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ABSTRACT: The design of new pharmaceutical solids with
improved physical and chemical properties can be reached through
in-detail knowledge of the noncovalent intermolecular interactions
between the molecules in the context of crystal packing. Although
crystallization from solutions is well-known for obtaining new
solids, the effect of some variables on crystallization is not yet
thoroughly understood. Among these variables, solvents are
noteworthy. In this context, the present study aimed to investigate
the effect of ethanol (EtOH), acetonitrile (MeCN), and acetone
(ACTN) on obtaining irbesartan (IBS) crystal forms with 2,3-
dibromosuccinic acid. Crystal structures were solved by single-
crystal diffraction, and the intermolecular interactions were
analyzed using the Hirshfeld surfaces analysis. The characterization
of physicochemical properties was carried out by powder X-ray diffraction, Fourier transform infrared spectroscopy (FT-IR), thermal
analysis, and solution-state NMR techniques. Two different IBS salts were obtained, one from MeCN and ACTN (compound 1)
and a different one from EtOH (compound 2). The experimental results were in agreement with the findings obtained through
quantum mechanics continuum solvation models. Compound 1 crystallized as a monoclinic system P21/c, whereas compound 2 in a
triclinic system P1̅. In both structures, a net of strong hydrogen bonds is present, and their existence was confirmed by the FT-IR
results. In addition, the IBS cation acts as a H-bond donor through the N1 and N6 nitrogen atoms which interact with the bromide
anion and the water molecule O1W in compound 1. Meanwhile, N1 and N6 nitrogen atoms interact with the oxygen atoms
provided by two symmetry-related 2,3-dibromo succinate anions in compound 2. Solution-state NMR data agreed with the
protonation of the imidazolone ring in the crystal structure of compound 1. Both salts presented a different thermal behavior not
only in melting temperature but also in thermal stability.

■ INTRODUCTION

The crystallization process to obtain different crystal forms has
been extensively explored as a strategy to improve the limited
bioavailability imposed by poorly water-soluble drugs.1−4

Although the influence of the process on the properties of
dosage forms and products is well-documented, however, the
effects of some variables are not well-understood.5−7 In this
scenario, it is noteworthy that the crystallization process has
evolved from an empirical to a theory-based science and has
allowed the launching of safer products.8 Furthermore, this
knowledge has been applied to controlling the factors that
impact phase transformations in the solid-state.9,10 Therefore,
the effects of crystallization variables need to be thoroughly
investigated for each drug, specifically by experimental
methods.

Solvents are one of those variables that have a considerable
impact on the crystallization products9,11,12 because the
solute−solvent interactions are responsible for changing the
molecular packing to form a different polymorph. Moreover,
solvents can easily enter the crystal lattice to form solvated
compounds.9,13−15 Regarding the diversity of solvents used in
the crystallization process, not only the solvent itself but also
the volume of the solvent added influences the polymorphic
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outcome, as demonstrated by Hasa and co-workers during the
liquid-assisted mechanochemical reactions.16

Irbesartan (IBS), a poorly water-soluble drug used in the
treatment of hypertension,17 exhibits desmotropy, the property
of tautomers to crystallize as two different crystal structures.
Recently, the effect of solvent polarity on the selectively
obtained form A and form B has been investigated,18 as well as
one cationic salt and one anionic salt of IBS were successfully
obtained.19 These characteristics indicate IBS as a potentially
highly diverse and numerous solid forms system. Therefore,
the interest of this study is to investigate the influence of the
solvent on obtaining different IBS crystal forms, both
experimentally and supported by a theory-based study. To
achieve this goal, the crystallization experiment of IBS along
with a molecule containing a highly electronegative element
(Figure 1) 2,3-dibromosuccinic acid (DBS), which is a
pharmaceutical intermediate, from three solvents was con-
ducted. The crystal structure of the solid forms obtained was
determined via single-crystal X-ray diffraction (XRD), and the
intermolecular interactions in the solid-state were analyzed
using the Hirshfeld surfaces (HSs) analysis. The bulk material
was prepared for a deep characterization, including powder
XRD (PXRD), Fourier transform infrared spectroscopy (FT-
IR), thermal analysis, and solution-state NMR techniques.
Furthermore, the solvent effect was studied through quantum
mechanics continuum solvation models.

■ EXPERIMENTAL SECTION

IBS, in its crystalline form A, was kindly donated by CALOX
de Costa Rica and was further characterized20 before the
crystallization experiments; DBS (purity ≥ 98%) and HPLC/
UV-grade solvents were purchased from Sigma-Aldrich (purity
≥ 99.9%).
Crystallization Experiments. To obtain good quality

crystals of ([C25H29N6O]+Br−) ·1,5(H2O) (1) and
([C25H29N6O]2

+(C4H2O4Br2)
−)·2(H2O) (2) 140 mg of IBS,

60 mg of DBS, and 1.5 mL of each individual solvent, ethanol
(EtOH), acetone (ACTN), and acetonitrile (MeCN), were
placed in a 10 mL glass vials. The mixture was heated to 70 °C
while being magnetically stirred for around 10 min until it
reached a clear solution. The solution was left to cool down to
room temperature then the vials were sealed and stored. Nearly

5 days later, suitable crystals for structure determination were
grown and withdrawn from the solution. The crystal structure
obtained from ACTN and MeCN crystallizations corre-
sponded to the same compound named 1, whereas the one
obtained from EtOH exhibited a different crystal structure
identified as compound 2.
Bulk material for further characterization was obtained using

the same procedure described above, scaling up 10-fold. The
crystals were collected from the solution, dried at ambient
conditions, and ground to obtain a homogeneous powder.
Then, the powdered material was analyzed through PXRD and
compared with the calculated patterns of the structures
obtained via single-crystal XRD.

X-ray Data Collection and Crystal Structure Reso-
lution. Intensity data for compound 1 (crystallized both from
ACTN and MeCN) and for compound 2 (crystallized from
EtOH) were collected at 100 K by using a Bruker Apex-II
CCD diffractometer. The program used for the data collection
was Bruker APEX2.21 While they were integrated and reduced
by the Bruker SAINT software,22 absorption correction was
performed with SADABS-2016/2.23 The radiation used were
Mo Kα (λ = 0.71073 Å) and Cu Kα (λ = 1.54184 Å) for 1 and
2, respectively.
Crystal structures were solved using the SHELXS-97

program24 and refined by full-matrix least-squares against F2

using all data (SHELXL-2018/325).
All nonhydrogen atoms were refined with anisotropic

displacement parameters; the hydrogen atoms bonded to N1
and N6 in the two structures, as well as the water hydrogen
atoms, were found in the Fourier density map. Their
coordinates were freely refined while their thermal parameters
were set in accordance with one of the atoms to which they are
bonded. All the other hydrogen atoms were introduced in a
calculated position. The final carbon atoms, C10 and C11, of
the n-butyl chain in 1 are in a disordered position; such
disorder was modeled by introducing two models for each
atom (occupancy factors were set at 0.7 and 0.3 for models A
and B, respectively). Finally, one of the two water molecules in
1 (the one with the oxygen atom labeled O2W) has an
occupancy factor of 0.5.

Figure 1. Chemical structure of (a) IBS and (b) DBS.
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Geometrical calculations were performed using PARST97,26

and molecular plots were produced using the program Mercury
(v4.3.1).27

Crystallographic data and refinement parameters are
reported in Table 1. In Figures 2 and 3, the asymmetric
units of 1 and 2, respectively, are reported.
In Silico Analysis of the Crystal Structures. The crystal-

packing arrangement of the two compounds was analyzed with
Mercury.27 Crystal-Explorer1728 was used to compute the HSs
and their associated 2D fingerprint plots to investigate, more
in-depth, the intermolecular interactions which hold together
the crystal packing of the six diastereomeric salts.
Computational Details on the Solvent Effect Study.

The initial geometry of the dimeric form of IBS−DBS was
extracted from the crystal structure of compound 2, which was
fully optimized at the B3LYP/6-31G(d) level of theory in the

gas phase and was verified to be local minima via frequency
calculations. Then, the molecular geometries of the monomeric
species (IBS and DBS) were isolated from the optimized
dimeric form (IBS−DBS), optimized, and kept frozen to
perform single-point calculations at the B3LYP/6-31G(d) in
the gas phase. The interaction energy in the gas phase between
the dimeric (D) and monomeric forms (M1 and M2) was
obtained as follows

ΔΔ = Δ − Δ + ΔE G D G M G M( )gas gas gas 1 gas 2

Single-point calculations in the gas phase and solution were
performed for the optimized geometries of the compounds to
estimate the free energy of solvation (ΔGsolv) in acetone
(ACTN), ethanol (EtOH), and acetonitrile (MeCN) solvents,
which were performed using Minnesota’ solvation model

Table 1. Crystallographic Data and Refinement Parameters for 1 and 2 Crystals

1 2

formula ([C25H29N6O]Br)·1,5(H2O) ([C25H29N6O]2(C4H2O4Br2))·2(H2O)
M 536.47 1168.98
T (K) 273 273
λ (Å) 0.71073 1.54184
crystal system, space group monoclinic, P21/c triclinic, P1̅
unit cell dimensions (Å, deg) a = 12.516(2) a = 9.515(1); α = 91.553(5)

b = 24.969(5); β = 104.865(4)
b = 11.857(2); β = 100.835(5)
c = 8.432(1)
c = 12.552(2); γ = 90.184(5)

V (Å3) 2546.8(8) 1345.3(3)
Z, d (g/cm3) 4, 1.399 1, 1.443
μ (mm−1) 1.650 2.453
F(000) 1116 606
2θ range (deg) 4.69−52.79 7.466−145.582
reflns collected/unique (Rint) 45899/5229 (0.0614) 30580/5291 (0.0772)
data/parameters 5229/358 5291/439
final R indices [I > 2σ] R1 = 0.0339, wR2 = 0.0761 R1 = 0.0688, wR2 = 0.1876
R indices (all data) R1 = 0.0462, wR2 = 0.0829 R1 = 0.0670, wR2 = 0.1918
GoF 1.039 1.062

Figure 2. ORTEP view of the asymmetric unit of 1. Ellipsoid probability = 40%. For atom C10 and C11 belonging to the disordered chain just the
most populated model was reported.
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SMD.29 The change of solvation energy between the dimeric
(D) and monomeric forms (M1 and M2) was computed
according to the following equation

ΔΔ = Δ − Δ + ΔG G D G M G M( )solv solv solv 1 solv 2

All calculations were performed using Gaussian 09.30

Powder X-ray Diffraction. PXRD patterns were recorded
on a PANalytical Empyrean diffractometer equipped with a
linear solid-state detector (Xcelerator). Samples were scanned
with a Cu Kα source (λ = 1.5418 Å), operated at 45 kV and 40
mA, step size 0.0016°, step time 20 s, and a 2θ angular range
between 4° and 50°. The powder material was placed in a zero-
background sample holder measured under environmental
conditions.
Fourier Transform Infrared Spectroscopy. FT-IR

measurements were carried out at room temperature using a
Thermo Scientific, Nicolet 6700 FT-IR equipment, fitted with
a diamond attenuated total reflectance (ATR) accessory. The
infrared spectrum was measured between 4000 and 400 cm−1

using 32 scans at 4 cm−1. The samples were placed into the
ATR cell without further preparation.
Solution-State NMR Studies. Solution 1H and 13C NMR

analysis were performed using 10 mg of each sample and 0.5
mL of CD3OD. Spectra were recorded on a Bruker Ascend 400
MHz instrument, and chemical shifts (δ) are reported in ppm
relative to internal tetramethylsilane (δ 0.0 ppm) as standard.
Thermal Analysis. Differential scanning calorimetry

(DSC) curves of the crystals produced were obtained in a
DSCQ200 (TA Instrument, New Castle, DE, USA) equipped
with a TA Refrigerated Cooling System 90 using aluminum
crucibles with approximately 2 mg of the sample under a
dynamic nitrogen atmosphere (50 mL/min) and a heating rate
of 5 °C/min in the temperature range from 25 to 250 °C. The
DSC cell was calibrated with a standard reference of indium.
TGAs (thermogravimetric analyses) were conducted in a
TGAQ500 (TA Instrument, New Castle, DE, USA).
Approximately 5 mg of crystals were placed on a platinum
crucible and a heating rate of 10 °C/min and temperature
ranging from 25 to 800 °C using nitrogen as an inert
atmosphere. The purge flow was ranged from 40 to 60 mL/
min.

■ RESULTS AND DISCUSSION
Crystal Structures. In the asymmetric unit of 1, one IBS

cation, one bromide, and 1.5 water molecules are present,
while in 2, one molecule of protonated IBS, half 2,3
dibromosuccinate, and one water molecule are present. The
conformation taken by the IBS cation in 1 well compares with
that observed at room temperature in the already published
structure of the bromide salt of IBS (Cambridge Structural
Database, CSD,31 Refcode NIQVIT, see Figure 4).32 On the

contrary, the conformation of IBS in 2 shows a different
arrangement of the 1H-tetrazol-5-yl moiety (see Figure 5) due

to a different value of the C15−C16−C19−C20 dihedral angle
(see Table 2). In particular, (see Figure 6) if we consider the

Figure 3. ORTEP view of the asymmetric unit of 2. Ellipsoid
probability = 40%. Figure 4. Superimposition of the IBS cation in 1 (blue) and NIQVIT

(green).

Figure 5. Superimposition of the IBS cation in 1 (blue) and 2 (pink).

Table 2. Selected Angles for 1 and 2

1 2

N1−C7−C8−C9 −6.8(4) −101.2(4)
C7−C8−C9−C10a 175.7(3)/−165.4(5) −171.5(3)
C8−C9−C10−C11 165.1(3)/−46.1(9) 65.9(4)
N3−C25−C24−C19 127.0(3) −63.3(4)
C15−C16−C19−C24 −44.4(3) −46.9(4)
C6−N2−C12−C13 118.6(2) 89.5(3)
C15−C16−C19−C20 130.9(2) −45.5(4)
C19−C24−C25−N6 −53.1(3) 118.2(3)
A/B 87.99(1) 68.1(1)
A/C 59.71(8) 71.5(1)
A/D 49.40(7) 52.2(1)
B/C 45.56(7) 46.94(8)
B/D 50.97(7) 61.9(1)
C/D 52.27(8) 64.3(1)

aFor 1, two values, relative to the two models, are reported.
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mean plane defined by the carbon atoms of the C13/C18
aromatic ring in the two compounds, the 1H-tetrazol-5-yl
moiety points in the opposite direction.

A is the plane defined by the atoms N1, N2, C5, C6, C7; B is
the plane defined by the carbon atoms of the C13/C18 ring; C
is the plane defined by the carbon atoms of the C19/C24 ring
and, D is the plane defined by the carbon atoms N3, N4, N5,
N6, C25.
In the CSD (v. 5.42), four structures containing the IBS

cation were retrieved; in addition to the already cited NIQVIT
(analogous to 1 but obtained by data collected at room
temperature), there is IBS hydrochloride hydrate (LIBZAY),33

which is isomorphous and isostructural with 1, and the salt of
6-dihydroxybenzoic acid (YUQCEV).19 In addition, also the
crystal structure of the neutral IBS (NOZWII)17 is present in
the CSD.
As evidenced in Figure 7, only in 2, the 1H-tetrazol-5-yl

moiety and the n-butyl chain point to the opposite side with
respect to the C13/C18 mean plane.
Concerning the crystal packing in both the structures, a net

of strong hydrogen bonds is present (see Table 3). In both
cases, the IBS cation acts as a H-bond donor through the N1
and N6 nitrogen atoms, which interact with the bromide anion
and the water molecule O1W in 1 and with the oxygen atoms
provided by two symmetry-related 2,3-dibromo succinate
anions in 2. In addition, the IBS cation acts as an acceptor
(the acceptor atoms are the N3 and O1 atoms in 1 and only
the nitrogen N3 in 2) with respect to the water molecules
(O1W and O2w in 1, O1W in 2). All these intermolecular
interactions are well evidenced in the HS of the cations, where
they show up as deep red spots (Figure 8).
A visual comparison of the full and decomposed fingerprint

plots of the two cations evidence that they are experiencing
different chemical environments (Figures 9 and 10).
In particular, (from the upper left to the bottom right) the

four spikes observed in the fingerprint plot of 1 correspond to

the NH···Br−, NH···water, N···H2O, and CO···H2O,
intermolecular bonds; for compound 2 the two spikes
represent the NH···−OOC− and N···H2O intermolecular
contacts. Consistently, the relative contributions to the HS
area reflect these differences: H···Br 4.4%, H···O 6.0%, N···H
7.1%, O···H 3.1% for 1; H···O 10.5%, N···H 10.5%, O···H 2.9%
for 2. Thus, as a whole, the H-bond donor contribution of the
IBS cation is almost the same (10.4% in 1 vs 10.5% in 2). The
acceptor contribution, through N3 toward the crystallization
water molecule, appears definitely less pronounced in 1 than in
2 (Figure 11).
In 1, a ribbon made up of two chains of IBS cations

extending along the ac bisector originates. Within each chain,
the cations are H-bonded through a water molecule (O1W)
which acts both as the donor and acceptor of hydrogen bonds
(see Figure 12); O1W also interacts with a bromine anion
which, in turn, is H-bonded to an IBS cation belonging to the
facing chain, hence the formation of a H-bonded double-chain
ribbon. Adjacent ribbons are weakly bridged by the disordered
water molecule O2W, which works as a bidentate donor of the
H-bond toward the carbonyl oxygen atom O1 provided by the
IBS cation and the bromide anions belonging to two close
ribbons.
In compound 2, each carboxylate group is H-bonded to two

IBS cations and to the water molecule (see Table 3), which, in
turn, further works as a donor toward a different IBS cation.
The resulting network of hydrogen-bonded molecules extends
in a plane parallel to the one that bisects the ac plane (see
Figure 13). Even in this case, weak interactions are present
between adjacent planes.

Figure 6. Relative disposition of the 1H-tetrazol-5-yl moiety of the
IBS cation in 1 (blue) and 2 (pink).

Figure 7. Relative disposition of the 1H-tetrazol-5-yl moiety of the IBS cation in 1 (blue), 2 (pink), NOZWII (green), LIBZAY (orange) and
YUQCEV (purple).

Table 3. Selected H-Bonds in 1 and 2

X−H···Y X···Y (Å) H···Y (Å) X−H···Y (deg)

1
O2W−H2WB···O1 3.006(4) 2.29(3) 166(3)
N6−H1N6···Br1 3.257(2) 2.40(3) 178(3)
N1−H1N1···O1W 2.726(3) 1.86(3) 166(3)
O1W−H1WB···N3a 2.887(3) 2.09(2) 166(2)
O1W−H1WB···Br1b 3.290(2) 2.49(3) 168(2)
O2W−H2WA···Br1c 3.415(3) 2.68(4) 174(5)

2
N6−H6N···O1D 2.652(3) 1.85(4) 168(4)
O1W−H1WB···O1D 2.888(3) 2.08(4) 160(3)
N1−H1N···O2Db 2.657(3) 1.87(4) 176(5)
O1W−H1WA···N3d 2.929(4) 2.08(4) 178(4)

ax + 1, y, z + 1. b−x + 1, −y + 1, −z + 1. cx, 1.5 − y, 0.5 + z. d−x, −y,
−z.
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Figure 8. HSs of IBS in 1 (left) and in 2 (right) together with the closest interacting species in the crystal lattices.

Figure 9. Full fingerprint plots of 1 (left) and 2 (right).

Figure 10. Decomposed fingerprint plots of 1. Top, from left to right: H···Br, H···O, N···H, O···H. Bottom, from left to right: reciprocal N···H, O···
H.
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Computational Chemistry on the Effect of Solvent. It
is widely recognized that the desolvation of molecules is a
dominant factor for crystal growth, where the formation of the
partially desolvated molecules controls the crystallization
rate,34−36 producing unstable species able to attach sponta-
neously to the crystal surface.37 We have employed quantum
mechanics implicit solvation models, which have shown good
predictions in cocrystal formation based on the excess enthalpy
screening functions,38 which align with the favorable
interaction energy in the gas phase for the dimeric form of
IBS−DBS (ca., −60 kcal/mol; see Table 4).
Since the compound 2 was only formed in EtOH, we further

considered the effect of the solvent in order to predict the
success in the crystal formation. The change in the solvation
energy of the dimeric IBS−DBS relative to the monomeric
species was computed using the SMD solvation model in
ACTN, EtOH, and MeCN.

Table 4 shows that the change in solvation energy (ΔΔGsolv)
is less favored in EtOH considering the same dimeric form
(IBS−DBS, see Figure 3) with respect to ACTN and MeCN,
in agreement with the observed experimental results. Hence,
the intermolecular hydrogen bond between IBS and DBS in
the dimeric form shows a loss of stability with EtOH,
displaying a greater value of 3.41 and 5.50 kcal/mol than
ACTN and MeCN, respectively.

Figure 11. Decomposed fingerprint plots of 2. Top, from left to right: H···O, N···H, reciprocal N···H, reciprocal O···H.

Figure 12. Hydrogen-bonded ribbon in 1.

Figure 13. Hydrogen bond network in 2.

Table 4. Interaction Energy in the Gas Phase (ΔΔEgas) and
the Change in the Solvation Energy (ΔGsolv) for the Dimeric
Form of IBS−DBS in ACTN, EtOH, and MeCN

solvent ΔΔEgas (kcal/mol) ΔΔGsolv (kcal/mol)

ACTN −60.0 40.5
EtOH 43.9
MeCN 38.4
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The formation of molecular salts and cocrystals has been
described to depend on the ΔpKa values;

39 in this regard, the
formation of cocrystals and molecular salts occurs when ΔpKa

< 1.16 and ΔpKa > 2.67, respectively. For the molecular salt
IBS−DBS reported in this study, the experimental pKa for the
hydrogen in the tetrazole ring is 7.4040 and for DBS, 1.51 and
2.71,41 resulting in a ΔpKa of 4.89, which is in agreement with
the reported value for molecular salts formation.
Fourier Transform Infrared Spectroscopy. The com-

parative FT-IR spectra of compounds 1 and 2, as well as their
individual compounds, IBS form A and DBS, are presented in
Figure 14. A large number of sharp bands are observed in the
spectra, which is indicative of crystalline solids’ presence.42

Furthermore, infrared spectroscopy is a quite sensitive
technique for molecular interactions involving hydrogen

bonding, which are common in the solid-state and present in
both the compounds according to the crystal packing analysis.
In FT-IR spectroscopy, hydrogen-bond formation is com-
monly observed as an increment in wavenumber in X−H
bending.42 In this regard, IBS presents a band at 1615 cm−1

related to N−H bending, which is observed at 1624 cm−1 and
1639 cm−1 in the spectrum of compounds 1 and 2,
respectively. In effect, according to the crystal structures, the
IBS cation molecules interact via hydrogen bonds with the
NH-containing rings (N1 and N6) in both the compounds.
However, in compound 1, the interaction occurred with
bromide and a water molecule; therefore, the band related to
hydrogen-bonded O−H stretching of water is observed as
broadband from 3670 to 3300 cm−1.43 On the other hand, in
compound 2, the interaction occurred with the oxygen atoms

Figure 14. FT-IR spectra of DBS, IBS form A, crystals 1, and 2.

Table 5. 1H Chemical Shifts of IBS Crystallized in EtOH, ACTN, MeCN, and Data from the Literature

δH (ppm)

position IBSa EtOH ACTN MeCN

1 1.82, 1.98 (m) 1.86, 1.98 (m) 2.15, 2.24 (m) 2.14−2.30 (m)
2 1.98 (m) 1.98 (m) 2.03 (m) 2.04 (m)
3 1.98 (m) 1.98 (m) 2.03 (m) 2.04 (m)
4 1.82, 1.98 (m) 1.86, 1.98 (m) 2.15, 2.24 (m) 2.14−2.30 (m)
12 4.78 (s) 4.80 (s) 5.02 (s) 5.03 (s)
14 7.16 (m) 7.17 (m) 7.30 (d, J = 8.3 Hz) 7.31 (d, J = 8.3 Hz)
15 7.16 (m) 7.14 (m) 7.20 (m) 7.20 (m)
17 7.16 (m) 7.14 (m) 7.20 (m) 7.20 (m)
18 7.16 (m) 7.17 (m) 7.30 (d, J = 8.3 Hz) 7.31 (d, J = 8.3 Hz)
20 7.69 (m) 7.67 (m) 7.71 (m) 7.71 (m)
21 7.58 (m) 7.55 (m) 7.61 (m) 7.62 (m)
22 7.69 (m) 7.55 (m) 7.61 (m) 7.71 (m)
23 7.58 (m) 7.67 (m) 7.71 (m) 7.57 (m)
8 2.40 (m) 2.47 (t, J = 7.8 Hz) 2.90 (m) 2.94 (m)
9 1.52 (m) 1.51 (m) 1.63 (m) 1.66 (m)
10 1.35 (m) 1.34 (m) 1.44 (m) 1.44 (m)
11 0.89 (t, J = 7.3 Hz) 0.87 (t, J = 7.3 Hz) 0.95 (t, J = 7.3 Hz) 0.95 (t, J = 7.3 Hz)

aValues published for IBS in Araya-Sibaja et al. (2019).18
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of the 2,3-dibromosuccinate resulting in a sharp and slightly
strong band observed at 3620 cm−1, corresponding with non-
hydrogen-bonded O−H of water present in the structure.43

Furthermore, DBS presents a band related to CO stretching
at 1700 cm−1, characteristic of a carboxylic acid, which is
observed at 1707 cm−1 for compound 2, congruent with the
carbonyl group in halogen-containing compounds.43,44 This
band confirms the presence of bromosuccinate in compound 2,
and its absence was corroborated by the lack of this band in
compound 1.
Solution-State NMR Studies. The results obtained with

solution-state NMR support the findings on the different
crystalline structures of the samples crystallized in ACTN,
MeCN, and EtOH. In fact, Tables 5 and 6 summarize the data
from 1-H and 13-C NMR spectra measured for IBS−DBS
samples in CD3OD, as described in the Experimental Section.

As shown in Table 5, 1H chemical shifts observed for
compound 2 are analogous to data previously reported for IBS
in the literature18 for 1H NMR measured also in CD3OD,
which is in agreement with the structure proposed for this
product in the previous section. For instance, H-1 and H-4
from the cyclopentane bonded to the imidazolone ring form a
multiplet at δ 1.86−1.92 ppm, while H-8 methylene forms a
triplet at δ 2.80 ppm (J = 7.8 Hz) and H-12 methylene forms a
singlet at δ 4.80 ppm (Figure 15), characteristic of the neutral
molecule.
With respect to 13C NMR, as shown in Table 6, the chemical

shifts observed for compound 2 align again with the above
mentioned data, previously reported in the literature,18 which

is also in agreement with the structure proposed in Figure 3.
For instance, C-5 corresponding to the spiro bond from the
imidazolone ring with the cyclopentane shows a signal at δ
76.68 ppm in agreement with being α to the carbonyl and the
sp2 nitrogen atom from the imidizolone ring. In addition, C-6
corresponding to the carbonyl shows a signal at δ 186.4 ppm,
and C-7 from the imine bond shows a signal at δ 167.16 ppm,
in agreement with the neutral structure.
On the other hand, the 1H and 13C NMR analysis of

compounds crystallized in ACTN and MeCN show the same
signal multiplicity and shifts, indicating that they correspond to
the same structure in agreement with the findings of the
previous sections. Furthermore, Tables 5 and 6 show that
signals for compound 1 are different from the ones
corresponding to compound 2, which is again in agreement
with the different structures proposed for these products
(Figure 3).
In fact, regarding 1H NMR, as shown in Table 5, signals for

all protons corresponding to compound 1 have moved
downfield in relation to previously reported IBS signals.18

Furthermore, when comparing with the signals for compound
2, the most significant changes are observed for the protons
near the protonated imidazolone ring (Figure 16), supporting
the structure assigned for this structure (Figure 2). For
instance, as shown in the 1H NMR spectra (Figure 16), H-1
and H-4 from the cyclopentane near the imidazolone ring
show their multiplet downfield at δ 2.14−2.30 ppm, while H-8
in the aliphatic chain shows a multiplet at δ 2.94 ppm,
representing a shift increase of 0.47 ppm, and H-12 singlet
moved downfield at δ 5.02 ppm. These changes are in
agreement with the protonation of the nitrogen in the
imidazolone ring. Finally, as shown in Figure 17, the singlet
at δ 4.55 ppm in compound 2 corresponds to the methine
protons from the DBS, which are absent in compound 1.
The effect of protonation on the nitrogen in the imidazolone

group (Figure 2) is observed also in the 13C NMR results. In
fact, as shown in Table 6, all carbon signals in the samples
crystallized in ACTN and MeCN have different shifts than the
sample crystallized in EtOH. For instance, Figure 17 shows the
13C NMR spectra with the most significant changes
corresponding to the carbon atoms in the imidazolone ring.
Among them, C-5 shows a signal upfield at δ 72.84 ppm, and
C-6 corresponding to the carbonyl shows a signal upfield at δ
179.52 ppm, while C-7 shows a signal downfield at δ 179.52

Table 6. 13C NMR Chemical Shifts of IBS and Compounds
Crystallized in EtOH, ACTN, MeCN, and Data from the
Literature

δC (ppm)

Position IBSa EtOH ACTN MeCN

1 38.38 38.37 38.33 38.36
2 27.01 26.96 26.71 26.73
3 27.01 26.96 26.71 26.73
4 38.38 38.37 38.33 38.36
5 77.30 76.68 72.84 72.86
6 187.53 186.40 179.52 179.54
7 165.75 167.16 176.01 176.03
8 28.77 28.33 28.97 29.06
9 28.48 28.33 27.50 27.50
10 23.14 23.13 23.09 23.13
11 13.98 13.96 13.81 13.86
12 44.16 44.28 45.18 45.22
13 137.41 137.10 134.98 135.00
14 127.96 128.06 128.71 128.73
15 130.77 130.78 131.00 131.00
16 140.51 140.56 141.27 141.20
17 130.77 130.78 131.00 131.00
18 127.96 128.06 128.71 128.73
19 142.93 142.89 142.76 142.74
20 131.79 131.62 131.60 131.63
21 129.11 129.15 129.33 129.34
22 132.43 132.49 132.59 132.63
23 131.79 131.80 131.83 131.87
24 124.75 124.51 124.37 124.33
25 157.10 156.82 156.74 156.72

aValues published for IBS in Araya-Sibaja et al. (2019).18

Figure 15. Differences in the 1H and 13C NMR analysis of
compounds crystallized in EtOH, ACTN, and MeCN.
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ppm, which aligns with previous studies in similar protonated
heterocyclic rings.45 In addition, as shown in Figure 17, the
signal at δ 170.01 corresponds to the DBS carbonyl in the
IBS−DBS adduct crystallized in EtOH, while this signal is
absent in the IBS−DBS adduct crystallized in MeCN or
ACTN. In sum, 1H 13C NMR data are in agreement with the
protonation of the imidazolone ring in the X-ray solid-state-
assigned structure (Figure 2), which leads to a variation in the
chemical shift of the surrounding atoms.
Thermal Behavior. The DSC curves of compounds 1 and

2 are presented in Figure 18a, showing an endothermic event
with an onset below 100 °C, which can be attributed to water
loss. In compound 1, an exothermic event was observed
around 150 °C, probably corresponding to a phase transition,
and finally, a melting event was observed around 196 °C. This
melting temperature was higher than those exhibited by its
parent components, DBS (171.8 °C) and IBS (182.7 °C). On
the other hand, compound 2 went amorphous after
dehydration. Indeed, dehydration of crystalline hydrates has

been considered a method for obtaining amorphous organic
materials.46

Figure 18b shows the TGA curves of compounds 1 and 2
exhibiting different thermal decomposition behaviour. Com-
pound 2 seems to be more stable until 300 °C.

■ CONCLUSIONS
Two crystal forms were obtained upon the crystallization
process from IBS−DBS in EtOH, MeCN, and ACTN. The
structure determination demonstrated that, in MeCN and
ACTN, compound 1 crystallized in a monoclinic system P21/c,
whereas in EtOH, compound 2 crystallized in a triclinic system
P1̅. For compound 2, computational chemistry studies showed
the change in solvation energy was favoured in EtOH,
confirming the experimental results. In both the structures, a
net of strong hydrogen bonds is present, and the FT-IR
analyses confirmed their existence. In addition, the IBS cation
acts as a H-bond donor through the N1 and N6 nitrogen
atoms, which interact with the bromide anion and the water

Figure 16. Characteristic signals for 1H-RMN (CD3OD) samples crystallized in MeCN and EtOH.
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molecule O1W in compound 1. Meanwhile, N1 and N6

nitrogen atoms interact with the oxygen atoms provided by

two symmetry-related 2,3-dibromo succinate anions in

compound 2. Solution-state NMR data were in agreement

with the proposed protonation of the imidazolone ring in the

crystal structure of compound 1, which leads to a variation in

the chemical shift of the surrounding atoms. Both the salts

presented a different thermal behavior not only in melting

temperature but also in thermal stability. Therefore, these

results could contribute to a deeper understanding of the

solvent effect in the crystallization process. In addition, these

results indicate the quantum mechanics implicit solvation

models as a complementary technique to support the

crystallization process for this system.
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