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ABSTRACT: The ever-increasing attention on environmental problems and sustainability
has highlighted several problems related to the use of conventional pesticides in the
agricultural industry, e.g., toxic residues in the soil and hazards to the environment and
human health. In the search for natural antimicrobial and insecticide alternatives, essential
oils (EOs) and their active components have emerged as promising candidates, but they
suffer from some drawbacks related to their physical properties. We exploited
cocrystallization with isonicotinamide, pyrazine, 2,3,5,6-tetramethylpyrazine, and 2,3-
dimethylquinoxaline as a workaround to extend the applicability of carvacrol and thymol as
natural pesticides, improving their ambient delivery profile. The cocrystals were prepared
mechanochemically in a green solvent-free manner, and their purity, structure, and stability
were investigated via powder and single-crystal X-ray diffraction (XRD), differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), and density functional
theory (DFT) calculations. Moreover, each cocrystal was also tested in terms of EO release
by headspace−gas chromatography−mass spectrometry (GC−MS) analysis over 14 days. We also report the conversion of a
cocrystal to a new structure with different stoichiometry, which seems to afford a delayed boost of EO release that could be very
interesting for food preservation applications.
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■ INTRODUCTION

Lowering the impact of industrial activities on the planet’s
environment is one of the most pressing concerns of our time
and is increasingly gaining traction in humankind’s awareness.
For the agricultural sector, this has translated into the
recognition that conventional chemical treatments for weed,
pest, and disease control present several problematic aspects,
ranging from the deposit of toxic residues in the soil1 to concerns
for the environment and human health.2,3 As a response, in the
last few decades, we have seen a strive to develop safer and more
sustainable methods to replace conventional pesticides.4,5

One of the most promising classes of compounds that can act
as natural pesticides is that of essential oils (EOs), substances
produced from plants as secondary metabolites with high
content of terpenes, terpenoids, and aromatic compounds. EOs
have been shown to have antibacterial, antiviral, antifungal, and
insecticide effects,6−8 and they have also been considered for
many other applications such as pharmaceuticals, alternative
medicine, natural therapies, and especially food preserva-
tion.7−11

Reducing food waste is another crucial objective in the quest
for sustainability, and many efforts have been made to extend
food shelf life.11,12 Active packaging, in which the food

preservatives are directly incorporated into the packaging
system, is a very promising technology, presenting the double
advantage of a decreased amount of required active substance
and the possibility of avoiding direct contact with food during
processing.13−16 Thanks to their antimicrobial properties and
the fact that they are classified as “Generally Recognized As Safe”
(GRAS) by the Food and Drug Administration,17,18 EOs and
their single active components have aroused interest to be used
in active packaging as a replacement for synthetic additives that
could be associated with adverse health effects.15,19

Even though the properties of the essential oils against
parasites are well documented, their application in the
agriculture and food industry is limited by their intrinsic
complex composition, poor solubility in water, and high
volatility. These aspects pose some difficulties for the
exploitation of their antimicrobial properties both for plant
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protection in agriculture and for their integration in food

packaging, which need to be addressed with new formulations of

these compounds.20,21

Crystal engineering is a branch of solid-state chemistry that

aims at building up functional crystalline materials by combining

different molecular entities within the same crystal struc-

ture.22−30 What emerges from a crystal engineering approach is

Figure 1. Schematic representation of the cocrystals 1−8 synthesized from the combination of two constituents of essential oils (THY = thymol and
CAR = carvacrol) and four coformers (INA = isonicotinamide, PYR = pyrazine, TMP = 2,3,5,6-tetramethylpyrazine, and DMQ = 2,3-
dimethylquinoxaline). Thumbnail of the corresponding crystalline structures showing the core EO-coformer assemblies. Color code: C = gray, N =
blue, O = red H = white. All atoms outside the asymmetric unit are reported in white. Blue dotted lines represent intermolecular H-bonds.
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that the ultimate properties of the resulting material depend on
the way molecules are arranged in the solid state and on the
intermolecular interactions established among chemical entities.
Cocrystals are single-phase crystalline materials composed of
different chemical entities in a stoichiometric ratio. They have
been widely explored in the field of crystal engineering,31−35 and
they have found significant pharmaceutical applications,36,37

although they have appeared only sporadically in the environ-
mental-related literature.38−41 In recent publications, we
highlighted how cocrystallization can be an especially viable
solution to this problem, allowing us to tune the physical
properties and control the delivery of EOs components, thus
extending their range of applicability.11,41−43

Although most cocrystals reported in the literature are
prepared from solid reagents,44 cocrystal syntheses in which
liquid components are involved are also possible,41,45−48

providing a great way to stabilize the liquid ingredient in a
solid form and generally improving its stability and simplifying
their storage and handling.45 By leveraging our knowledge of the
possible supramolecular interactions between different com-
pounds, it is possible to select appropriate molecular partners
(i.e., coformers) to create a network of intermolecular
interactions capable to stabilize a liquid or low melting
compound into a crystalline form.32,34,36,49,50 Moreover, since
the crystal structure of a material is responsible not only for
thermal stability but also for many other properties (e.g.,
solubility, hygroscopicity, density, mechanical strength,
etc.51−53), the expert engineering of cocrystals can offer a way
to create new materials which contain the desired ingredients
with improved characteristics (e.g., better shelf life or perform-
ances).32,51

In this work, we present cocrystals of positional isomers
carvacrol (CAR, extracted from oregano, liquid at room
temperature)54 and thymol (THY, the main component of
thyme)55 with enhanced release characteristics for applications
as natural pesticides and food preservatives.56 THY and CAR
were chosen as active components due to their large usage and
availability, as well as their known bioactivity against bacteria
and fungi.27,41,57 Recently, we have demonstrated the biological
activity of THY and CAR against Gram-negative and Gram-
positive bacteria and against in vitro fungal strains even when
formulated as cocrystals with non-bioactive coformers.41 In that
work, phenazine and hexamethylenetetramine were considered
as pilot coformers to develop a proof of concept. Here, we report
on the GRAS−GRAS cocrystals with aromatic coformers
containing a pyridinic nitrogen atom prone to interact strongly
as a hydrogen-bond (HB) acceptor with the phenolic hydroxyl
group of THY and CAR. Indeed, since the crystal structure of
pure THY58 is dominated by an HB network between hydroxyl
groups (Figure S49), to further stabilize the molecule of interest
in a new material, we need to select a molecular partner that can
form even stronger interactions with it.
In the specific, we selected a coformer bearing an amidic

groupisonicotinamide (INA)and a family of coformers
with pyridinic nitrogen and increasing molecular sizepyrazine
(PYR), 2,3,5,6-tetramethylpyrazine (TMP), and 2,3-dimethyl-
quinoxaline (DMQ)to stabilize the active components THY
and CAR and mitigate their acute release in favor of a more
balanced release over time.
The combinations of all GRAS-EO/GRAS-coformer pairs

(Figure 1 and Table 1) resulted in eight cocrystals having a
possible advantage for the application in the agrochemical and
food-related industry. All of the samples were synthesized by

solvent-free mechanochemical procedures59−61 such as manual
grinding and ball milling. Providing a sustainable and cheaper
strategy for synthesis compared with traditional solution
methods, mechanochemistry was dubbed by the International
Union of Pure and Applied Chemistry (IUPAC) among the 10
chemical innovations that will change our world.62 Crystal
structures of all cocrystals were determined via single-crystal X-
ray diffraction (SCXRD), while the purity of the samples was
checked by powder X-ray diffraction (PXRD). Their thermal
behavior was characterized by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). Intermolecular
interaction energies in the crystal packing were computed with
CrystalExplorer17 at the B3LYP/6-31g(d,p) level.
We showed how the combination with different coformers

affects both the physical properties of each sample and the
delivery profile of the EO component. In the present
investigation, moreover, we studied the conversion of a cocrystal
(i.e., 5a) into another with different stoichiometry (i.e., 5b),
obtaining a product of potential interest for the development of
active packaging materials.

■ EXPERIMENTAL SECTION
Synthesis of Cocrystals. Cocrystals 1−8 were prepared in bulk by

manual neat grinding, with no need for any solvent to be added. The
resulting powder samples were collected in closed vials. Single crystals
suitable for single-crystal X-ray diffraction (SCXRD) were typically
obtained by slow solvent evaporation from solution. Carvacrol was
purchased from Frey+Lau GmbH and used as such. All of the other
reagents and solvents were purchased from Sigma-Aldrich Chemical
Co. and used as such.

1was prepared by manually grinding 1 mmol of INA (122 mg) and 1
mmol of THY (150 mg) in an agate mortar. The solid−solid reaction
occurred in 20 min, and a whitish powder was obtained. Single crystals
of 1were obtained after 1month by slow evaporation of a 1:1mixture of
ethanol and acetone containing INA and THY in equimolar amounts.

2 was prepared by directly mixing 1 mmol of INA (122 mg) and 1
mmol of CAR (154 μL) in an agate mortar. The liquid−solid reaction
occurred after 30 min of grinding, and a whitish powder was obtained.
After testing several solvents with different polarities, single crystals of 2
were obtained after 1 month by slow evaporation of DMF solution
containing equimolar amounts of INA and CAR.

3 was prepared by manually grinding 1 mmol of PYR (80 mg) and 2
mmol of THY (300 mg) in an agate mortar for 10 min, resulting in a
homogeneous solid-phase mixture. Single crystals of 3 were obtained
after 1 month by slow evaporation of an acetone solution containing
PYR and THY in a 1:2 stoichiometric ratio.

4 was prepared by directly mixing 1 mmol of PYR (80 mg) and 4
mmol of CAR (616 μL) in an agate mortar andmanually grinding for 10
min, resulting in a viscous paste. Single crystals of 4 were obtained after

Table 1. List of Cocrystals with the Corresponding Numeric
Labela

cocrystal coformer EO component stoichiometry

1 INA THY 1:1
2 INA CAR 1:1
3 PYR THY 1:2
4 PYR CAR 1:4
5a TMP THY 1:1
5b TMP THY 1:2
6 TMP CAR 1:2
7 DMQ THY 1:1
8 DMQ CAR 1:2

aTHY = thymol, CAR = carvacrol, INA = isonicotinamide, PYR =
pyrazine, TMP = 2,3,5,6-tetramethylpyrazine, and DMQ = 2,3-
dimethylquinoxaline.
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1 month by slow maturation of the viscous paste in a closed vial at
ambient conditions.
5awas prepared bymanually grinding 1mmol of TMP (136mg) and

1 mmol of THY (150 mg) in an agate mortar for 10 min, resulting in a
homogeneous solid-phase mixture. Single crystals of 5a were obtained
after 1 month by slow evaporation of a tetrahydrofuran (THF) solution
containing TMP and THY in equimolar amounts.
5b was first obtained from the conversion of 5a after 2 weeks at

ambient conditions. It was then resynthesized by ball milling 1 mmol of
TMP (136 mg) and 2 mmol of THY (150 mg) with the same protocol
described above. Single crystals of 5b were directly found in the sample
container after conversion from 5a.
6 was prepared by directly mixing 1 mmol of TMP (136 mg) and 2

mmol of CAR (308 μL) in an agate mortar andmanually grinding for 10
min, resulting in a homogeneous solid-phase mixture. Single crystals of
6 were obtained after a week by slow evaporation of a diethyl ether
solution containing TMP and CAR in a 1:2 stoichiometric ratio.
7was prepared by manually grinding 1 mmol of DMQ (158 mg) and

1 mmol of THY (150 mg) in an agate mortar and manually grinding for
10 min, resulting in a homogeneous solid-phase mixture. Single crystals
of 7were obtained after 1month by slow evaporation of a THF solution
containing DMQ and THY in equimolar amounts.
8 was prepared by directly mixing1 mmol of DMQ (158 mg) and 2

mmol of CAR (308 μL) in an agate mortar andmanually grinding for 10
min, resulting in a homogeneous solid-phase mixture. Single crystals of
8 were obtained after 1 month by slow evaporation of an acetone
solution containing DMQ and CAR in a 1:2 stoichiometric ratio.
For each case, the experiment was also repeated with different

possible stoichiometric ratios of reactants (determined by the number
of acceptor moieties in the coformer). However, except for 5a and 5b,
these experiments always yielded the reported cocrystal and an excess
reactant. Once ascertained that the cocrystals could be formed
mechanochemically, all of the samples were resynthesized in bulk
with the ball milling method to minimize the presence of unreacted
reagents. A Retsch PM100 planetary ball mill equipped with stainless
steel 12 mL grinding jars and 10 mm diameter balls was used. The
samples were ground for 30 min at 500 rpm speed, inverting the
rotation direction at half-time. In the case of 4 and 8, the heat generated
during the milling prevented the cocrystal formation due to their low
melting point, and the samples were obtained by freezing the liquid
mixture using liquid nitrogen.
Powder X-ray Diffraction (PXRD). The purity and the

stoichiometry ratio for all of the samples were checked by PXRD.
The data were collected on a Rigaku Smartlab XE diffractometer in θ−θ
Bragg−Brentano geometry with Cu Kα radiation. The samples were
placed on glass supports and exposed to radiation (1.5°≤ 2θ≤ 50°) at a
scan rate of 10 °/min. The diffracted beam was collected on a two-
dimensional (2D) Hypix 3000 solid-state detector; 5° radiant Soller
slits were used as a compromise for high flux and moderate peak
asymmetry at low angles. A beam stopper and antiscatterer air
component were used tomitigate the scattering at a low angle. All of the
experimental data were refined with a Pawley fit against the cell
parameters extracted from SCXRD analyses opportunely refined to
compensate for the difference in the data collection temperature (see
Figures S1−S9).
Time-Resolved In Situ PXRD Monitoring. Time-resolved in situ

powder X-ray diffraction (TRIS-PXRD) measurements of the 5a→ 5b
conversion were carried out in parallel beam geometry with Cu Kα
radiation on a Rigaku Smartlab XE diffractometer equipped with an
Anton-Paar TTK600 nonambient chamber with a flat copper sample
holder. The Hypix 3000 solid-state detector was used in 2D mode with
an acquisition time of 3 s. Data collection was performed in vacuum at
45 °C to speed up the conversion process, acquiring 2D images at 1 min
intervals for 50 min. Powder patterns were extrapolated integrating the
resulting 2D images in the range of 175° < β > 185° to obtain a 2θ range
of 5−19°. Results are reported in Figure S29.
Single-Crystal X-ray Diffraction. The diffracted intensities of

selected single crystals of 1−3, 5a, 5b, and 6−7 were collected under
nitrogen flux at 180 K on a SMART APEX2 diffractometer using Mo
Kα radiation (λ = 0.71073 Å). Data collection for 8 was instead

performed under nitrogen flux at 220 K on a Bruker D8 Venture
diffractometer using micro-focused Cu Kα radiation (λ = 1.54178 Å),
equipped with a kappa goniometer and an Oxford Cryostream. Lorentz
polarization and absorption corrections were applied for all of the
experiments. Data reduction was carried out using APEX v3 software.
Data for 4 were collected with synchrotron radiation under nitrogen
flux at 100 K at the XRD1 beamline of Elettra (Trieste, Italy),
employing a NdBFe Multipole Wiggler (Hybrid linear) insertion
device. The energy of the beam was set to obtain a wavelength of 0.700
Å. The beam size full width at half-maximum (FWHM) was 2.0 × 0.37
mm2 (0.7 × 0.2 mm2 FWHM beam size on the sample) with a photon
flux of 1012−1013 ph/s. The diffracted intensities were collected on a
Pilatus 2M detector and processed using XDS software. All of the
structures were solved by direct methods using SHELXT63 and refined
by full-matrix least-squares on all F2 using SHELXL64 as implemented
in Olex2,65 using anisotropic thermal displacement parameters for all
nonhydrogen atoms (see Figures S10−S18 for ORTEP diagrams).
Table S1 reports crystal data collection parameters and refinement
results.

Thermal Analysis. Differential scanning calorimetry (DSC)
analysis of cocrystal samples (Figures S19−S26) was performed with
a PerkinElmer Diamond equipped with a model ULSP 90 ultracooler.
Heating was carried out in closed 50 μL Al-pans at 5 °C/min in a
variable temperature range, with two heating ramps and a cooling one.
Measurements were performed at atmospheric pressure under a
constant flow of nitrogen (20 μL/min). The enthalpy of the
endothermic or exothermic events was determined by the integration
of the area under the DSC peak (see Table S11). Once the peak
representing the melting of the cocrystal was identified, melting
temperature (Tm) intervals were obtained by averaging, respectively,
the onset temperatures and the peak maximum temperatures of the two
heating ramps.

Thermogravimetric analysis (TGA) was performed with a
PerkinElmer TGA 8000 instrument (mass sample: 1−3 mg), under
nitrogen flux (30mL/min) in the temperature range of 25−120 °C, at 5
°C/min (Figures S27 and S28).

Headspace−Gas Chromatography−Mass Spectrometry
(HS−GC−MS) Analysis. One milligram of THY and CAR (1.01 ±
0.04 mg, n = 24) and the corresponding amount of each cocrystal
sample (calculated taking into consideration the stoichiometric ratio)
were introduced into 10 mL glass vials and maintained uncapped under
a laminar flow hood at room temperature (25.2 ± 0.5 °C; n = 3
measurements per day; N = 24 days) for 1 h, 3, 7, and 14 days,
respectively. Then, vials were sealed with poly(tetrafluoroethylene)
(PTFE)/silicone septa and submitted to HS−GC−MS analysis. Three
independent replicated measurements were performed.

Onemilliliter of the headspace above the sample was introduced into
the gas chromatograph injection port by means of a PAL COMBI-xt
autosampler (CTC Analytics AG, Zwingen, Switzerland). Before the
injection, each sample was equilibrated at 30 °C for 5 min.

Analyses were carried out by means of an HP 6890 Series Plus gas
chromatograph equipped with an MSD 5973 mass spectrometer
(Agilent Technologies, Milan, Italy). An Rxi-5Sil MS capillary column
(30 m length × 0.25 mm i.d., 0.25 μm film thickness; Restek,
Bellafonte) and the following temperature program were used for the
chromatographic separation: 70 °C, held for 0.50 min, 15 °C/min to
220 °C, held for 1.50 min (runtime: 12.00 min). The analyses were
carried out at the constant flow rate of 1.3 mL/min using helium as the
carrier gas. The split/splitless injector was held at 270 °C and the
injection was executed in split mode (split ratio: 10:1) using a 5183−
4647 liner (Agilent Technologies). The transfer line was maintained at
280 °C. The electron ionization−single quadrupole mass spectrometer
(EI−MS; 70 eV) was operated in full-scan mode in the 40−200 m/z
mass range (scan rate: 4.45 scans/s; electron multiplier voltage: 2.718
kV). The ion source and quadrupole temperatures were set at 230 and
150 °C, respectively. A solvent delay of 2.00 min was applied.
Chromatographic data were recorded using the HP ChemStation
(Agilent Technologies) software.

Statistical Analysis. After signal normalization through the
response factors, one-way analysis of variance (ANOVA) was carried
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out to highlight statistically significant differences across the timescale
(α = 0.05). For statistically significant results, the effect size was
estimated in terms of Cohen’s η2,66 and the normalized responses were
compared timewise by carrying out unpaired Student’s t-tests by
applying a Bonferroni correction (overall α = 0.05). Normality and
homoscedasticity assumptions were verified by means of Shapiro-
Wilk’s test and Bartlett’s test, respectively (both α = 0.05).
Analysis of Stability vs Time under Ambient Conditions.

Twenty milligrams (21.30 ± 2.98 mg; n = 33) of all cocrystal samples
and pure THY and CAR were introduced into 10 mL glass vials and
maintained uncapped under a laminar flow hood at room temperature
(27.0 ± 0.4 °C; n = 3 measurements per day; N = 11 days). Each vial
was periodically weighted to monitor the mass loss over a period of 14
days. Each test was independently replicated n = 3 times. An additional
vial for each sample was treated under the same experimental
conditions and used to simultaneously collect PXRD data after 1, 3,
7, 11, and 15 days.
Theoretical Calculations. Intermolecular interaction energies

(IIEs) for the first coordination sphere in all cocrystals and pure
THY structures were calculated using CrystalExplorer17 software
package67 at the CE-B3LYP/6-31G(d,p) level. Energy frameworks68,69

for a sphere of 3.80 Å around the formula unit are reported in Figures
S40−S49.
Periodic DFT calculations were performed with the software

CRYSTAL1470 using the hybrid functional B3LYP. The experimental
XRD cocrystal structures were used as a starting guess for geometry
optimizations. Basis sets for C (6-31d1G),71 N (6-31d1G),71 O (6-
31d1G),71 and H (3−1p1G)71 atoms were obtained from the
CRYSTAL library. London-type pairwise empirical correction to the
energy was used to account for dispersion effects.72 Results of the
calculations and optimized structures are reported in Tables S15−S22
and Figures S51−S58.

■ RESULTS AND DISCUSSION
Crystal Structures. 1 (INA−THY; Tm = 67−69 °C)

crystallizes in the P21/c space group with a 1:1 molar ratio and
one formula unit in the asymmetric unit. Two molecules of INA
interact via a classical dimeric head-to-head hydrogen-bonding
motif between the amidic groups (N···O distance 2.884(2) Å).
On the other end of each INA molecule, the pyridinic nitrogen
forms an HB with the hydroxyl group of a molecule of THY
(O···N distance 2.739(3) Å).
This assembly creates a hydrogen-bonded chain of four

molecules, with the INA···INA dimer sandwiched by THY
molecules in terminal position (THY···INA···INA···THY), as
shown in Figure 2a. The head-to-head dimeric arrangement is a
rather strong synthon (see Cambridge Structural Database
(CSD) statistics in Figures S59 and S60) and results to be the
most stabilizing for the crystal packing, with an IIE of −62.1 kJ/
mol, calculated with CrystalExplorer17 at the CE-B3LYP//6-
31G(d,p) level. This motif is also present in polymorph I of INA

crystal structure,73 where it presents a similar IIE (−61.9/−63.3
kJ/mol). The IIE of the molecular pair containing the HB
between the hydroxyl group of THY and the pyridinic nitrogen
of INA is estimated at −39.5 kJ/mol. Another important
stabilizing interaction is the one between the amidic group of
INA and the aromatic ring of THY, which connects two slabs of
tetramers and has an energy of −30.4 kJ/mol (Figure S40).
2 (INA−CAR; Tm = 63−65 °C) also crystallizes in the P21/c

space group with a 1:1 stoichiometric ratio and one formula unit
in the asymmetric unit. The main motifs observed in 1, i.e., the
homomeric head-to-head hydrogen-bonding motif between the
amidic groups (N···O distance 2.948(2) Å) and the heteromeric
hydroxyl-pyridine hydrogen-bond (O···N distance 2.757(2) Å),
are also observable in the crystal structure of 2, leading to the
formation of a CAR···INA···INA···CAR tetramer. In this
structure, however, the hydroxyl oxygen atom also functions
as an HB acceptor and affords an extra interaction with an N−H
moiety of the amide group of INA (N···O distance 3.265(3) Å)
on both sides of the tetramer (see Figure 2b). Since the CAR
molecules accepting the HB are themselves part of other
tetramers (with angles between the tetramers mean planes of ca.
80°), a sort of zig-zag ladder between tetramers is generated (see
Figure S41). Expectedly, the IIEs for molecular pairs containing
the amide−amide head-to-head and the hydroxyl-pyridine
motifs, respectively −57.1 and −40.1 kJ/mol, are comparable
to those reported for 1. The energy value of the N−H···O
interaction linking the tetramers, in accordance with its longer
HB distance, is assessed at just −24.8 kJ/mol.
3 (PYR−THY; Tm = 46−50 °C) crystallizes in the P21/c

space group with a 1:2 stoichiometric ratio and one formula unit
(three independent molecules) in the asymmetric unit. Each
atom of the PYR molecule is facing a different THY molecule,
creating a hexagon of THY molecules surrounding the PYR one
(see Figure S42). This geometric assembly hampers the
formation of the π···π stacking interaction characteristic of all
PYR polymorphs. PYR nitrogen atoms are involved in HBs with
the hydroxyl groups of the THY molecules facing them (O···N
distances of 2.798(2) and 2.803(2) Å; Figure 3a). Two PYR
hydrogen atoms are involved in C−H···π interactions with the
aromatic rings of the THY molecules facing them (Figure 3a).
The remaining two hydrogen atoms of PYR face other two THY
molecules that do not seem to be interacting with PYR but
display approximate edge-to-face interactions with the neighbor-

Figure 2.Molecular assembly in cocrystals 1 (INA−THY 1:1) (a) and
2 (INA−CAR 1:1) (b). C, N, and O atoms are represented,
respectively, by gray, blue, and red ellipsoids, while H atoms are
reported as white capped sticks. Each molecule is superimposed to its
van der Waals surface with arbitrary colors based on symmetry
equivalence.Molecules outside of the formula unit are grayed out. Black
dotted lines represent selected interactions.

Figure 3.Molecular assembly in cocrystals 3 (PYR−THY 1:2) (a) and
4 (PYR−CAR 1:4) (b). C, N, and O atoms are represented,
respectively, by gray, blue, and red ellipsoids, while H atoms are
reported as white capped sticks. Each molecule is superimposed to its
van der Waals surface with arbitrary colors based on symmetry
equivalence. Molecules outside of the formula unit are grayed out. Black
dotted lines represent selected interactions.
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ing THY molecules in the hexagon (those involved in the O−
H···N HBs). Energy framework calculations show that the
packing is dominated by coulombic forces, mostly due to the
stabilizing contribution of the HBs between THY and PYR
(total energy values of −35.5 and −36.2 kJ/mol). Mostly of a
dispersive nature are instead the above-mentioned edge-to-face
interaction between THY molecules (−22.1 and −22.7 kJ/mol,
see Figure S42), and the C−H···π interactions between PYR and
THY (−17.7 and −17.8 kJ/mol).
4 (PYR−CAR; Tm = 17−21 °C) crystallizes in the C2/c space

group with a 1:4 stoichiometric ratio. The asymmetric unit is
composed of two independent CAR molecules and half a
molecule of PYR lying on an inversion center. The two
symmetry-independent molecules of CAR are hydrogen-
bonded to each other (O···O distance 2.753(1) Å) and one of
them is also hydrogen-bonded to the N atom of PYR (O···N
distance 2.761(1) Å). This arrangement forms a motif in which
trimeric units analogous to those of 3 can be observed, with
additional terminal CAR···CAR HBs as displayed in Figure 3b.
As expected, the most stabilizing energetic contributions to the
crystal packing are those of the two HBs, with −34.1 and −29.4
kJ/mol respectively for CAR···PYR O−H···N and for CAR···
CARO−H···O. As for 3, we can observe dispersive edge-to-face
interactions between the EO aromatic rings connecting the
trimeric units (−20.7 kJ/mol). Moreover, an interaction
between CAR molecules exhibiting a contact between the
isopropyl and hydroxyl groups accounts for −21.2 kJ/mol
(mixed dispersive-coulombic nature).
5a (TMP−THY; Tm = 61−63 °C) crystallizes in the P1̅ space

groupwith a 1:1 stoichiometric ratio, two formula units, and four
independent molecules in the asymmetric unit. Each of the two
independent molecules of TMP is H-bonded to an independent
molecule of THY (O···N distances 2.787(2) and 2.769(2) Å),
assembling in two symmetry-independent PYR···THY dimers.
These dimers are connected via π···π interactions between the
two PYR molecules. One of the two pyrazines also forms a
parallel π···π interaction with its symmetry equivalent counter-
part from another dimer, while in the other direction the
presence of a THY molecule hampers the formation of an
infinite columnar stacking. As visible in Figure 4a, we have

therefore a stacking of four PYR molecules sandwiched by THY
molecules, with contacts on the isopropyl side. The terminal
π···π interactions have a distance of 3.602 Å between ring
centroids and an angle of 6.15° between the ring mean planes,
while the inner interaction has a distance of 3.889 Å and an angle
of 0°. For the central interaction, the molecules of PYR are
stacked on top of each other with the same orientation, while the
terminal ones display a staggered orientation that reduces
repulsion between methyl groups, and adds a coulombic
stabilization effect to the mostly dispersive interaction energy
(resulting in a total IIE of −40.3 vs the −24.7 kJ/mol of the
central interaction).42 Several other dispersive interactions
between THY molecules contribute to stabilizing the crystal
packing, but the strongest interactions are the HBs between
TMP and THYmolecules, with IIEs of−47.0 and−49.9 kJ/mol.
6 (TMP−CAR; Tm = 58−60 °C) crystallizes in the P21/c

space group with a 1:2 stoichiometric ratio. The asymmetric unit
is composed of a molecule of CAR and half a molecule of TMP
lying on an inversion center. As shown in Figure 4b, the
molecule of TMP is engaged in two HBs with symmetry
equivalent molecules of CAR (O···N distance 2.831(2) Å; IIE
−48.1 kJ/mol). The rest of the crystal packing is governed by
many weak steric interactions, which connect the HB containing
trimeric units to form pillars along the crystallographic b axis.
The most stabilizing of such interactions is the one responsible
for the formation of the pillars and has an energy value of −21.0
kJ/mol (isopropyl···ring contact between twomolecules of CAR
along the b axis).
7 (DMQ−THY; Tm = 71−74 °C) crystallizes in the P21/n

space group with a 1:1 stoichiometric ratio and one formula unit
in the asymmetric unit. DMQ interacts with THY through an
HB (O···N distance 2.781(2) Å) accounting for −46.1 kJ/mol.
The DMQ···THY dimers are arranged in pillars via π···π
interactions between DMQ molecules. The parallel stacking, as
shown in Figure 5a, is formed of two alternating interactions. In

the first, accounting for −28.0 kJ/mol, the DMQ molecules are
oriented in opposite ways, with the substituted heteroaromatic
ring facing the unsubstituted ring and vice versa (distance of
3.826 Å between each couple of ring centroids). In the second
and more stabilizing interaction, accounting for −31.1 kJ/mol,
the molecules are also oriented in alternate ways, but they
display a greater offset, in a way that only the two alternating
substituted heteroaromatic rings are directly on top of each

Figure 4. Molecular assembly in cocrystals 5a (TMP−THY 1:1) (a)
and 6 (TMP−CAR 1:2) (b). C, N, and O atoms are represented,
respectively, by gray, blue, and red ellipsoids, while H atoms are
reported as white capped sticks. Each molecule is superimposed to its
van der Waals surface with arbitrary colors based on symmetry
equivalence. Molecules outside of the formula unit (or asymmetric unit
in the case of 5a) are grayed out. Black dotted lines represent selected
interactions.

Figure 5. Molecular assembly in cocrystals 7 (DMQ−THY 1:1) (a)
and 8 (DMQ−CAR 1:2) (b). C, N, and O atoms are represented
respectively by gray, blue, and red ellipsoids, whileH atoms are reported
as white capped sticks. Each molecule is superimposed to its van der
Waals surface with arbitrary colors based on symmetry equivalence.
Molecules outside of the formula unit are grayed out. Black dotted lines
represent selected interactions.
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other (ring centroids distance of 3.893 Å). The rest of the crystal
packing is composed of weaker steric interactions.
8 (DMQ−CAR; Tm = 30−34 °C) crystallizes in the P21 space

group with a 1:2 stoichiometric ratio and one formula unit in the
asymmetric unit. In contrast to that observed for 7, both
nitrogen atoms of DMQ are here involved in HBs with two
symmetry-independent molecules of CAR (O···N distances
2.888(4) and 2.920(4) Å; IIEs of −30.6 and −30.4 kJ/mol
respectively). The so-formed trimeric units (Figure 5b) are
arranged in pillars along the crystallographic axis b, related to the
neighboring pillar along a by a twofold axis, and to those along c
by an inversion center. Moreover, the trimeric units are
interconnected by weak dispersive interactions between the
methyl group of CAR and the phenyl ring of the DMQ with the
isopropyl and methyl moieties of two adjacent CAR molecules.
Release of EO Active Components from Cocrystals. All

of the cocrystals, THY, and CAR were analyzed via HS−GC−
MS to investigate the release of the EO active components over a
period of 14 days at room temperature. The normalized release
profiles are reported in Figure 6. A full breakdown of the data
and the results of time-to-time ANOVA are reported in Tables
S12 and S13.
In most of the cases, cocrystallization affects both the short-

and long-term release of the EO active components. A
noticeable decrease in acute delivery is compensated by a
prolonged release compared to the pure components, which in
some instances persists along 14 days.
In the case of cocrystals 3 and 4 containing PYR (Figure 6, red

dotted lines), the release profiles mimic almost exactly the
behavior of pure THY and CAR, respectively (Figure 6, black
solid lines). These findings were not surprising for cocrystal 4, as
due to its low melting point, it tends to liquefy at room
temperature decomposing into the coformers, but they were
unexpected for 3. The release profiles for the rest of the
cocrystals containing CAR (Figure 6b) are similar to each other
and in line with expectations; in all three cases we observe a
decrease of up to 27 standard deviations74 in the acute response
with respect to pure carvacrol and a stabilized release (p > 0.05;
Bonferroni adjusted) that spans the entire investigated time
window (14 days). The same applies for sample 7 containing
THY (DMQ−THY; Figure 6a, blue dot-dashed line), although
the observed GC−MS response is considerably lower (6−36
standard deviations)74 than for its CAR containing analogue 8
(DMQ−CAR; Figure 6b, blue dot-dashed line). For sample 1

(INA−THY; Figure 6a, green dashed line) we also observe a
stabilized release during the first 7 days (p > 0.05; Bonferroni
adjusted), but no GC−MS response was detected on the 14th
day. Finally, the most peculiar case is presented by sample 5a
(TMP−THY; Figure 6a, magenta long-dashed line). As in the
case of 1, no response was detected on the 14th day, but the
profile became steeper between the third and seventh days,
highlighting an interesting increase (p < 0.05; Bonferroni
adjusted) of THY release after the acute response. Summing up,
the release of THY and CAR in cocrystals over 14 days is
generally more persistent than that of the pure substance,
indicating the possibility of exploiting cocrystallization to tune
the EO components’ environmental emission. The release
profiles of certain samples, however, presented unexpected
features or peculiarities that we addressed and explained with
additional investigations on their stability.

Stabilization Energy (SE) of EO Active Components. A
rationalization of the results was attempted on the basis of the
periodic DFT energies calculated with CRYSTAL14,70

normalized to the number of THY or CAR molecules in the
unit cell (Table S15 and Figure S50). This energy value (SE)
should correspond to the stabilization of the active component
in each cocrystal structure. The SEs trend for the CAR-based
cocrystals qualitatively correlates with the release profiles. 4 is
individuated as the least stable and the stability order of 2, 8, and
6 corresponds to the order observed in the prolonged release. In
the case of THY-based cocrystals, it is more difficult to compare
the prolonged releases because of the peculiarities described
above, but 3 and 7 are correctly individuated as the least and
most stable respectively, and the order of 1 and 5a corresponds
to the one observed for the acute release. Of course, this
computational assessment of relative stabilities between the
different cocrystals does not consider several variables that could
have affected the HS−GC−MS experiment, such as granulom-
etry of the samples and temperature.

Analysis of Stability vs Time under Ambient Con-
ditions. To explore the behavior of the eight cocrystals under
conditions similar to those of the HS−GC−MS experiment and
to shed more light on the reasons behind the peculiarities of the
release profiles, a stability test at ambient conditions was carried
out as described in the Experimental Section. The mass loss
trends over 14 days (Figure S30) follow the same order for
THY- and CAR-based cocrystals, although the THY-based ones
generally display slightly higher values. In both cases, the least

Figure 6. Release profile of the active components of the essential oils at room temperature from thymol-based (namely, 1, 3, 5a, and 7) (a) and
carvacrol-based cocrystals (namely, 2, 4, 6, and 8) (b). Release profiles of pure THY (a) and CAR (b) are also reported for comparison. Responses are
normalized using the proper response factor (n = 3).
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mass loss is observed for DMQ-based cocrystals 7 and 8,
followed by INA-based 1 and 2, and TMP-based 5a and 6.
Cocrystals with PYR as coformers 3 and 4 exhibit a greater mass
loss than the pure components themselves, indicating once again
their instability and their components’ tendency to sublimate or
evaporate.
Figures 7 and S31−S39 show the powder patterns collected at

different time steps of the experiment for the different samples.
In the case of 3, decomposition of the cocrystal was observed
(Figure S33). Already after 1 day (Figure S34), the process is
well underway, and after 3 days (Figure S35), the pattern of the

sample is completely superimposable to the pattern of pure THY
(due to sublimation of PYR). No patterns are available for
sample 4 because it decomposed and liquefied after a few
minutes from the start of the experiment. These observations
suggest an intrinsic instability of the PYR containing cocrystals 3
and 4, in agreement with their release profiles (almost identical
to those of the pure EOs components) and the periodic DFT
calculated SEs.
Sample 5a, on the other hand, transformed to a new phase 5b

after 15 days (Figure 7f). SCXRD analysis of the new phase
showed that 5a (TMP−THY 1:1) underwent loss of TMP and

Figure 7. (a) Evolution of the powder pattern of sample 5 in the span of 15 days. (b) Comparison of the powder pattern after 1 day (red) with the initial
patterns of 5a (orange) and 5b (black). (c) Comparison of the powder pattern after 3 days (magenta) with the initial patterns of 5a (orange) and 5b
(black). (d) Comparison of the powder pattern after 7 days (green) with the initial patterns of 5a (orange) and 5b (black). (e) Comparison of the
powder pattern after 11 days (indigo) with the initial patterns of 5a (orange) and 5b (black). (f) Comparison of the powder pattern after 15 days (blue)
with the initial patterns of 5a (orange) and 5b (black).

Figure 8. Scheme of the conversion from 5a (TMP−THY 1:1) to 5b (TMP−THY 1:2). C, N, andO atoms are represented, respectively, by gray, blue,
and red spheres, while H atoms are reported as white capped sticks. Black dotted lines represent selected interactions.
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converted to a new cocrystal form with different stoichiometry
5b (TMP−THY 1:2; Figure 8). The 5a-to-5b conversion is
likely to be the cause for the peculiarities in 5a release profile.
Indeed, as evident from Figure 7, peaks of 5b already start to
appear after the third day (Figure 7c) and increase with time
(Figure 7d,e) until the sample is completely converted at the end
of the experiment (Figure 7f). The time frame, therefore,
coincides quite well with the increase of THY release in theHS−
GC−MS profile of 5a. We monitored the same experiment
starting from freshly synthesized 5b (resynthesized in pure form
by ball milling) and no variation in its PXRD has been observed
within a 15-day period (Figure S39).
5a-to-5b Conversion. The structure of 5b (TMP−THY

1:2) crystallizes in the P21/n space group and presents similar
motifs to those of its CAR analogue 6 (TMP−CAR 1:2).We can
speculate that the driving force of the 5a-to-5b conversion is
related to the fact that both of the pyridinic nitrogen atoms in
TMP act as the HB acceptor in 5b, thus causing the change of
the coformers stoichiometry. However, a statistical analysis
performed interrogating the CSD by CCDC75 reveals that there
is no marked prevalence of 1:2 over 1:1 stoichiometries for the
pyrazine-derived coformers as those employed in this work
(Figure S61). Indeed, in the case of PYR, we have a 46% of
binary cocrystals adopting a 1:1 stoichiometry and a 45% with a
1:2 ratio. In the case of TMP, the 1:1 stoichiometry is even more
common, with a 46% against the 32% of the 1:2 ratio. For DMQ
we report a prevalence of the 1:1 ratio, although the number of
the observations reported in the CSD is not statistically reliable
to allow us to draw any relevant conclusion.
Notably, no Bragg reflections associated with the reagents

were ever observed in any PXRD patterns over the conversion
process (Figure 7). This observation might bring us to conclude
that 5a is a metastable phase. The crystal structure dissociation is
followed by the coformers’ sublimation. The remaining parts
recombine into a more stable cocrystal structure with a different
stoichiometric ratio. Interestingly, 5a has two formula units in
the asymmetric units, and Z′ > 1 crystals have been speculated to
often be kinetic metastable products.76−80

Fortuitously, the relation between the 5a-to-5b trans-
formation and the increase of THY release in the HS−GC−
MSprofile could be a quite appealing feature for applications as a
“smart” material for active packaging. A delayed boost of the
active component release, indeed, would be ideal if it were to
coincide with the time window after which the food spoilage
bacteria growth starts becoming more significant. Discovering a
plethora of materials for which this phenomenon occurs in
different time windows would allow one to tune the active
component release depending on the desired food to preserve.
High Z′ cocrystals of EOs components could be a good starting
point to further investigate this application in the future.

■ CONCLUSIONS

The exploitation of EOs in the fields of agriculture and food
preservation is often hampered by their physical properties.
Cocrystallization can serve as a way to tune such properties and
extend their range of applicability, making it easier to use them as
an alternative to conventional pesticides or synthetic food
additives. Here we presented a series of cocrystals based on THY
and CAR with four different coformers. All of these materials
were successfully obtained with sustainable and cost-effective
mechanochemical procedures and were fully and thoroughly
characterized.

The analysis of their release profiles highlighted that
cocrystallization was successful in modulating the environ-
mental release of the active components, decreasing their acute
response, and stabilizing it over time. This is especially true for
cocrystals based on the liquid component CAR, which showed a
persistent release for at least 14 days at room temperature.
However, PYR proved not to be a suitable coformer for

stabilizing THY and CAR in a more stable co-crystalline form.
Indeed, PYR−THY and PYR−CAR cocrystals showed a
tendency to quickly decompose in the original components.
Finally, the observed conversion from TMP−THY 1:1 to

TMP−THY 1:2, accompanied by an increase in the release of
the active component, opens attractive possibilities for the
development of smart materials for active packaging, capable of
releasing more of the active component when the food spoiling
process begins. Of course, this particular application should be
investigated more in detail, and future efforts will be directed to
search for other cocrystals displaying such stoichiometric
conversions, hopefully affording a precise tuning of the EO
release/time parameter for active packaging applications.
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