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ABSTRACT: The antiepilepsy drug carbamazepine is one of the most studied
pharmaceuticals in the world. The rich story of its solid forms, cocrystals, and
formulation is a microcosm of the topical world of pharmaceutical materials.
Understanding carbamazepine has required time, money, and dedication from
numerous researchers and pharmaceutical companies worldwide. This wealth of
knowledge provides the opportunity to reflect on progress within the crystal
engineering field in general. This Perspective covers the extensive solid form
landscape of carbamazepine and applies these examples to discuss and answer
fundamental questions in the discipline. The story encompasses screening
methods, computational solid form discovery, the power and influence of crystal
engineering in understanding and controlling crystals and the amorphous state, and the environmental legacy of modern
pharmaceuticals. This broad but in-depth analysis of carbamazepine is a vehicle into modern crystal engineering, not only in its own
right but across the spectrum of organic materials science and pharmaceutical formulation. Discoveries of carbamazepine
demonstrate the potential richness in the materials chemistry of every drug.

1. INTRODUCTION
Molecules can be arranged in numerous ways in the solid state,
with various relationships existing between different materials.
There is the possibility of a broad range of solid forms for a given
compound, including polymorphs, amorphous forms, and
multicomponent forms, but the questions as to which of these
will exist, under which conditions, and how to find and
characterize them are areas of ongoing research.1 Each
compound has its own characteristics, and the predictability of
a complete solid form landscape based on a consideration of
molecular structure alone (before any experimentation) is yet to
be realized despite considerable progress in crystal structure
prediction calculations.2,3 A number of fundamental questions
in solid-state molecular materials chemistry are only relatively
recently being answered, and many still require considerable
further research. Why are some compounds highly polymorphic
while others are not?4 Why do some compounds tend to form a
broad range of cocrystals while others do not mix with coformers
in the solid state? What can the structure of a form tell us about
its crystallization pathway, and what is the role of dynamical and
kinetic effects on the form obtained? How can we
comprehensively and efficiently screen for solid forms and
design new ones? Until a wealth of experimentation and
computational work is carried out on each compound, its solid-
state behavior remains something of an “unwritten book”
despite the fact that each possible material is intrinsically latent
in the molecular structure.5

In this review, we seek to look at the progress toward
answering these fundamental questions using the well-known
anticonvulsant drug carbamazepine (CBZ)6 as a vehicle to drive

the discussion. As a Biopharmaceutical Classification System
(BCS) Class II drug with high permeability and low solubility,
new and more soluble solid forms of CBZ have been extensively
sought after, and what we know and can still learn about CBZ is a
microcosm of the state of the art in solid-state molecular
materials science in general. The number of crystal structures
reported in the Cambridge Structural Database (CSD)7 that
contain CBZ has increased significantly over the last 20 years
(Figure 1), and this trend illustrates the diversity and complexity
of solid forms often found for drug compounds8 (Figure 2). The
CBZ solid form space includes polymorphs,9 cocrystals
(including ionic cocrystals10,11 and drug−drug cocrys-
tals12),9,13−26 hydrates,27 a dihydrate,28 solvates,29−32 and
salts.11 CBZ has also been studied in inclusion complexes,33,34

and in coamorphous systems.35

It is not clear what, if anything, makes CBZ a compound
uniquely able to crystallize in such a wealth of solid forms. A
combination of its awkward shape (resembling a molecular
butterfly) together with its hydrogen bonding ability (through
its urea group, which in its CBZ bonding environment behaves
as a primary amide) appears to both contribute to its
extraordinary solid form diversity. However, and perhaps most
importantly, it is the fact that a significant amount of time,
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money, and dedication has been invested in research on the
system by numerous research groups around the world.37 Given
the available wealth of knowledge generated by our community
on CBZ, here we take the opportunity to reflect on progress in
our field with the aid of this iconic system.

2. WHAT DO WE KNOW ABOUT CARBAMAZEPINE
SOLID FORMS?
2.1. Overview of CBZ Crystal Forms. At the time of

writing, there are 178 different refcodes of structures containing
CBZ in the CSD. After the removal of redeterminations and
structures with no coordinates, 114 unique crystal structures of
CBZ are classified into the different crystal types shown in
Figure 2 with the overall statistics in Figure 3. In terms of crystal
compositions and beyond the four single-component (“neat”)
polymorphs of CBZ in the CSD, CBZ crystallizes with a wealth
of other components: 75% of the cases with one other
component, 14% with two, 6% with three and 1% with four
other components. The crystal structure with the most
components (5 components) is a methanol hydrate of an
ionic cocrystal of CBZ with NaI.10 Structures with 4
components (6 structures) are mostly hydrates of ionic

cocrystals with one of them containing un-ionized CBZ as
well as protonated CBZ (CBZ-H+).11 Interestingly, while
cocrystals are the largest family of multicomponent systems,
only 2-component cocrystals or hydrates and solvates of those
have been reported. Thus, a cocrystal of CBZ with three or more
nonsolvent components is yet to be prepared. Regarding the
stoichiometries of those compositions, the vast majority of the
reported forms are stoichiometric with common CBZ:X
stoichiometries (given relative to 1 mol of CBZ) being 1:1
and 1:0.5 and common CBZ:X:Y stoichiometries being 1:1:1
and 1:0.5:0.5 (Figure 3). Many structures, however, show
disorder with some having unresolved coordinates and
stoichiometries for the non-CBZ components.9 Among those
are inclusion compounds of CBZ where CBZ crystallizes in a
trigonal framework with the guests disordered in its pores.

CBZ shows a great deal of compositional variation for the
given cocrystals. For example, p-aminobenzoic acid (pABA)
cocrystallizes as a 1:0.5 pure cocrystal with CBZ as well as in a
hydrate.24 Stoichiometric diversity for a fixed set of components
is also common in CBZ. For example, with pABA, three distinct
stoichiometries can be crystallized (1:1, 2:1, and 4:1).38 Seven of
the 104 crystal compositions containing CBZ exhibit poly-
morphism (which is ∼7%). Among those, pure CBZ is known to
exhibit polymorphism as well as its HCl salt and five cocrystals.
Regarding salt formation, CBZ is a very weak base as well as a
very weak acid. To date, only salts (and ionic cocrystals) where
CBZ accepts a proton have been reported. With a pKa
(protonated base) of ∼ − 4 and according to the ΔpKa, salts
where CBZ is protonated would only be expected when paired
with very strong acids (with pKa < −4).36 Salts of CBZ have
been reported with strong inorganic acids (HCl, HBr) as well as
sulfonic acids. The introduction of metals leads to interesting
crystalline coordination complexes, where CBZ binds to the
metal ions through the amide group.

CBZ exists as four neat polymorphs in the CSD (a fifth form
has not been characterized by single-crystal diffraction), one
dihydrate, and two other nonstoichiometric hydrates (1:0.3 and
1:0.17). Further statistics on CBZ hydration show that while
only 8% of cocrystals are hydrated, ∼40% of salts and ionic

Figure 1. Number of crystal structures in the CSD containing CBZ as a
function of publication year. The inset shows a molecular model of
CBZ.

Figure 2.An overview of the reported solid forms of CBZ. The number of unique crystal structures in the CSD for each crystal type is given in orange. A
total of 114 unique crystal structures. pKa values calculated using ChemAxon.36
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cocrystals contain water. These statistics reconfirm within the
microcosm of CBZ solid forms the importance of charge for the
uptake of water in molecular crystals.39

An analysis of dominant recurrent interactions within all 114
unique crystal structures containing CBZ in the CSD reveals that
the dominant motifs containing CBZ are (i) CBZ hydrogen
bonded (HB) dimers, (ii) CBZ aromatic stacks, and (iii) CBZ
sandwiches (Figure 3c and d). In the HB dimers, two molecules
of CBZ interact through two hydrogen bonds formed with the
carboxamide group (Figure 3c) to form an R2

2(8) motif, the
molecules most usually being related by inversion symmetry.
These dimers leave an acceptor site and a donor site available to
further interact with other components. Thus, in multi-
component systems, typically two scenarios are possible: a)
either the homodimer is broken in favor of a heterodimer
(typically when the second component contains a carboxylic
acid) or b) the homodimer is retained, and the second
component interacts with the available side donor and acceptor
(most common in CBZ solvates and hydrates). The aromatic
structure in CBZ is very dominant, and thus aromatic
interactions are key in CBZ crystal forms. Here, the CBZ
molecules can either stack, making use of translation symmetry,

or form aromatic sandwiches (with CH···ring as well as parallel
displaced aromatic stacking interactions), making use of
inversion symmetry. While the stacks propagate infinitely in
the lattice, thus constituting a strong interaction that will
contribute to the kinetics of crystal growth, the sandwiches are
dimers and do not propagate. Despite the presence of other
components in the crystal structures, in nearly 80% of crystals
containing CBZ, either the aromatic stacking or the aromatic
sandwich interaction remains.
2.2. Amorphous CBZ.CBZ can exist in the amorphous state

(CBZ-A) either on its own or with other components
(coamorphous). Pure CBZ forms a relatively strong glass
which can be generated either by quench cooling or from
dehydration of CBZ dihydrate (at low relative humidity and
below the glass transition temperature of around 56 °C).40

Coamorphous phases containing CBZ have also been widely
reported. Among them, there are studies with saccharin,41

lactose,41 gluconolactone,41 nicotinamide,42 benzoic acid,
maleic acid, succinic acid, tartaric acid, and saccharin to name
a few.43 While some of these materials are stable phases, others
easily convert back to cocrystals. Additionally, a coamorphous
phase of an ionic cocrystal with citric acid and L-arginine has

Figure 3. Statistics on CBZ solid forms in the CSD (from 114 unique crystal structures).

Table 1. Summary of Key Information for CBZ Polymorphs

Form Space group Z′ CSD Refcode
Computed lattice
energy(kJ/mol)a

Crystal
Morphology Crystallization

I P1 (triclinic) 4 CBMZPN1144 −124.8 Thin
Needles

Dominant from the melt

III P21/c
(monoclinic)

1 CBMZPN1050 −128.8 Chunks Dominant from solution at room temperature.

IV C2/c
(monoclinic)

1 CBMZPN1251 −123.3 Plates Evaporation from methanol solution in the presence of hydroxypropyl
cellulose and from the melt. Robustly produced from amorphous CBZ.

V Pbca
(Orthorhombic)

1 CBMZPN1648 −124.7 Plates Templated on the crystal of an analogue from vapor growth (Elusive)

VI − − − − Coarse
spherulites

From the melt (Elusive)

aComputed with the FIT potential using atomic multipoles.48
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been reported.35 This ionic coamorphous phase has a
dramatically increased glass transition temperature relative to
that of pure CBZ or other coamorphous materials.
2.3. Neat Polymorphs of CBZ. At present, five crystalline

anhydrous forms of pure CBZ have been reported (I, III, IV, V,
and VI) with four of them having single crystal structures in the
CSD (Table 1). CBZ polymorphism and nomenclature of the
first three polymorphs (I, III, and IV) were reviewed in 2003 in
the seminal paper by Greziak et al.44 together with the so-called
form II. In subsequent work, however, what was once believed to
be the anhydrous form II of CBZ (the trigonal form with CSD
refcode CBMZPN03)45 was shown to be an inclusion solvate
with highly disordered solvent molecules within its hydrophobic
channels.46,47 As such, form II is not technically a polymorph of
anhydrous CBZ and will not be discussed further in this section.
Forms V and VI were discovered after the 2003 review.48,49

From the historical analysis presented by Greziak et al. in
2003,44 forms I and III CBZ appear to have been reported in
many independent works from as early as 1968.52 They are
related enantiotropically with a transition temperature of ∼71
°C, with form III being the low-temperature form.53 Form III
can be typically produced by crystallization from solution under
a wide range of experimental conditions, giving rise to chunky
blocks whose structure was first determined in 1981.54 Because
of its dominance under ambient conditions, form III is the most
commonly found commercially. Form I dominates at high
temperatures, especially in crystallization from the melt.
Although form I was reported very early (1968), it grows as
very thin needles whose structure was not determined until
2003.44

The remaining forms (IV, V, and VI) are metastable andmore
elusive in nature. Although there exists rare evidence of form IV
as early as 1987,55 this polymorph was not fully isolated and
characterized until 2002. Good quality single crystals of form IV
were obtained by evaporation from methanol solutions in the
presence of hydroxypropyl cellulose.51 Form IV can also be
consistently obtained by crystallization from amorphous CBZ56

and by finger-touched assisted ball-mill grinding.57 Form V was
first (and solely) reported in 2011.48 The discovery of form V
deserves careful analysis, and it will be discussed in detail later; it
remains one of the few examples in the literature of polymorph
discovery predicted and enabled by computation. It has only
been produced once by vapor growth using templation on a
closely related analogue.48

Finally, form VI has only been reported recently (2022); it
was produced by crystallization from the melt, and its structure
remains undetermined.49 Fellah et al. showed that forms I, III,
IV, and VI can all be obtained from the melt (often
concomitantly), and Broadhurst et al. showed with TEM that
forms I, III, and IV can be crystallized concominantly.58

2.4. CBZ Dihydrate. The dihydrate of CBZ is the most
stable form at relative humidity above 40% and below the CBZ
glass transition temperature (∼56 °C).56 Because of its greater
stability, CBZ dihydrate (CBZ-DH) is around 1.4−1.6 times
less soluble than the most common anhydrous forms CBZ-III
and -I.59 CBZ-DH also has a lower dissolution rate. Because of
this, the unwanted presence of CBZ-DH in tablet formulations is
a cause of major concern for CBZ delivery since it can
significantly affect the drug’s bioavailability. Exposed to high
relative humidities (RH > 80%), tablets containing CBZ-III are
known to start converting to the CBZ-DH after 2 days, with full
conversion occurring after only 5 days.60

A long-standing topic of debate about CBZ-DH concerns its
crystal structure. The structure of a CBZ dihydrate was first
reported in 1986 (FEFNOT, R = 10%)61 in the orthorhombic
space group Abam (nonstandard setting of Cmca). Nearly 20
years later (2004), CBZ-DH was redetermined in the Cmca
space group (FEFNOT01, R = 4.3%) and described as an
order−disorder structure in which, for the hydrogen bonding to
be optimized, two types of layers should exist (whereby the
amide group is rotated by 180°) distributed randomly in the
structure.61 A year later (2005), a combined X-ray diffraction
and solid-state NMR study described the structure as ordered in
the P21/c space group (FEFNOT02, R = 7.3%) arguing that the
disordered effects seen could be a consequence of twining.28 A
more recent (2015) detailed neutron and high-resolution X-ray
diffraction study now favors the disordered Cmca structure over
the ordered (but twinned) P21/c structure.62 The authors,
however, highlight that there is the possibility that “the degree of
disorder and twinning varies from crystal-to-crystal specimen” in
CBZ-DH. The CBZ-DH structure is a testimony of the
experimental and theoretical difficulties encountered when
even simple systems show disorder and/or twinning, which is a
relatively common (yet often unaddressed) phenomenon. CBZ-
DH has been reported to grow with marked anisotropy with
reported morphologies ranging from laths to thin needles
depending on the growth conditions.19 Early reports have
suggested that CBZ-DH needles grow with a whisker
mechanism.63

2.5. Inclusion Structures (Trigonal CBZ). The trigonal
(R3) form of CBZ (CBZ-t) was originally reported as a pure
polymorph of CBZ (form II, CBMZPN03)45 but later realized
(by two independent studies)46,47 to contain heavily disordered
guest compounds (typically solvents) in its structural channels.
CBZ-t is, therefore, an inclusion framework whose structure
varies slightly depending on the solvent trapped in the
hydrophobic channels (Figure 4, with the diameter of the

channels adjusting from 5.7 to 7.7 Å).27 The presence of solvent
in the CBZ-t channels has been shown to be key for the
formation and stability of these inclusion structures of CBZ-t.46

The CBZ-t structure has been reported for guests such as
toluene, tridecane, and tetrahydrofuran (MIMQIJ).47 Surpris-
ingly, CBZ-t has also been reported to form with water
nanowires acting as guests in 1:0.33 and 1:0.17 stoichiometries
(PEYSOD,27 YADZAH64). Given how hydrophobic the CBZ-t

Figure 4. A space fill representation of trigonal CBZ displaying its
structural pores along the c-axis. Figure reproduced from reference 46
with permission from the Royal Society of Chemistry.
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pores are, it is surprising that water is included in the channels
stabilizing the structure and reminiscent of water nanowires in
carbon nanotubes.65

2.6. Solvates of CBZ. CBZ is also a prolific solvate former.
Due to CBZ’s nature as a primary amide, the CBZ HB dimers
leave a pair of HB donor and acceptor sites at the periphery
which are unsatisfied in its neat forms. This occurs because of
geometric constraints within the molecule. Consequently, in
many of its solvates, CBZ exists as HB dimers with further side
hydrogen bonds to the solvents via the remaining amide NH
proton and to fill the space between adjacent amide dimer pairs.

Beyond water, other solvents that cocrystallize with CBZ into
solvate structures include polar solvents able to accept hydrogen
bonds (acetone,29 benzoquinone,29 DMF,66 DMSO,29 for-
mamide,29 N-methylpyrrolidone,67 N,N-dimethylacetamide,67

furfural,68 dioxane,19 nitromethane,67 and terephtaldehyde29),
trifluoroethanol in two stoichiometries (1:1 and 1:0.5,
SAPDUJ69 and ELIVON30), and liquid carboxylic acids (formic
acid,29 acetic acid,29 trifluoroacetic acid,70 and butyric acid29).

CBZ is not unique in its ability to form multiple solvates, as
other prolific solvate-forming compounds exist. For example, the
sulfa drug sulfathiazole has over 100 solvate structures,71

alongside 101 crystal structures which include sulfathiazole
polymorphs, cocrystals, and salts.72 Additionally, the anti-
psychotic drug olanzapine has been crystallized in at least 60
different forms, with 35 crystal structures of the solvated
forms,73,74 while the cancer drug Galunisertib has been
crystallized as more than 50 different solvates and 10
polymorphs.75

2.7. Structural Similarities between CBZ Neat Forms,
Inclusion Forms, and Solvates. CBZ neat forms, trigonal
forms, and CBZ solvates were compared using the COMPACK
algorithm with standard settings and clusters of 15 molecules.76

The results of these comparisons are illustrated in the form of a
packing similarity dendrogram (Figure 5) in which node
symbols indicate the type of interactions between CBZ

molecules present in the different structures. This analysis is a
simplified version of the comparisons done by Childs et al.9 or
Gelbrich andHursthouse;77 here, we only report on polymorphs
and solvates (no cocrystals).

The comparisons illustrate that there is a high degree of
similarity between many of these CBZ structures and, in many
cases, full isostructurality. In the case of solvates, for example, the
dioxane and formamide solvates, the CBZ-DH and benzoqui-
none solvate, the acetic acid and formamide solvates, and theN-
methylpyrrolidone and N,N-dimethylacetamide solvates are all
isostructural. In the case of neat polymorphs, CBZ-I has a high
degree of similarity with CBZ-t. Overall, the CBZ HB dimers
assembled with aromatic stacks are the dominant recognition
modes in many of these structures. The least common
interactions are observed in two of the neat polymorphs:
CBZ-IV andCBZ-V, which are known to be harder to crystallize.
Especially CBZ-V is rare since it is the only structure where CBZ
hydrogen bonds using a catemeric motif rather than a dimer.
2.8. Cocrystals of CBZ. Cocrystallization offers the

opportunity to adapt and improve the physiochemical proper-
ties (e.g., solubility,78,79 dissolution,80−83 and stability84) of
compounds without the need for covalent modification,85 an
especially attractive strategy for drug delivery.86 Considering all
of the different subsets of multicomponent solids containing
CBZ, CBZ cocrystals are the most abundant in the CSD (69
structures of cocrystals and their solvates and hydrates). CBZ
cocrystals have been reported with a wide range of coformers
including p-benzoquinone,19,29 formamide,29 methylparaben,87

hydroxyanisole,87 mono- to tetra-carboxylic acids,9,29,87−89 and
a wide variety of flavonoid molecules.90,91 The very many
cocrystal structures of carbamazepine are instructive because
Etter’s rules92 are not obeyed in around a quarter of cases as a
result of the steric hindrance caused by the CBZ butterfly ring
(dibenzazepine group).9

Of all 69 unique cocrystals with a known crystal structure,
62% (43) are with coformers containing a carboxylic acid. While

Figure 5. Crystal packing similarity dendrogram9 for CBZ polymorphs (green), trigonal CBZ inclusion framework (red), and CBZ solvates (black).
Twenty-three crystal structures are listed in total. Yellow circles are CBZ HB dimers, black circles are CBZ HB catemers, and white circles are CBZ
hydrogen bonded to another component (typically forming heterodimers with acids). Symbols within the circles indicate the aromatic interactions
(CBZ aromatic stacks ≪, or CBZ aromatic sandwiches < > ). If not indicated, CBZ:solvent stoichiometries are 1:1 except when a 0.5 is given, which is
then 1:0.5.
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53% of those structures (23) form CBZ-acid heterodimer
motifs,24 the composition and stoichiometry of the system play a
role in the overall outcome (Figure 6). Thus, monocarboxylic
acids with no other accepting−donating capabilities present in a
CBZ:Acid 1:1 ratio will most likely form the heterodimer
(Figure 6, JANZOR).88 Since cocrystal structures in the CSD
are dominated by systems for which we can rationalize
interactions, it is not surprising that this group of cocrystals
containing simple acids and heterodimer motifs with CBZ
dominates. More interesting, perhaps, are those systems that
break our preconceived crystal-engineering rules. Thus, when
the compounds contain other donor−acceptor groups (Figure
6, JAPBAH88 and XOXHEY25), unpredictable motifs to the
biased crystal engineering mind start to appear. The
composition also plays a role. For example, diacids present in
small fractions relative to CBZ are known to leave the CBZ-
dimer untouched and simply form side hydrogen bonds with
CBZ in a structure similar to that of CBZ-DH.9 1:0.5
(MOXWOM and MOXXAZ)9 and 1:1 (WEYFEN)93 stoi-
chiometries can also be accommodated in diacids with the
heterodimer motif (Figure 6).

Another example of unexpected outcomes and interaction
diversity can be seen in the cocrystals of CBZ with pABA as neat
1:0.25 (INUZAU),38 1:0.5 (XAQRAJ),24 and 1:1 (XOXHEY)25

cocrystals can be made. The 1:0.25 cocrystal consists of CBZ
homodimers, with pABA interacting with them through side
HBs. The 1:0.5 cocrystal contains both the CBZ homodimers
and the CBZ:pABA heterodimer, while the 1:1 cocrystal
contains CBZ homodimers and pABA homodimers. A
monohydrate of the 1:1 (XAQREN)24 cocrystal also exists
with its hydrogen bonding interactions being largely unpredict-
able (Figure 7).

Most importantly, 81% of compounds crystallizing with CBZ
contain an aromatic ring. Aromatic interactions are very
important in CBZ, with 77% of all CBZ-containing crystal
structures showing either CBZ−CBZ butterfly ring stacks or
CBZ−CBZ butterfly sandwiches (Figure 3d). In the absence of

or in conjunction with these dominant CBZ−CBZ aromatic
interactions, aromatic coformers can interact with the butterfly
ring either by sitting on top or under the azepine ring.9 It is,
perhaps, unsurprising that coformers able to both hydrogen
bond and aromatic stack are thus able to effectively form
cocrystals with CBZ.

Cocrystals can also exhibit polymorphism. Examples of
polymorphic CBZ cocrystals in the CSD are CBZ with tartaric
acid (MOXWIG/01),9,94 isonicotinamide (LOFKIB/01),95,96

2-t-butyl-4-methoxyphenol (HEDYIC/01),87 and saccharin
(UNEZAO/01).29,97 The 1:1 CBZ:saccharin cocrystal poly-
morphs are interesting examples. Form I retains the CBZ−CBZ
homo-H-bonded dimers but contains heteroaromatic CBZ−
saccharin interactions, whereas form II has CBZ−saccharin
hetero-H-bonded dimers with homoaromatic CBZ−CBZ and
saccharin−saccharin interactions (Figure 8). The 1:1 CBZ:sac-
charin forms I and II are related monotropically with form I
being the most stable and form II easily converting to form I.98

Figure 6. Diversity of HB assemblies for CBZ cocrystals with carboxylic acids.

Figure 7. Diversity of hydrogen bonding found in cocrystals of CBZ:pABA.

Figure 8. H-bonding and aromatic interactions found in 1:1
CBZ:saccharin form I (UNEZAO)29 and 1:1 CBZ:sacharin form II
(UNEZAO01).97
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Form I (plates) can be readily crystallized by slow evaporation
from solution of equimolar amounts of CBZ and saccharin,
while form II was first obtained by crystallization from solution
in the presence of polymers. Spray drying techniques can
selectively produce either of the CBZ:saccharin cocrystal forms,
electro-spraying produces a mixture of forms, while supercritical
CO2-assisted spray drying produces form I only.99 Interestingly,
the 1:1 CBZ:thiosaccharin cocrystal is isostructural with 1:1
CBZ:saccharin form I but not form II, illustrating that the
replacement of the carbonyl oxygen atom with a sulfur atom
results in isostructural or isomorphous forms.26

2.9. CBZ−Drug Cocrystals. Drug−drug cocrystals have
incredible potential to enhance the physiochemical properties of
existing drugs and combine two different therapeutic treatments
into a single simple crystalline dose. While still scarce in the
literature, they are becoming more common.100 Ten different
examples of drug−drug cocrystals containing CBZ are given in
Table 2. An interesting example is the CBZ−chlorothiazide

cocrystal, synthesized by mechanochemical methods and with
crystals grown by slow evaporation from acetone.101 The
structure is actually a 2:1:0.5:0.5 CBZ:chlorothiazide:acetone:-
water cocrystal solvate hemihydrate (VEJZUI) with a very
complex asymmetric unit containing four CBZ, two chlor-
othiazide, one acetone, and one disordered water molecules. In
this structure, the CBZ:CBZ H-bonded dimers and aromatic
stacks are maintained, and the structure resembles that of a
modified inclusion CBZ structure, where the codrug together
with the two solvent molecules sit in the structural pores. This
2:1:0.5:0.5 CBZ:chlorothiazide:acetone:water cocrystal solvate
hemihydrate has an enhanced dissolution profile compared to
the two separate isolated drugs.101

Artificial intelligence and machine learning (AI ML)
prediction tools are increasingly used to screen drug−drug
interactions in an effort to optimize the drug discovery process.
An example of using AI ML computations to predict drug−drug
cocrystals is the CBZ−ketoprofen cocrystal.14 Until this point,
ketoprofen had not been cocrystallized. Following the in silico
prediction methods, the cocrystal was successfully synthesized
by mechanochemical grinding (RAFGIS).14

2.10. Salts and Ionic Cocrystals of CBZ. In addition to
neutral cocrystals, CBZ also forms a range of salts and ionic
cocrystals with NH4

+, oxonium, and sodium cations. The ionic
CBZ cocrystal with NaI involves a complex in which the Na+

cation is coordinated to four CBZ molecules via polar amide
oxygen atoms as a mixed methanol−water solvate. Ionic CBZ
cocrystals are also known with pentacoordinated sodium as the
I3− salt and a double salt with acridinium and IBr2− (DOXDAX,
Figure 9a).10 The high ratio of CBZ to the salt conformer is

interesting from the point of view of drug form selection. While
solubility measurements have not been reported, salts are likely
to be more water-soluble than neutral CBZ. CBZ also forms 1:1
ionic cocrystal with NH4X (X = Cl, I), and an oxonium ion salt
[H3O][Cl]·2CBZ·2H2O. All of these materials involve the well-
known CBZ:CBZ H-bonded homodimer which also accom-
modates hydrogen bonding from the small ammonium ion. In
contrast, in the polyiodide [acridinium][I3]·CBZ·2.5I2, the
bulky acridinium NH+ group hydrogen bonds with the CBZ
carbonyl oxygen atom, and hence the dimer motif is lost.11

The basicity of the CBZ amide oxygen atom also means that it
can be protonated rather than complexed with H3O+ in the
presence of strong acids. In these complexes, the CBZ dimer
motif is lost because of the protonation. Reaction with HCl and
HBr gives rise to hydrochloride and hydrobromide salts (both of
which exist as two polymorphs), and species such as a hydrate
[CBZ(H)][Cl]·H2O. In the halide salts, the eight-membered
hydrogen-bonded CBZ dimer ring is replaced by an R2

1(6) motif
in which the amide NH and protonated OH both hydrogen
bond to the anions.108 Cocrystallization with HBF4 results in a
different kind of ionic cocrystal CBZ·[CBZ(H)][BF4]·0.5H2O
in which a neutral CBZ molecule is cocrystallized with
protonated CBZ as the BF4

− salt (HUQWOH, Figure 9b). A
series of sulfonic acid salts are also known [CBZ(H)]-
[O3SC6H5], [CBZ(H)][O3SC6H4(OH)]·0.5H2O, [CBZ-
(H)]2[O3SCH2CH2SO3], and [CBZ(H)][O3SC6H3(OH)
(COOH)]·H2O which generally form eight-membered hydro-
gen-bonded rings between the protonated amide and −SO3

−

group.11 Salt and cocrystal formation have been studied in the
context of attempts to modify the solubility and biological
activity of CBZ. As part of this work, the 1:1 picrate
(trinitrophenolate) salt was prepared and found to involve a
strong hydrogen bond from the protonated amide to both the
phenolate oxygen atom and one of the nitro groups. Biological
studies were not pursued, however, because of the toxicity of
picrate.109

3. WHAT HAS CARBAMAZEPINE TAUGHT US?
The tremendous diversity in CBZ solid-state chemistry and the
varied and creative ways in which CBZ forms have been
discovered over the past half-century teach us some general
lessons that permeate the entire field of molecular solid-state
chemistry. The emergence of such a varied array of solid forms of
this drug highlights the necessity of exploring and developing
very diverse and (with the aid of CSP) targeted crystallization

Table 2. CBZ:Codrug Cocrystals Currently Reported in the
Literature and the CSD

Drug Coformer Drug Coformer Class CSD Refcode

Aspirin NSAID TAZRAO15 and
TAZRAO01102

Indomethacin NSAID LEZKEI103

Ketoprofen NSAID RAFGIS14

Celecoxib NSAID n/a−no X-ray
structure104

Chlorothiazide Diuretic VEJZUI101

p-aminosalicylic
acid

Antibiotic FAYXOV13

Pyrimethamine Antimalarial KICWOK105

Emodin Anti-inflammatory (traditional
medicine)

MEXMOV106

Paeonol Anti-inflammatory (traditional
medicine)

MEXMUV106

Apigenin Anticancer (traditional
medicine)

JINHIB107

Figure 9. (a) Pentacoordinate Na+ ion in [Na(CBZ)5][I3] and (b)
CBZ ionic cocrystal in CBZ·[CBZ(H)][BF4]·0.5H2O.10,11
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methods for solid form screening and control.110,111 For
example, high throughput methods,112 high pressure,113,114

nanoconfinement,115,116 encapsulated nanodroplet crystalliza-
tion,117 microgel crystallization,118 milling approaches,119

polymer templating,120,121 heteroseeding from the melt,122

mixedmolecular crystallization,123,124 as well as crystallization in
supramolecular gels,125 microemulsions,126 structured-ternary
fluids,127 deep eutectic solvents,128 and in the presence of
magnetic fields.129 In addition, the example of CBZ Form V
shows thatmolecular analogues of target compounds can be very
powerful in bringing about thermodynamic control, templation,
and solid form discovery. Work on CBZ also highlights how
important it is to understand crystallization pathways, while the
diversity of multicomponent crystalline and amorphous forms of
CBZ illustrate the power of crystal engineering to influence
solid-state properties. Finally, CBZ is not always beneficial; like
many widespread drugs, it is becoming a source of environ-
mental concern.130 We address each of these topics in detail
below.
3.1. The Necessity of Diverse Crystallization Methods

for Screening and Control. High throughput, automated
crystallization methods are increasingly powerful and routinely
applied in solid form screening. As early as 2006, an automated
parallel crystallization search was applied to carbamazepine.
This study covered 66 solvents and five crystallization protocols,
analyzing the results using principal component analysis (PCA).
This resulted in the identification of CBZ-I, CBZ-t, and CBZ-III
as well as the CBZ-DH and eight organic solvates, including
three new solvate forms (N,N-dimethylformamide (1:1);
hemifurfural; hemi-1,4-dioxane).112 For CBZ, the solvent type
played relatively little role in the polymorphs obtained, except in
cases where it was directly incorporated. This systematic study
also showed that previous reports of polymer templating of
CBZ-IV were not reproducible, highlighting the stochastic
nature of the nucleation process and potential pitfalls of drawing
conclusions from limited data. It is worth noting that this study
was supported by computational CSP which showed that the
catameric hydrogen-bonded CBZ chain motif was common and
stable. Since no catameric structures were known at the time, the
authors concluded that kinetics favor nucleation of crystal
structures based on the CBZ−CBZ R2

2(8) hydrogen-bonded
dimermotif. It was not until 2011 that heteroseeding allowed the
targeted experimental realization of CBZ-V.

The control of different CBZ forms has also been possible by
crystallization in supramolecular gels.125 Four different bis-
(urea) gelators were combined in various solvents with CBZ and
heated, with gels forming on cooling. Large, well-defined crystals
of CBZ formed in the transparent gels and crystallized in either
the CBZ-t form or the thermodynamic CBZ-III, depending on
the concentration of CBZ in the sample (higher concentrations
of CBZ formed polymorph CBZ-t, while lower concentrations
formed CBZ-III). In one particular gel, the crystallization of the
high-temperature CBZ-I was observed under conditions that
typically give rise to CBZ-DH in solution. Formation of CBZ-I
(typically obtained from the melt) under ambient conditions is
uncommon. The large single crystals produced in the gels were
recovered by anion-switching. The presence of tetrabutylam-
monium acetate as a solid on top of the gel led to the rapid
dissolution of the gel which then allowed for the recovery of the
crystals for analysis by X-ray diffraction (Figure 10).125

Interestingly, the formation of metastable CBZ-I can also be
brought about by crystallization in the presence of a magnetic
field (>0.6 T). A similar effect occurs for flufenamic acid at

around 1 T, but the magnetic field does not affect the
crystallization of the closely related mefenamic acid. The role
of the magnetic field lies in the different diamagnetic
susceptibilities of crystallites of different polymorphs of a
given compound. For CBZ, at higher magnetic field strength, the
onset of crystallization (determined by turbidity measurements)
occurs at lower temperatures and hence greater supersaturation.
As a result, the magnetic field causes crystallization of the
metastable form in a way analogous to Ostwald’s rule of
stages.131

CBZ has also been studied by the relatively neglected
technique of melt crystallization, including melting under
nanoconfinement. CBZ was one of 21 extensively polymorphic,
well-documented substances possessing at least five known
forms studied by melt crystallization. This work revealed over
half of the recognized polymorphs and even unveiled fresh
polymorphs that had eluded detection through alternative
screeningmethods (Figure 11).Melt-grown polymorphs tend to
have higher Z′ values, which can be a particular problem for CSP
methods. For CBZ in particular, Forms I, III, IV, and a new form
dubbed Form VI occurring as coarse spherulites could be
isolated from the melt, with Form I (the stable form at high
temperatures) dominating. When melt crystallization was
conducted within nanopores ranging from 8 to 100 nm, 19 of
the 21 compounds predominantly yielded polymorphs that
mirrored those formed in the bulk melt at similar temperatures,
but melt crystallization under confinement also produced new
polymorphs that had eluded discovery by other crystallization
approaches. This proved true for CBZwhich gave themetastable
CBZ-I in larger pored and a new form (yet to be characterized)
in 8 nm pores.49 The role of particle size which can be explored
by different means including nanoconfinement132 andmilling133

is thus also important for the production of novel polymorphs in
CBZ.

One particularly exciting recent development in crystalliza-
tion methods under confinement is the use of encapsulated
nanodroplet crystallization, which involves nanoliters of solution
injected into an inert oil medium to control the rate of solvent
loss (ENaCt, Figure 12).134 The method has yet to be applied to
CBZ but used as a test case for an even more well-known and
highly polymorphic compound beloved by crystal engineers, the
olanzapine precursor ROY (so-called because of the red, orange,
and yellow colors of its many solid forms). The almost
simultaneous publication of new ROY polymorphs produced
by ENaCt and mixed crystal heteroseeding122 in 2020 brought
the total number of known ROY nonsolvated polymorphs to 14,
12 of which have been characterized by single-crystal X-ray
diffraction over the past 25 years.135 The ENaCt grown ROY
polymorph R18 has a surprising near-planar conformation,
suggesting it to be highly metastable. Designer supramolecular

Figure 10. A large CBZ crystal (form III) grown in a supramolecular
gel. The gel is dissolved by acetate ions to retrieve the large single crystal
for X-ray diffraction. Figure reproduced with permission from reference
125.
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gels and microgel particles can also control the polymorphic
form of ROY.118,136

Nanoconfinement approaches in microemulsions are inter-
esting crystallization methods that can target the most
thermodynamically stable polymorph in a pharmaceutical
system, offering the chance to “leapfrog” Ostwald’s rule of
stages. Microemulsion crystallization of glycine, for example,
gives the most stable γ-glycine polymorph upon careful control
of supersaturation levels.137 The approach has been applied to

the NSAID painkiller mefenamic acid (MA). When MA is
obtained from bulk DMF, it consistently crystallizes in the less
stable Form II polymorph regardless of the degree of
supersaturation or temperature. However, in DMF micro-
emulsions, the stable Form I is obtained but only at the lowest
levels of supersaturation that allow for crystallization. With this
method, very low supersaturation levels can be achieved because
of the significant reduction in supersaturation that occurs when a
nucleus forms within a nanoscale 3D-confined droplet.138

Figure 11. Polarized optical micrographs of melt-grown solid forms. CBZ is shown in E. Reproduced from reference 49. Copyright 2022 American
Chemical Society.

Figure 12. A cross-section schematic of the oil-encapsulated nanodroplet crystallization experiment. Figure reproduced with permission from
reference 134.
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Microemulsions have the disadvantage, however, that crystal
growth can occur only through droplet merging. Another
recently reported method that sidesteps this limitation is the use
of structured ternary fluids (STF) comprising octanol, ethanol,
and water. The ethanol serves as an amphisolvent that is miscible
with both the octanol and water, resulting in dynamic nanoscale
domains of aqueous and oil regions. As a result, the STFs can
serve as environments where nanocrystals can develop and
persist for significant durations, leading to improved regulation
of crystallization. STF crystallization gives rise to all three
ambient pressure polymorphs of glycine (namely, the α-, γ-, and
β-forms), even though the γ-form is typically challenging to
crystallize due to its slow growth and the β-form is relatively
unstable.127 Similarly, three metastable polymorphs of ROY, the
YN, ON, and R forms, and the stable Y polymorph can all be
obtained within a single STF consisting of toluene, isopropyl
alcohol, and water.

Nanoconfinement has been applied in CBZ polymorphic
form control in a continuous manufacturing context, particularly
to produce the less stable CBZ-IV. This is achieved by varying
the size of the solution droplets during spray drying. In this
controlled procedure, CBZ molecules were enclosed within
spray-dried droplets of precise dimensions during the nucleation
phase to examine how the limited space within the droplets
influences the resulting polymorphic form.139

Perhaps one of the most important, environmentally friendly,
and versatile modern solid form screening methods is the
application of mechanochemical force as in milling or liquid-
assisted grinding (LAG).140,141 Prolonged milling (5 h under
neat conditions) gives rise to the recently reported η-form of the
very well-studied chlorpropamide,142 with its structure recently
determined by powder diffraction.119 Surface rugosity has been
particularly implicated in the transitions between polymorphs
under milling conditions.142 While no new single-component
forms of CBZ have been reported using mechanochemistry, the
technique has been used in highly efficient cocrystal screening
using a modified planetary mill. CBZ cocrystals were chosen as a
model system to benchmark the planetary mill because of their
reproducibility, polymorphic and stoichiometric diversity, and
the availability of extensive characterization data. This method
successfully and efficiently reproduced the expected carbama-
zepine−saccharin cocrystal. It also revealed a new 1:1
polymorph form of caffeine−maleic acid cocrystal.143

Spray drying is also an important technique in novel
polymorph discovery, particularly because of the very fast
formation of solids from a dispersion. These conditions favor the
formation of highly metastable forms. Spray drying has recently
resulted in the discovery of the highly metastable ζ-form of
chlorpropamide, which is calculated to be some 14 kJ mol−1 less
stable than the thermodynamic α-form, at the limits of the kinds
of energies that would be expected to be isolated.119 A
continuous supercritical CO2 antisolvent-assisted nano spray
drying process has been applied to polymorph control in CBZ in
which supersaturation conditions occur in a spray drying nozzle
in the presence of surfactant additives. This results in the
reproducible formation of nanoparticles of themetastable CBZ-t
in the presence of sodium stearate, while the stable CBZ-III is
obtained with sodium dodecyl sulfate. The fact that the
supercritical antisolvent-induced suspension is immediately
spray-dried into a fine, dry powder minimizes the chance of
any polymorphic transformation. This approach is very different
to nonsupersaturated SASD spray drying conditions, which give
rise to amorphous CBZ and conventional spray drying methods

without the sc-CO2 antisolvent which give CBZ-IV.144

Interestingly, the same surfactant additives also template CBZ-
t and CBZ-III, respectively, from sc-CO2 antisolvent crystal-
lization without spray drying, but on prolonged immersion in
the sc-CO2/methanol medium CBZ-t showed conversion to
CBZ-III.145

Finally, solvent vapor annealing of amorphous carbamazepine
films has been applied both as a polymorph screening technique
and dissolution rate modification method.146 The spin-coated
CBZ film is treated with an atmosphere saturated withmolecules
of a specific vapor (typically a solvent). These experiments gave
rise to four different carbamazepine polymorphs, a solvate and a
hydrate, all with spherulitic morphologies. In terms of
dissolution behavior, heat-treated amorphous CBZ proved to
exhibit immediate release while materials that had been exposed
to ethanol released the drug around five times slower. However,
even this slower-release material is markedly faster than the
conventional powder.
3.2. The Power of Computationally Led Form

Discovery. Predicting the structure and conditions by which
a specific desired solid form can be produced is the holy grail in
materials science. In the last 20 years or so, there has been a
revolution in the development of computational methods for
Crystal Structure Prediction (CSP) and their applica-
tions,147−152 which has truly advanced research in crystal
engineering. CBZ, here, has also taught us many lessons.

CSP landscapes of pure CBZ were generated by two
independent groups as early as 2006.112,153 These were the
early days for CSP methods. Periodic DFT-d was still not used
for modeling molecular crystals; thus, those predictions relied
(partially) on the use of force fields. Appropriate modeling of
flexibility around the amide functional group of CBZ was found
crucial for the prediction of accurate lattice energies in CBZ,
with small variations in its pyramidalization impacting the
stability of the forms significantly. CBZ forms III and IV were
predicted within the low energy structures, CBZ-II was
generated with higher lattice energy, and CBZ-I was not
predicted due to its high Z′ value. Both CSP studies predicted
that structures of CBZ containing catemeric hydrogen-bonded
motifs were competitive energetically to the CBZ-III, and thus,
further CBZ polymorphs containing catemers should exist.
These computational studies inspired a high throughput
polymorph screening which, as explained above, led to the
previously known CBZ polymorphs III and I as well as CBZ-t
and further solvates, all containing H-bonded dimers.112 In
parallel, the crystal structures and hydrogen bonding tendencies
of a series of CBZ analogues were explored. These included
10,11-epoxycarbamazepine (ECBZ), 10,11-dihydrocarbamaze-
pine (DHCBZ), and 10-oxcarbazepine (OXCBZ).154 CSP
studies on these indicated that a small variation in the molecular
shape around the diazepine ring in these CBZ analogues
completely switched the H-bonding preferences from dimers to
catemers (with DHCBZ and OXCBZ landscapes dominated by
structures containing the catermeric motif). In that same study,
seeding of saturated CBZ ethanol solutions with DHCBZ forms
I and II crystals failed to produce a catemeric polymorph of
CBZ.154

In separate work, CBZ was cocrystallized with DHCBZ
resulting in a 1:1 CBZ:DHCBZ solid solution containing a
catemeric motif and a structure concomitant with that of
DHCBZ form II (HEMRIB).155 Recent work in this direction
has now shown that solid solution formation can lead to switches
in the thermodynamic stabilities of polymorphs, even when the

Crystal Growth & Design pubs.acs.org/crystal Review

https://doi.org/10.1021/acs.cgd.4c00555
Cryst. Growth Des. XXXX, XXX, XXX−XXX

J

pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


guest compound is present in very small amounts.124,156 Further,
seeds of solid solutions have been used to produce yet another
polymorph of the infamous compound ROY.122

In 2011, after years of further experiments with CBZ, a
catemeric polymorph of CBZ (CBZ-V) was finally grown by
sublimating CBZ onto a seed crystal of DHCBZ-II. Vials
containing a DHCBZ-II seed suspended above CBZ crystals
were sealed and heated to 125 °C for 2 days, resulting in the
deposition of CBZ-V onto the DHCBZ seed (Figure 13a).
Interestingly, CBZ-V crystals grew on the smallest edge face of
the seed crystal, while crystals that grew on the copper wire or
the walls of the vial were either CBZ-I or III (Figure 13b).48

CBZ-V, containing the elusive catemeric motif (Figure 13c), was
finally realized experimentally after a one-of-a-kind computa-
tionally led experimental polymorphic search.

Beyond polymorph prediction, CBZ work also inspired the
prediction of inclusion behavior inmolecular crystals. One of the
early 2006 CSP studies of CBZ correctly generated the structure
of CBZ-t, despite the fact that it has an unusually high lattice
energy (>8 kJ/mol relative to CBZ-III).153 This led to further
modeling and to the realization (through computation) that
CBZ-t could, in fact, become more stable than CBZ-III through
further stabilization brought about by the inclusion of guest
molecules (such as toluene) in the trigonal pores of the
structure. CBZ-t was then crystallized with tridecane in its pores,
which evidenced that a larger guest was able to significantly
stabilize the CBZ-t structure, remarkably raising its melting
point by ∼60 °C.Most strikingly, perhaps, was the fact that such
a high-energy crystal structure with pores was generated by CSP
of CBZ alone, without the need of modeling the guest so crucial
for its observation. This realization led to further research in
which it was shown that a great variety of inclusion frameworks
(including those seen in urea inclusion compounds) could be
generated computationally with CSP of the host alone. A
protocol was developed for the prediction of structures of
porous inclusion frameworks where CSP followed by a ranking
based on a combination of lattice energy and available volume
for guest inclusion was used to identify inclusion structures of
potential experimental realization.157 Years later, this strategy
led to the discovery of novel porous molecular materials,158 and
the prediction of the ability of compounds to form inclusion
solvates159 and hydrates.160

CBZ also led the way in the computational prediction of
solvates. The first crystal structure prediction study of an acetic
acid solvate was performed on CBZ and its close analogue
DHCBZ in 2006. CSP of multicomponent systems, although
more routine today, was challenging at the time because of the
greater number of independent variables that require explora-
tion. Although there was some pioneering CSP prior work on a
handful of other multicomponent systems,161−163 this CBZ and
DHCBZ study was the first to predict the formation and
structure of an acetic acid solvate prior to any experimentation.
This work on solvates led to further studies and the realization
that CSP landscapes can also anticipate the possibility of
structural disorder in crystal structures. In 2011, a CSP
landscape of 1:1 CBZ:DMSO revealed that two of the low-
energy predicted solvate structures were identical for the CBZ
occupancy but had the DMSO oriented in two different ways.31

A computational combination of these two and molecular
dynamic (MD) simulations then showed that indeed the
experimental structure must be a combination of these two
ideal structures, showing disorder. The MD simulations showed
that, while this disorder is static at low temperatures, it becomes
dynamic at higher temperatures, with the DMSO molecule able
to reorient itself in the structure through a simple rotation.31

While there remain many frontiers and challenges to be
addressed in crystal structure prediction,151 the lessons learned
on these by CBZ have been remarkable and historically
important. Solid forms can vary in Z′ and in composition, can
contain disorder and flexibility of high complexity, and thus
there is almost an infinite universe of solid forms to be explored
both experimentally and computationally. While significant
advances have been achieved in some of these areas of CSP
including prediction of stoichiometry,164,165 hydration,152,166

accurate modeling of conformational energies,167 or reduction
of overpredicted structures,168,169 we are yet to understand and
establish further links between the structures generated in the
computer and those that can be crystallized experimen-
tally.170,171 The work on CBZ has illustrated, beyond any
other work, how experimental and computational synergy is a
must for the crystal engineering work of the future.
3.3. Conversions between CBZ-DH, Anhydrous Forms

and Amorphous. Understanding form conversion and ranges
of solid form stabilities is key for crystal engineering and
pharmaceutical materials sciences. Especially, conversions

Figure 13. (a) A catemeric DHC Form II seed crystal with thin plates (i−iii) of the computationally predicted carbamazepine Form V emerging from
the edge faces (reproduced from reference 48 with permission from the Royal Society of Chemistry). (b) Cyclic R2

2(8) hydrogen bonded dimer in
carbamazepine Forms I−IV. (c) The catemeric CBZ Form V.
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between neat crystalline solids, amorphous, and hydrate forms
need to be well understood prior to drug formulation.

The mechanism of dehydration of CBZ-DH powders (and
the forms it leads to) is heavily influenced by the conditions of
dehydration used including temperature and relative humidity
(RH).172,173 At room temperature and 0% RH, CBZ-DH
converts to CBZ-A.56,174 At room temperature and ∼10% RH,
CBZ-DH converts to CBZ-I, and at RHs above that into a
mixture of CBZ-I and CBZ-III. Dehydration above the Tg leads
to mixtures of CBZ-IV and -I, with CBZ-I becoming the sole
form above 100 °C.56 Kachrimanis and Griesser established that
the CBZ-DH process occurs in two overlapping steps of
different kinetics and is influenced by the environment: (i) first
the dehydration of the weaker water bound to the carbonyl of
carbonyl group CBZ and (ii) second the dehydration of the
second more strongly bound water bound to the NH2 of CBZ.
Removal of the first water leads to amorphization and of the
second water to crystallization of either CBZ-IV or CBZ-I.56

In solution, both conversions from and to the CBZ-DH have
been investigated. For the solvent-mediated conversions of
CBZ-III and CBZ-I into CBZ-DH in aqueous suspensions, it
was found that the morphology of the anhydrous form used had
a greater impact on the kinetics of the conversion than the
polymorphic form used.175 Further work then highlighted that
the kinetics of the conversion could be greatly accelerated by
increasing the stirring, thus promoting grinding conditions.
Milling changed the rate-controlling step of the process from the
crystallization of CBZ-DH to the dissolution of CBZ-A
produced by milling.176 These works showed the important
role played by surfaces in enabling the nucleation of the CBZ-
DH with the availability of CBZ-A accelerating these kinetics.
3.4. Beyond the Crystal. Solid-state NMR spectroscopy as

well as X-ray scattering studies combined with the Empirical
Potential Structure Refinement of liquid and amorphous CBZ
has led to a further understanding of the binding modes of CBZ
in environments other than the crystalline solid state. In melted-
liquid CBZ, the aromatic stacking interactions of the butterfly
rings dominate, with the number of H-bonds significantly
increasing upon formation of the glassy state. The lack of crystal
symmetry in the glassy state results in the formation of H-bond
structures other than dimers, including trimers and tetramers
not observed in the crystalline state.177 In line with this, studies
of CBZ deposited on Au(111) surfaces by scanning tunneling
microscopy (STM) showed the assembly of CBZ into stable
tetramers through H-bonding (Figure 14), these, in turn,
assembling through aromatic sandwich interactions. Remark-
ably, electrospray ionization mass spectra of CBZ show an
intense peak corresponding to the mass of a tetramer, suggesting
that a four-molecule cluster has significant stability even in the
gas phase.178

3.5. The Power of Crystal Engineering to Influence
Solid-State Properties. Sections 2.8 and 2.9 illustrate the
variety of neutral and ionic cocrystals formed by CBZ and their
highly varied properties. The formation of over 60 cocrystals by
CBZ, partly as a result of its unusual combination of molecular
structural features, shows the tremendous power of crystal
engineering approaches to modify solid-state properties. Section
3.3 also shows that amorphous CBZ is accessible by
dehydration, and as a low solubility (BCS class II) drug, solid
forms of compounds like CBZ with potentially higher solubility
are of interest in improving oral bioavailability. Like many
amorphous forms, CBZ-A can suffer from issues of physical or
chemical instability. CBZ-A, surprisingly, does not give a

supersaturated solution in gastric media and, in fact, the solution
concentration proves lower than that obtained from crystalline
CBZ-III because of rapid conversion to the insoluble dihydrate.
The use of polymers such as PVP and HMPC to stabilize the
amorphous form also did not result in any enhanced solubility
with a similar initial concentration to the crystalline form,
dropping after just over an hour again because of the formation
of dihydrate.179 Instead of polymers, small molecule coamor-
phous materials have also been made with CBZ.35 CBZ forms a
coamorphous 1:1 material with citric acid by ball milling.
However, like many coamorphous substances, it exhibits at a
relatively low glass transition temperature (Tg) in comparison to
polymeric solid dispersions. The low Tg of 39 °C in combination
with hygroscopicity results in the transformation to a super-
cooled melt under ambient conditions. This issue could be
addressed by salt formation with L-arginine to give ternary
coamorphous blends with Tg ranging from 77 to 128 °C
depending on the amount of arginine.35 CBZ is also one of
several drugs that form binary coamorphous phases with the
relatively unusual N-vinylcaprolactam dimer coformer, which
has strong hydrogen bond acceptor properties but little donor
acidity. CBZ forms a stable coamorphous phase by comelting.
While the Tg is close to room temperature, the material remains
amorphous even at a 2:1 CBZ to conformer ratio over several
days before slowly crystallizing over 4 weeks.180

CBZ, like many small molecules, can potentially form
inclusion complexes with carriers such as cyclodextrins, and
the entrapment of the drug within the hollow carrier can
dramatically influence the material’s properties. While there
does not appear to be a report of crystal structure data, phase-
solubility studies have shown that soluble CBZ complexes form
with α-, β-, and hydroxypropyl cyclodextrins, while the γ-
cyclodextrin (γ-CD) complex is insoluble. The hydroxypropyl-
cyclodextrin complex gives rise to the highest apparent
solubility.181 Complexation by cyclodextrins can potentially be
used as an efficient drug delivery mechanism. CBZ has been

Figure 14. STM image of an ordered array of CBZ hydrogen bonded
tetramers deposited on Au(111). Reproduced from reference 178.
Copyright 2020 American Chemical Society.
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found to enter the shell of core−shell cholesteryl oleate (ChO)/
γ-CD nanoparticles as a crystalline nanosheet γ-CD inclusion
complex. Interestingly the channel inclusion structure of CBZ-t
can also be used to form CBZ−polymer inclusion complexes in
which the CBZ is the host rather than the guest. Both
hydrophilic poly(ethylene glycol) and hydrophobic poly(3-
caprolactone) are included and have the CBZ-t channel crystal
structure. Compared to CBZ-t, the poly(ethylene glycol)
complex has a faster dissolution rate under both sink and
nonsink conditions while the poly(3-caprolactone) complex
proved to be more stable than CBZ-t with respect to
transformation to other crystalline CBZ forms.33,34

Finally, the probing of mechanical behavior and the link
between mechanical properties and the structure of crystals is an
exciting area of research in Crystal Engineering.182 In the past
decade or so, pharmaceutical crystals have been probed by the
technique of nanoindentation,182−185 which has allowed for the
exploration of links between structure−mechanical properties.
This has allowed for the development of design rules for making
flexible crystals,186 the use of cocrystallization and poly-
morphism to improve mechanical behavior,187−189 or the
understanding of the coexistence of elastic and plastic
bending190 to name a few. In this context, CBZ-III has also
been studied with nanoindentation.191 Interestingly, the
mechanical behavior of CBZ-III was found to be highly
anisotropic with the {020} faces found to be nearly 30% stiffer
than the {002} and the {101} faces. Modeling of the system
highlighted the importance of molecular flexibility for
mechanical behavior. The breathing of the butterfly ring in
CBZ was found to contribute to a softening of the mechanical
behavior in CBZ-III.191

3.6. Remediating the Environmental Legacy of
Modern Pharmaceuticals. One final lesson that we can
learn from CBZ is that it is one of the most common of many
persistent, stable pharmaceuticals and personal care products
(PPCPs) that are beginning to accumulate in the environment
as a result of humanity’s extensive reliance on modern
medicines.192 CBZ is particularly commonly observed in food
crops that have been grown on soil irrigated with treated sewage
effluent, indicating current treatment methodologies do not
degrade CBZ. Since drugs such as CBZ are by definition
biologically active, increasing accumulation of pharmaceuticals
in the biosphere is potentially a cause of unwanted
consequences, and there is a role for solid-state science in
ameliorating this growing potential problem. While typically
organic pollutants are broken down using biochemical
processes, these may be slow and ineffective under certain
conditions such as high salinity. One approach is to take
advantage of mechanochemical activation to activate the
breakdown of CBZ by active inorganic surfaces. Sorption of
CBZ onto Al-montmorillonite clay results in enhanced
degradation; however, ball milling with magnetite has been
found to result in complete degradation of BCZ to
iminostilbene. There is something of a symmetry between
mechanochemical approaches to prepare CBZ cocrystals and
similar ways to address its destruction.130 Other approaches to
CBZ removal have involved molecularly imprinted polymers
(MIPs) with an optimized MIP based on vinylbenzoic acid
adsorbing 28 mg g−1 of CBZ. Selective adsorption arises from a
combination of just the interactions found in CBZ solid forms,
namely hydrogen bonding, aromatic interactions, and van der
Waals forces.193 The use of activated carbon and biochar are also

important approaches that are the subject of ongoing

research.194

4. CONCLUSION

Carbamazepine is highly polymorphic and is one of the most

prolific formers of multicomponent crystals known. Certainly,

its awkward shape, hydrogen bond donor and acceptor ability,

mismatch of the number of donors and acceptors, aromatic

stacking characteristics, and basicity contribute significantly to

this propensity. However, it is also the amount of time and

resources that have been spent on the compound that has

revealed much of its rich solid-state behavior. The rigidity of

CBZ makes it relatively tractable from a CSP perspective, and

this, in turn, has led to careful, unusual experiments to test

predictions such as the seeded discovery of the predicted neat

form V. As more has become known about the compound, it has

increasingly been used as a model system for the exploration of

new methodologies. The fact that as recently as 2022 another

single-component polymorph has been revealed suggests that

extensive study of many such drug molecules will continue to

increase our knowledge of their solid form diversity. The recent

explosion in novel crystallization and solid form discovery

methods is at once a blessing and a curse. While ever more

materials are becoming experimentally accessible, the effort and

resources required to search for them are increasingly significant.

This means that computationally guided experiments in

conjunction with data-based approaches are now hugely

important. It is truly remarkable what such techniques have

revealed about just the one example of CBZ, and this diversity

highlightsMcCrone’s foresight in speculating that the number of

polymorphs discovered for a given compound is proportional to

the amount of time and money spent on it.
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