energy compared to other H-bonded interactions
and so offers sufficient stabilization without the need for such
a hydrogen bond.

For 2MeOBZ-4Me, the energy difference between the crys-
tal dimer and an optimized H-bonded dimer was -6.14 kJ mol™!
in favor of the H-bonded dimer. This finding suggests that, in
this case, other packing interactions are strong enough to com-
pensate for the lack of H-bonding. A polymorph prediction
study was undertaken for this compound to investigate the
energy landscape of potential polymorphs (Figure 15). The
lowest energy structures were isostructural to the known crys-
tal structure (with a shift in the molecular conformation, Fig-
ure 16) and all lack the NH...O=C hydrogen bond. However,
low energy structures with this interaction are predicted within
3 kJ mol” for the known structure. Thus, in principle, this
system may be polymorphic and exhibit differences in the
crystallization behavior, but the strength of other potential

interactions can compensate for the lack of the strongest po-
tential interaction.
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Figure 15 Predicted energy landscape for 2MeOBZ-4Me. Lowest
energy systems without NH...O=C bond (black diamonds), with
NH...O=C (blue triangles) and experimental structure (open dia-
mond) are highlighted. Remaining structures are in red.

Figure 16 Overlay of lowest energy predicted structure (dark
green) with the experimental structure (light green).

Dimer calculations for 2MeOBZ-3NO; show that the ob-
served dimer is favored by 36.76 kJ mol' over an alternative
H-bonded dimer, while for 2MeOBZ-4NO; the H-bond dimer
in the crystal structure is lower in energy by 25.01 kJ mol!
compared to the optimized charge transfer also present in the
crystal. However, analysis of the geometry of the dimer shows
that there is still a CT interaction in the H-bonded case (Figure
17) stabilizing the overall interaction. This analysis shows that
the relative geometry of the functional group is important to
allow for generation of complementary interactions, which
presumably permits more rapid regeneration of the crystalline
H-bond after melting.

Figure 17 H-bonded dimer from 2MeOBZ-4NO; showing close
N...O contact corresponding to CT interaction.



For most systems then, the free energy difference is the
dominant contribution to the stabilization of the crystalline
phase. For most of the Type I and III systems, the kinetics of
the bond breaking process align with the thermodynamics;
consequently, systems without a NH...O=C H-bond generally
crystallize rapidly owing to energetic factors; in contrast, sys-
tems with such a bond prefer to form metastable glasses.
However, some exceptions occur, where the kinetics over-
come the expected energetic outcome, such as 2MeOBZ-4Me
in which crystallization is energetically unfavorable, but the
limited structural changes between the crystalline and melt
phases accelerate crystallization.

CONCLUSION

The creation of metastable amorphous phases is an im-
portant objective for the development of novel functional ma-
terials. The interplay between chemical and crystal structure in
stabilizing the amorphous phase can be subtle. The set of ben-
zanilides studied displays the full range of amorphous behav-
ior with only small chemical shifts on a base framework. The
introduction of a methoxy group stabilizes the stacking inter-
actions with electron acceptor group overs the otherwise dom-
inant amide hydrogen bonding. This in turn results in a reduc-
tion in the level of change that occurs upon melting and so
reduces the stability of the amorphous phase. The underlying
energetic difference between the crystalline and amorphous
phases are generally matched by these kinetic factors but
sometimes the kinetic factors dominate the process as shown
by 2MeOBZ-4Me, which has a predictable lack of a hydrogen
bonding interaction but low energetic stability. The use of
computational tools to understand the potential interactions
present and energetic distribution in the crystalline phases
gives an initial route to identify potential amorphous phases.
This work highlights the subtle interplay of many structural
and energetic factors in the creation of amorphous of extended
stability, which requires further investigation into both crea-
tion of amorphous phases and the longer-term stability and
recrystallisation kinetics.
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