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ABSTRACT: Combining active pharmaceutical ingredients
(APIs) with sweeteners through crystal engineering is an attractive
way to mask the bitter taste of drugs. However, traditional
methods such as salt or cocrystal formation still suffer some major
limitations. Herein, racetams, a series of normally bitter drugs,
cannot be combined with the popular sweetener saccharin through
either salt or cocrystal formation. We here, however, show how
these compounds can be combined when zinc saccharinate is used
rather than saccharin. The obtained complexes can either be
identified starting from a binary target API/Zn saccharinate or a
ternary API/ZnO/saccharin combination. This work opens up
novel pathways to couple two compounds of interest through a crystal engineering approach.

1. INTRODUCTION

Racetams are a series of active pharmaceutical ingredients
(APIs) that impact the central nervous system.1−4 Their
unpleasant taste still is a hurdle in the development of their
oral dosage forms.5,6 For example, levetiracetam, marketed as
Keppra, is used for the treatment of epilepsy.7 Its intensively
bitter taste usually leads to poor patient compliance, especially
with children.8,9 Similarly, piracetam, which has been marketed
and used for the treatment of memory and balance problems,10

met with the refusal of patients in clinical trials because of its
bitter taste.6

Combining suitable sweeteners with racetams through
crystal engineering is an attractive way to overcome such
problems as they mask the bad taste of drug molecules but do
not change their original chemical structure.11−14 For drugs
containing basic groups such as quinine, venlafaxine,
haloperidol, stanozolol, lamivudine, triamterene, or mirtaza-
pine, the acidic sweetener saccharin can easily be combined in
the same solid form through the formation of salts.15−19 For
un-ionizable drugs, previous works have proven the possibility
of combining sweeteners through cocrystallization.20,21 For
example, oxcarbazepine, spironolactone, and carbamazepine
were cocrystallized with saccharin, a sweetener widely used in
the pharmaceutical and food industry22,23 with obtained solids
showing improved solubility.24−26 Albeit elegant, cocrystalliza-
tion suffers from a low success rate in identifying suitable
coformers.27−29

In this study, we introduce an innovative approach showing
how saccharin can be successfully combined at the solid state
with un-ionizable drug compounds for which no molecular

cocrystals between drug and saccharin exist. Inspired by ionic
cocrystallization,30 we show how zinc saccharinate can be
successfully combined with six racetams (Figure 1), which do
not form a molecular cocrystal with saccharin. We,
furthermore, highlight an efficient three-component grinding
strategy for the identification of these complexes, which often
show increased thermal stability with respect to the parent
drug compound. The approach used in this work not only
shows a novel way to combine sweeteners with drugs but also
opens up a new perspective on how two target compounds can
be combined at the solid state.

2. EXPERIMENTAL SECTION
2.1. Materials. Racetams, including levetiracetam, piracetam,

oxiracetam, sunifiram, and carphedon, were purchased from Xiamen
Top Health Biochem Tech. Co., Ltd. Etiracetam is the racemate of
levetiracetam, which was obtained from the latter following a
literature-based procedure.31 Saccharin was purchased from Alfa
Aesar. Zinc acetate was purchased from Carlroth. Zinc oxide was
purchased from Merck. All of the solvents and reagents were used as
received without further treatment.

2.2. Preparation of Zinc Saccharinate Hexahydrate [ZnSa-
c2(H2O)4]·2H2O. [ZnSac2(H2O)4]·2H2O (zinc saccharinate hereafter,
Figure S1) was obtained by slurrying saccharin and zinc acetate in a
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2:1 ratio in water at room temperature for 2 days. After that, the
suspension was filtered, and the filtered cake collected and dried
under ambient conditions.
2.3. Screening Procedure. 2.3.1. Three-Component Grinding.

Generally, 0.5 mmol of saccharin, 0.25 mmol of ZnO, 0.25 mmol of
racetam, and 2−3 stainless metal balls (Ø 3 mm) were added to a
plastic Eppendorf tube. After 40 μL of solvent (methanol, ethanol,
isopropanol, acetonitrile, or water) was added, the samples were
ground in a RETSCH Mixer Mill MM 400 with a beating frequency
of 30 Hz for 90 min. The PXRD profiles of the resulting powders
were compared to the parent compounds as well as the different zinc
saccharinate solvates.
2.3.2. Two-Component Grinding. For levetiracetam, two-compo-

nent grinding is performed starting directly from zinc saccharinate. A
total of 0.1 mmol of zinc saccharinate, 0.1 mmol of levetiracetam, and
three stainless-steel balls were added to a plastic Eppendorf tube.
After 20 μL of solvent (methanol, ethanol, isopropanol, acetonitrile,
or water) was added, samples were ground using a RETSCH Mixer
Mill MM 400 with a beating frequency of 30 Hz for 90 min. The
PXRD profiles were compared to those of the parent compounds as
well as all zinc saccharinate solvates (Table S1).
2.4. Single Crystal Growth. 2.4.1. ZnSac2Lev, ZnSac2Eti2,

[ZnSac2Pi]·CH3CN, [ZnSac2Oxi]·CH3CN, [ZnSac2Sun]·CH3CN. These
were obtained following a similar procedure: to 0.1 mmol of zinc
saccharinate and the corresponding racetams, 1 mL of acetonitrile was
added, and the solution was heated to 80 °C. Afterward, seeds of the
respective complexes obtained from grinding were added to the
solution, and the glass vial was sealed and left to cool down slowly
overnight.
2.4.2. [ZnSac2(H2O)2]·Car·EtOH·H2O and Zn3Sac6Pi2(H2O)4. These

were obtained following the procedure in section 2.4.1, apart from
using a water−ethanol mixture (0.05:0.95 in volume) instead of
acetonitrile.
2.4.3. [ZnSac2Lev(H2O)]·EtOH. To a physical mixture of 0.1 mmol

of zinc saccharinate and 0.4 mmol of levetiracetam, ethanol was added
dropwise until all solid was dissolved. Single crystals of [ZnSac2Lev-
(H2O)]·EtOH were obtained after leaving the solution to partially
evaporate after 1 day.
2.4.4. [ZnSac2Lev(H2O)]·CH3CN. A total of 0.1 mmol of zinc

saccharinate was dissolved in 1 mL of acetonitrile by heating. The
obtained solution was mixed with an equimolar quantity of
levetiracetam dissolved in 1 mL of acetonitrile at RT. The solution
was kept at 9 °C, and single crystals suitable for structure
determination were collected after 24 h.
2.4.5. ZnSac2Car. A total of 0.1 mmol of zinc saccharinate and 0.1

mmol of carphedon were stirred in 2 mL of ethanol for 2 h. Afterward,
the solution was heated to 85 °C. At this temperature, ethanol was
added dropwise until all solids were dissolved. Seeds, obtained from
grinding experiments, were added to the solution. The glass vial was

sealed and left to cool down slowly overnight, after which single
crystals were harvested.

2.5. Powder X-ray Diffraction (PXRD) and Variable-Temper-
ature X-ray Powder Diffraction (VT-PXRD). Powder X-ray
diffraction of all samples were conducted on a Siemens D5000
diffractometer equipped with a Cu X-ray source operating at 40 kV
and 40 mA (λ = 1.5418 Å) at a scanning range of 2θ values from 5° to
50° at a scan rate of 0.6° min−1. VT-XRPD profiles were collected on
a PANalytical X’Pert PRO automated diffractometer at a scanning
range of 2θ values from 3° to 40°, equipped with an X’Celerator
detector and an Anton Paar TTK 450 system for measurements at a
controlled temperature. Data were collected in the open air in Bragg−
Brentano geometry, using Cu−Kα radiation without a monochroma-
tor.

2.6. Single-Crystal Diffraction. Data were collected on a
MAR345 image plate detector using Mo Kα radiation (λ = 0.71073
Å), generated by an Incoatec IμS microfocus source. Data integration
and reduction were performed by CrystAlisPRO, and the implemented
absorption correction was applied. Structure solution was performed
by the dual-space algorithm in SHELXT, and the structure was further
refined against F2 using SHELXL.32 All non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were placed at calculated
positions with temperature factors set at 1.2Ueq of the parent atoms
(1.5Ueq for methyl and OH hydrogens).

2.7. Thermogravimetric Analysis (TGA). TGA analyses of all
samples were performed from 30 to 500 °C using a heating rate of 10
°C/min with a continuous nitrogen flow of 50 mL/min, on a Mettler
Toledo TGA/SDTA851e.

2.8. Differential Scanning Calorimetry (DSC). DSC measure-
ments were performed on a TA DSC2500. Deposited in aluminum
Tzero pans with punctured lids, samples were heated from 20 °C up
to 350 °C using a heating rate of 10 °C/min under a 50 mL/min
continuous nitrogen flow.

3. RESULTS AND DISCUSSION

3.1. The Unexplored Potential of Using Complex-
ation to Bind a Drug and a Sweetener. Because of the lack
of ionizable groups in all investigated racetams (Figure 1),
combining them with saccharin through salt formation is not
possible. On top of that, all attempts to directly cocrystallize
saccharin with these racetams were unsuccessful. This failure in
cocrystallization can be explained by the fact that the
intermolecular interactions in the expected cocrystals are of
the same type as those in the starting compounds (hydrogen
bonding, π−π interactions...) but overall less favorable for the
potential cocrystal compared to the starting compounds.
Aiming for a stronger stabilization of the resulting crystalline
solid, we focused on inducing stronger interactions. Recently,

Figure 1. Zinc saccharinate and racetams used.
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ionic cocrystals have emerged showing stronger interactions
between the metal center and the organic compounds,
resulting often in a higher success rate to cocrystal
formation.31,33−35 Unlike molecular cocrystals, the dominating
force that combines different compounds together is not
hydrogen bonding or π−π stacking, but rather coordination
and electrostatic interactions, which are much stronger.30

Considering zinc is pharmaceutically acceptable and its
inorganic salt was shown to cocrystallize with different
racetams,28,36 we took an innovative approach, converting
saccharin to zinc saccharinate and using this latter to form
complexes combining both saccharin as well as the target API.
3.2. Mechanochemical Strategies. Previous contribu-

tions in metallopharmaceuticals have shown the effectiveness
of mechanochemistry in finding metal complexes.37,38 In our
case, saccharin shows a pKa of 1.6 and easily deprotonates.27

The most obvious method here would be to convert saccharin
to the zinc saccharinate salt. This salt can then be ground with
the API, to screen for complex formation (two-component
grinding). Although successful, the supplementary synthetic
step of synthesizing the zinc saccharinate salt makes this
procedure lengthy and time-consuming. However, as liquid-
assisted grinding (LAG) has already proven capable of
promoting the reaction between metal oxides and organic
acids in a one-step synthesis of multiple ligand complexes,39−41

a similar approach proved successful here. The combination of
saccharin, zinc oxide, and API in a single-step grinding
approach yielded the desired complexes (three-component
grinding).
To evaluate the usefulness of both grinding approaches, a

series of two- and three-component grinding experiments were
performed for the mechanochemical coupling of levetiracetam,
zinc, and saccharin. This highlighted the importance of the
solvent used during the grinding experiments. In all cases, neat
grinding failed to yield the desired complexes: the mixture of
starting materials was observed for both two- and three-
component grinding experiments even after 90 min of milling.
A similar observation was made by Chow et al. working on
magnesium oxide (Figures S2−S3).41
LAG using water also did not lead to successful trans-

formation for the two- as well as the three-component grinding
experiments. In both cases, a mixture of the zinc saccharinate
hexahydrate and levetiracetam was obtained (Figure S4). This
can be explained as the stability of zinc saccharinate
hexahydrate is directly related to the water activity (eq 1).
whereas high water activity leads to the formation of
levetiracetam physically mixed with zinc saccharinate hexahy-
drate. Water-assisted LAG can be assimilated to the highest
water activity under which the equilibrium is completely
shifted to the hexahydrate phase.

[ ]· +

+

ZnSac (H O) 2H O Lev ZnSac Lev

6H O
2 2 4 2 solid solid 2 solid

2 liquid

F

(1)

LAG using organic solvents (Figure S5) leads to a reduced
overall water activity, pulling the reaction toward the formation
of the various desired complexes. As the use of 2 equiv of
saccharin and 1 equiv of ZnO during the three-component
grinding only introduces one equivalent of water (the only
water introduced in the reaction is obtained as byproduct of
two saccharin molecules with zinc oxide) versus the 6 equiv
introduced when performing the two-component grinding
using zinc saccharinate hexahydrate, the transformation is

more advanced, as shown by the weaker peaks from the zinc
saccharinate residue in the three-component grinding experi-
ments compared to two-component grinding experiments
(Figures S6−S8). Furthermore, to our surprise, different
patterns appeared when using methanol, ethanol, and
acetonitrile, which were shown to correspond to unsolvated
form ZnSac2Lev and the solvated form of the complex
containing one molecule of water and one molecule of solvent
(ZnSac2Lev(H2O)·EtOH and ZnSac2Lev(H2O)·CH3CN re-
spectively) (Table S2, Figures S9−S11). This result shows the
importance of the solvent used during LAG and highlights the
crucial role of the water activity when hydrates are involved in
the transformation process. It should be mentioned that
compared to the hydrate and anhydrate phases, these solvate
phases are less interesting from a pharmaceutical point of view.
On the basis of the results above, the three-component

liquid-assisted grinding using organic solvents was opted as the
principal approach for the coupling of the other racetams to
saccharin.

3.3. Saccharinate-Zn-Racetam Complexes. To our
astonishment, the coupling of zinc saccharinate and racetams
at the solid state was successfully achieved for the six racetams
studied here, through three-component grinding. This is in
strong contrast to the direct coupling attempts between
saccharin and racetams, which all failed (Figures S6−S8 and
S12−S19).
To gain structural insight into how racetams couple to zinc

saccharinate, a series of single crystals were grown. Considering
most racetams share common structural motifs, one could
reasonably expect some likeness in the crystal structures of the
obtained complexes. In most complexes, zinc shows a
tetrahedral coordination involving the nitrogen atoms of two
saccharinate anions and two oxygen atoms of respectively a
pyrrolidone and amide group of two different racetam
molecules (Figure 2). As for each racetam molecule, the

pyrrolidone and amide group link to two different zinc atoms,
and an infinite 1D chain structure or 0D complex is formed.
This coordination mode is observed in ZnSac2Lev, ZnSac2Car,
[ZnSac2Pi]·CH3CN, [ZnSac2Oxi]·CH3CN, and [ZnSac2Sun]·
CH3CN complexes. ZnSac2Lev is shown here, while the other
complexes are shown in the Supporting Information (Figure 2,
Figures 3a and S20−S24, Tables S2−S3).

Figure 2. The most common coordination environment around Zn2+

in the obtained complexes.
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ZnSac2Lev, ZnSac2Eti2, [ZnSac2Lev(H2O)]·EtOH,
[ZnSac2Lev(H2O)]·CH3CN, Zn3Sac6Pi2(H2O)4, and [ZnSa-
c2(H2O)2]·Car·EtOH·H2O show different coordination modes
around the zinc cation, which is why these structures are
discussed in more detail, keeping in mind the tetrahedral
coordination mentioned above is most frequent.
Upon attempting to obtain single crystals of the complexes,

four new solvates of zinc saccharinate were discovered and
structurally characterized: [Zn(Sac)2(MeOH)2], [Zn-
(Sac)2(EtOH)2] [Zn(Sac)2(isopropanol)(H2O)], and
[ZnSac2(CH3CN)(H2O)] (Table S1).
3.3.1. Complexation with Levetiracetam. Three different

solid forms involving complexation of zinc saccharinate with
levetiracetam were identified in this work. ZnSac2Lev,
[ZnSac2Lev(H2O)]·EtOH, and [ZnSac2Lev(H2O)]·CH3CN
(Figures S5−S8) were accessed mechanochemically, and single
crystals of these phases were identified.
3.3.1.1. ZnSac2Lev. ZnSac2Lev adopts a tetrahedral

coordination leading to the 1D coordination mode mentioned
above, in which every two adjacent zinc atoms are bridged by
one levetiracetam molecule (Figure 3). ZnSac2Lev can be
obtained through three-component LAG using methanol or
isopropanol or by slurrying zinc saccharinate and levetiracetam
in isopropanol in a 1:1.2 ratio (Figures S9 and S25).
In addition, ZnSac2Lev shows considerable thermal stability

compared to levetiracetam (levetiracetam shows a melting
point of 116 °C). TGA analysis shows a rapid mass decline
starting from 220 °C, corresponding to the single endothermic

peak at 243 °C in the DSC thermogram, demonstrating the
melting and further decomposition of the complex (Figure 4).

3.3.1.2. [ZnSac2Lev(H2O)]·CH3CN and [ZnSac2Lev(H2O)]·
EtOH. Both solvated complexes share a similar coordination
sphere around the zinc cation (Figure 5a). Once again, zinc

accepts a tetrahedral coordination formed by two nitrogen
atoms from saccharinate and two oxygen atoms. However,
while in ZnSac2Lev both oxygens of levetiracetam are involved
in the complexation to Zn2+, resulting in the infinite 1D chain
formation, in the solvated complexes only the oxygen of
pyrrolidone is bound to the cation, resulting in 0D complexes.
In both solvates, a water molecule coordinates to the cation
instead of the oxygen of the amide group. This latter interacts
with adjacent molecules via OHwater···Oamide and NHamide···OSO
hydrogen bonds (Figure 5b, Figure S24). Thus, [ZnSac2Lev-
(H2O)]·CH3CN and [ZnSac2Lev(H2O)]·EtOH can be
considered as acetonitrile and ethanol solvates of ZnSac2Lev-
(H2O) respectively (Figure 5, Figure S24). Both complexes
can be obtained in bulk using three-component acetonitrile or
ethanol LAG or alternatively slurrying a stoichiometric ratio of
zinc saccharinate and levetiracetam in acetonitrile or ethanol
(Figures S10, S11, S26, and S27).
Thermal analysis of [ZnSac2Lev(H2O)]·CH3CN shows an

8% weight loss starting from 75 °C, which can be attributed to
the loss of acetonitrile and water (theoretical weight loss =
7.8%). This endothermic event is also visible in the DSC
thermogram (Figure. 6). After this endothermic signal, a
further single endothermal peak is seen at 241 °C, which
corresponds to the melting of ZnSac2Lev (243 °C). VT-PXRD
shows the solvent loss to lead to the unsolvated ZnSac2Lev

Figure 3. (a) The coordination environment of Zn2+ in ZnSac2Lev.
(b) Crystal packing of ZnSac2Lev, view along the crystallographic a-
axis. Hydrogen atoms are omitted for clarity.

Figure 4. (a) TGA curve of ZnSac2Lev. (b) DSC curve of ZnSac2Lev.

Figure 5. (a) The coordination environment of zinc in [ZnSac2Lev-
(H2O)]·EtOH. (b) Crystal packing of [ZnSac2Lev(H2O)]·EtOH
viewed along the crystallographic a-axis. Hydrogen atoms are omitted
for clarity.
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complex (Figure S28) [ZnSac2Lev(H2O)]·EtOH shows a
similar thermal behavior. The 8.44% weight loss starts from
about 69 °C, corresponding to the first endothermal peak of
the DSC curve. After the solvent loss, [ZnSac2Lev(H2O)]·
EtOH is transformed to ZnSac2Lev, which melts at about 236
°C, comparable to the measured melting point of ZnSac2Lev
(243 °C) (Figures S29−S31).
3.3.2. Complexation with Etiracetam. Complexation of

levetiracetam’s racemic counterpart, etiracetam, did not show
any solvate formation, resulting in the formation of ZnSac2Eti2,
which crystallizes in a P21/c space group. Unlike the majority
of complexes obtained, an octahedral coordination is observed
around the zinc cation. ZnSac2Eti2 can furthermore be
regarded as a 1D coordination polymer with etiracetam
molecules bridging two zinc cations (Figure 7). Two

etiracetam molecules coordinating to two adjacent cations
act as a bridge through their pyrrolidone and amide groups.
The octahedral coordination is fulfilled by two saccharinate
anions through the carbonyl oxygen instead of the nitrogen
atoms unlike all other complexes obtained. This is a rare
occurrence for this type of coordination involving saccharinate,
as a CSD search confirms that nitrogen coordination is more
likely.42−44 Each zinc cation coordinates two etiracetam
molecules of opposite chirality. The strands are therefore
heterochiral, with no chiral recognition occurring for this
compound.
The simulated PXRD pattern overlaps with that of the

ground material (Figure S32), showing the same phase was
obtained. In addition, the synthesis of Sac2ZnEti2 was upscaled
by slurrying stoichiometric amounts of zinc saccharinate and
etiracetam in ethanol or isopropanol (Figure S33).
Thermal analysis (DSC and TGA) of ZnSac2Eti2 shows a

single melting endotherm at 189 °C followed by immediate
degradation (Figure 8). The introduction of zinc saccharinate
thermally stabilizes etiracetam in the solid state by about 70 °C
(etiracetam shows a melting point of 119 °C).45 Merely
cocrystallizing etiracetam with ZnCl2 shows almost no increase
of etiracetam’s melting point (around 118 °C), highlighting the
importance of saccharinate in this stabilization.36

3.3.3. Complexation with Piracetam. Complexation of
piracetam with zinc saccharinate always resulted in the
formation the hydrated Zn3Sac6Pi2(H2O)4 complex regardless

Figure 6. (a) TGA curve of [ZnSac2Lev(H2O)]·CH3CN. (b) TGA curve of [ZnSac2Lev(H2O)]·CH3CN.

Figure 7. ZnSac2Eti2. (a) The coordination environment of zinc; (b)
crystal packing, view along the crystallographic a-axis and the one-
dimensional chain. Hydrogen atoms are omitted for clarity.

Figure 8. (a) TGA curve of ZnSac2Eti2 and (b) DSC curve of ZnSac2Eti2.
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of the synthetic method (LAG or slurrying in ethanol,
acetonitrile, or isopropanol (Figures S34−S35).
The structure of Zn3Sac6Pi2(H2O)4 differs significantly from

the other complexes (Figure 9). First, the stoichiometric ratio

of zinc saccharinate to piracetam is different, showing a 3:2
instead of the most common 1:1 ratio. Second, this complex is
characterized by both tetrahedral as well as octahedral
coordination around the zinc cation. Two zinc cations have a
tetrahedral coordination formed by three nitrogen atoms of
saccharinate and an oxygen from a piracetam amide group.
The pyrrolidone oxygens of piracetam, in turn, are coordinated
to the octahedrally coordinated zinc cation which is situated in
between the above-mentioned tetrahedra. The octahedral
coordination is completed by four water molecules. This
combination of tetra- and octahedrally coordinated zinc leads
to a Zn3Sac6Pi2(H2O)4 monomer. These monomers interact
with each other via hydrogen bonds between the water
molecules and amide group of piracetam and oxygen atoms of
saccharinate (Figure. 9a).
3.3.4. Complexation with Carphedon. The complexation

of zinc saccharinate with carphedon revealed a unique
molecular cocrystal [ZnSac2(H2O)2]·Car·EtOH·H2O, which
can be obtained by slurrying or LAG methods using ethanol as
a solvent (Figures S36 and S37). [ZnSac2(H2O)2]·Car·EtOH·
H2O is the only complex in which the racetam compound is
not coordinated to the zinc cation. The tetrahedral
coordination of Zn2+ is formed by two saccharinate and two
water molecules (Figure 10a), with carphedon interacting with

the [ZnSac2(H2O)2] motif through hydrogen bonding (Figure
10b). [ZnSac2 (H2O)2]·Car·EtOH·H2O can therefore be
described as a solvated cocrystal between [ZnSac2(H2O)2]
and carphedon.

4. CONCLUSION
This paper introduces a novel methodology to couple a
sweetener to a drug compound, as demonstrated for the
racetam family. Whereas salt or cocrystal formation between
the sweetener saccharin and racetams is not feasible, they can
however be coupled together at the solid state, complexing the
racetam compound with zinc saccharinate. We successfully
applied this methodology to 6 different racetams, leading to 10
solid forms structurally identified in this paper. Interestingly,
various structural features occur for these complexes with
tetrahedral as well as octahedral coordination modes around
the zinc cation, for which well-chosen examples of the various
cases are presented here. Furthermore, the solid-state land-
scape can be expanded through the existence of various
solvates of the obtained complexes, involving water as well as
organic solvents. This shows the complexity surrounding these
complexes, rendering the prediction of their structural
assembly nontrivial. Despite the large variety in structural
features, all complexes remained stable under ambient
conditions and can easily be obtained through mechanochem-
ical or solution-based methodologies, all showing increased
thermal stability.
This methodology can easily be transposed to other systems

for which cocrystallization between the target compound and
the coformer (a sweetener in our case) cannot be achieved,
once more expanding the solid-state landscape of target
compounds.
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