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ARTICLE INFO ABSTRACT

Keywords: Four new crystal structures of OXYMA-B in its anionic form have been synthesized and structurally characterized
Crystal engineering via single-crystal X-ray diffraction. The new salts incorporate protonated amine-based cations including 1-phe-
Oxyma-B

nylpiperazine (1PP), 1,4-dioxa-8-azaspiro[4.5]decane (DASD), ethylenediamine (ETDA), and pyrrolidine (Pyr),
which function as efficient hydrogen bond (H-bond) donors. The electron-rich nature of the OXYMA-B anion
provides multiple sites for H-bond acceptance, leading to diverse supramolecular synthons including R?(5), R?
(6), R2(8) and R3(12). The theoretical component of this study is based on density functional theory (DFT)
calculations to dissect and characterize the individual H-bonded synthons using the quantum theory of atoms in
molecules (QTAIM) framework. Additionally, interaction energies of discrete H-bonds have been quantified to
rationalize their strength and directional preferences, showing that directional NH:--O bonds contribute the most
to the stability of the assemblies, with ancillary contacts playing a secondary but supportive role. The total
interaction energies range from -34.0 to -50.0 kcal/mol, underscoring the critical role of hydrogen bonding in
dictating the supramolecular architectures. This combined experimental-computational approach sheds light on
the structural determinants driving supramolecular organization in OXYMA-B-based salts and highlights their
potential for crystal engineering applications.

Molecular salts
Hydrogen bonding
Supramolecular synthons
DFT calculations

1. Introduction

Crystal engineering is a dynamic field focused on the rational design
and construction of molecular solids through the knowledge and
exploitation of non-covalent interactions (NCIs), whose ability to
harness classical and non-classical interactions makes them ideal can-
didates for investigating the principles of supramolecular assembly
[1-3]. The most widely explored crystalline supramolecular systems are
salts and cocrystals, which offer a powerful approach to tailor physi-
cochemical properties such as solubility, stability, and reactivity
without altering covalent frameworks [4-8]. Molecular salts are
particularly interesting due to their ionic character which confers the
capacity for strong hydrogen bonding, and the ability to generate
diverse supramolecular motifs, making them highly valuable in
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pharmaceuticals, functional materials, and supramolecular chemistry
[9,10]. Moreover, the formation of molecular salts enables the investi-
gation of intermolecular interactions that arise specifically when proton
donors and acceptors combine to generate charged species within the
crystal lattice. This process directly influences the physical and chemical
properties of the resulting materials, which differ significantly from
those of their individual neutral constituents. The presence of ionic in-
teractions provides an alternative framework in which classical and
non-classical intermolecular forces may be either reinforced or attenu-
ated, thereby offering deeper insight into the principles governing the
packing of compounds in both neutral and charged states [11-13].
From a crystal engineering point of view, Oxyma-B offers a struc-
turally singular framework, derived from the well-known peptide
coupling additive Oxyma-Pure. Oxyma-B is a six-membered cyclic oxime
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Scheme 1. Oxyma-B salts reported in this work and compound numbering scheme.

bearing electron withdrawing groups that significantly modulate its
electronic landscape [14-17]. This unique configuration equips it with
multiple potential interaction sites in the solid state [17]. However, the
role of Oxyma-B as a crystalline molecular salt former, remains under-
explored. This has motivated us to explore the use of both cyclic and
acyclic amines (Scheme 1) to prepare single crystals of their salts with
Oxyme B, anticipating that their restricted geometries and varied elec-
tronic environments might offer distinct opportunities to modulate the
efficiency of supramolecular assembly and packing.

Owing to its diverse hydrogen bond accepting ability, the anionic
form of Oxyma-B presents a versatile scaffold for the formation of stable
supramolecular assemblies with a variety of amine-based protonated
cations. While the crystal structures reveal rich and diverse hydrogen
bonding patterns, a deeper understanding of the nature and energetics of
these synthons requires detailed computational insight. In this context,
we complement our crystallographic findings with a density functional
theory (DFT) investigation focused on the characterization of the key
hydrogen bonds using QTAIM analysis. This theoretical framework will
allow us to quantify the individual interaction energies and gain insight
into the dominant supramolecular forces that govern the assembly of
these salts in the solid state.

2. Experimental section
2.1. Synthesis and crystallization

Each molecular salt was prepared by slow evaporation of equimolar
solutions of Oxyma-B (50 mg) and the respective amine coformer. Each
mixture was dissolved in 6 mL of an appropriate solvent or solvent
mixture and stirred at room temperature for 30 minutes to ensure ho-
mogeneity. For 1-phenylpiperazine the mixture was dissolved in
ethanol, with pyrrolidine in a 1:1 ethanol/acetone mixture, while with
1,4-Dioxa-8-azaspiro[4.5]decane and ethylenediamine in a 1:1:1
ethanol/acetone/THF. The resulting solutions were allowed to evapo-
rate slowly at room temperature. A few days later, crystals suitable for
SCXRD were obtained. High-quality single crystals were carefully
selected under an optical microscope prior to X-ray analysis.

2.2. Crystal structure determination

Single-crystal X-ray diffraction data for the newly obtained molec-
ular salts were collected using a Bruker D8 VENTURE diffractometer
equipped with a microfocus Incoatec IyS DIAMOND source emitting Cu
Ko radiation (A = 1.54178 A), along with Helios MX multilayer optics.

Table 1

Crystallographic data of salts 1-4.
Compound 1 2 3 4
Empirical formula CegHgN304-C1oH15No CgHgN304-C7H14NO, 2(CgHeN304)-CoH1 N2 CeHgN304-C4H 0N
Formula weight 347.38 328.33 430.39 256.27
Temperature (K) 100 100 299 100
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P-1 P-1 P2;/c P2;/c
a(d) 6.5928 (6) A 6.7672 (4) 15.2464 (3) 6.9555 (2)
b (A) 10.3576 (9) 9.9846 (7) 6.8896 (2) 14.7181 (4)
cA) 12.8777 (11) 11.6985 (8) 9.0947 (2) 11.8108 (3)
o () 91.450 (3) 96.399 (2) 90 90
B 99.904 (3) 97.687 (2) 98.919 (1) 90.437 (1)
vy (©) 107.732 (3) 106.425 (2) 920 920
V(A% 822.27 (13) 742.05 (9) 943.77 (4) 1209.06 (6)
V4 2 2 2 4
0(°) 3.5.68.4 5.6_68.2 2.9 .68.3 6.4.68.3
Reflections collected 16192 47 569 11 475 17 288
Independent reflections 2939 2546 1724 2210
Rint 0.069 0.053 0.054 0.045
Reflections with I > 26(I) 2794 2545 1 605 2076
Refined parameters 236 238 150 174
Restraints 0 13 0 2
Ap min (e A3) -0.41 -0.21 -0.23 -0.22
Ap max (e A3 0.43 0.28 0.39 0.37
Density (calc. Mg/m3) 1.403 1.469 1.515 1.408
Final R indices [I>206(1)] R1=0.078 R1= 0.042 R1=0.045 R1= 0.057

WR2= 0.237 WR2= 0.115 WR2= 0.131 WR2= 0.151

CcCcDC 2479360 2479361 2479359 2479358
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Fig. 1. (a) Asymmetric unit of 1-phenylpiperazine/Oxyma-B salt (1) with the labeling scheme. Thermal ellipsoids are drawn at the 35% probability level; (b) Crystal
packing of salt (1) viewed along the a-axis, showing layered arrangement and hydrogen-bonding interactions between cations and anions.

Data reduction and cell refinement were carried out using the APEX5
software [18]. A multi-scan absorption correction was applied through
the SADABS-2016/2 program [18].

Structure solution was performed via intrinsic phasing using
SHELXT-2018/2, and all structures were refined against F? using full-
matrix least-squares methods implemented in SHELXL-2019/3, all
within the Olex2-1.5 [19,20]. Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms attached to nitrogen were located from
difference Fourier maps and refined without constraints, whereas those
bound to carbon atoms were introduced in idealized positions and
treated using a riding model, with Ujso(H) = 1.2Ueq(C). In compounds 2
and 3 some disorder was found: i) in compound 2, the 1,4-dioxolane ring
of the DASD molecule has 2 disordered carbon atoms (52 and 48 %
occupancy for each part); in compound 3 the whole ring from OXYMA-B
molecule is rotated trough the N1-C1 bond (52 and 48 % occupancy for
each part). Some restraints have been applied to those two compounds
to correctly split the disordered molecules (SAME/SADI). All structures
were examined for higher symmetry using PLATON [21]. Graph-Set
analysis [22] was conducted using DIAMOND (version 3.2k) [23].

Crystallographic details for the salts are compiled in Table 1.

2.3. Theoretical methods

All quantum chemical calculations were carried out using the
Gaussian 16 software package (Revision C.01) [24]. The crystallo-
graphic coordinates obtained from X-ray diffraction experiments were
used without further geometry optimization in order to preserve the
experimentally observed supramolecular arrangements. The electronic
structure calculations were performed at the PBEQ-D3/def2-TZVP level
of theory [25-27], which has been shown to reliably describe non-
covalent interactions including hydrogen bonding and dispersion
effects.

Molecular electrostatic potential (MEP) surfaces were computed at
the same level of theory to visualize the distribution of electron density
and identify potential hydrogen-bond acceptor sites in the OXYMA-B
anion. Topological analysis of the electron density was conducted
within the framework of Bader’s Quantum Theory of Atoms in Molecules
(QTAIM) using the wavefunction files generated by Gaussian and
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Fig. 2. Supramolecular synthons in the crystal structure of salt (1): R§(8) and
R2(6) motif formed via NH---O hydrogen bonding.

Fig. 3. CH:--m interactions between adjacent 1-phenylpiperazine cations in salt
(1), showing hydrogen-to-centroid distances.

analyzed with the AIMAIl software (version 19.10.12) [28,29]. Bond
critical points (BCPs), bond paths, and potential energy density (V)
values at the BCPs were extracted for all relevant hydrogen-bond

Journal of Molecular Structure 1352 (2026) 144488

interactions.

The interaction energies of individual hydrogen bonds were esti-
mated using the empirical relationship proposed by Espinosa et al. [30],
which correlates the potential energy density at the BCP with the
interaction energy via the equation E ~ 0.5 x V. This method provides a
reliable estimate of the strength of hydrogen bonds directly from the
QTAIM descriptors.

3. Results and discussion

As expected, the four crystal forms confirmed the formation of salts
through proton transfer from the acidic hydroxyl group of Oxyma-B to
the basic nitrogen site of the amine. This deprotonation leads to an
anionic Oxyma-B moiety and a protonated amine, forming robust ionic
frameworks stabilized by a rich array of supramolecular interactions,
which are the subject of study of this work.

3.1. Structural description and supramolecular details

3.1.1. 1-phenylpiperazine / Oxyma-B salt (1)

The molecular salt formed between 1-phenylpiperazine and Oxyma-
B (1), depicted in Fig. 1(a), crystallizes in the triclinic crystal system
with space group P-1. The asymmetric unit comprises one molecule of
each constituent, yielding a formula unit count of Z = 2. Fig. 1(b) pre-
sents the crystal packing of salt (1) viewed according to @ direction. The
structure reveals an organized arrangement in which the organic cations
are aligned at z = 1, while the anionic Oxyma-B moieties are interca-
lated around z = 1/2, forming layers parallel to the (bc) plane. These
anions bridge adjacent cationic chains through a network of NH---O,
NH--N and CH--O hydrogen bonds, resulting in a supramolecular
framework stabilized by directional intermolecular interactions.

As illustrated in Fig. 2, the interaction between 1-phenylpiperazine
and Oxyma-B via NH---O hydrogen bonding generates a primary su-
pramolecular synthons of R%(8) and R?(6) type.

As depicted in Fig. 3, weak intermolecular interactions are also
observed between the 1-phenylpiperazine cations separately. Thus, the
stabilization and spatial arrangement of the cations are additionally
reinforced by CH---n interactions. These contacts are established be-
tween the electron rich phenyl ring of one cation and one of the hy-
drogens adjacent to the charged nitrogen atom, with hydrogen-to-
centroid distances of 3.073(4) A and a CH.---centroid angle of 123.10
@-.

The Oxyma-B anions in salt (1) (Fig. 4) adopt an orderly packing
arrangement stabilized by a combination of non-covalent interactions.
In addition to weak CH:--O hydrogen bonds, the anions engage in aro-
matic interactions. Notably, parallel face-to-face stacking is observed

(a) . (b)

Fig. 4. Packing features of Oxyma-B anions in compound 1: (a) Face-to-face stacking, (b) detailed view of the non-covalent interactions stabilizing the

anionic moieties.
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Fig. 5. (a) Molecular structure of salt (2) showing atomic labels and 1,4-dioxolane ring disorder over C9A/C11A sites. Ellipsoids are drawn at the 35% probability

level; (b) Crystal packing of salt (2) viewed along the a-axis.

between adjacent aromatic rings (Fig. 4a), with centroid-to-centroid
separations of 3.290(3) and 3.754(4) A. These distances fall within the
range (3.3-3.8 A) reported for effective n---n interactions in purely
organic systems [31].

3.1.2. 1,4-Dioxa-8-azaspiro[4.5]decane/ Oxyma-B salt (2)

The molecular salt formed between 1,4-dioxa-8-azaspiro[4.5]decane
(DASD) and Oxyma-B, referred to as salt (2), crystallizes in the triclinic
crystal system with space group P-1. The asymmetric unit comprises one
molecule of DASD and Oxyma-B (Z = 2). As depicted in Fig. 5(a), one
carbon atom within the 1,4-dioxolane ring of the DASD molecule is
positionally disordered and was modeled over two sites, C9A and C11A,
with refined occupancy factors of 0.535 and 0.465 respectively. The
hydrogen atoms attached to the nearby C8A carbon are also disordered
with the same occupancies. The crystal packing of salt (2), shown in
Fig. 5 (b), reveals that the DASD cations are aligned in layers at z = 0,
while the Oxyma-B anions are intercalated at z = 1/2, acting as bridges

between adjacent DASD layers through multiple hydrogen bonding in-
teractions, including NH---O and CH---O.

The extensive hydrogen bonding framework gives rise to several
supramolecular synthons, as illustrated in Fig. 6a, ring motifs Rj}(22)
emerge from cation-anion contacts; Fig. 6b displays the motif R}(24)
and Fig. 6¢ highlights additional hydrogen-bonded synthons of types
R%(8) and R?(6).

The anion---anion assembly in salt (2) is stabilized by two types of
non-covalent interactions (Fig. 7). CH---O H-bonding between neigh-
boring Oxyma-B anions are complemented by face-to-face stacking be-
tween adjacent Oxyma-B rings, with a centroid-to-centroid separation of
3.450(3) A.

3.1.3. Ethylenediamine / Oxyma-B salt (3)
The crystal structure of the Ethylenediamine/Oxyma-B salt (3),
illustrated in Fig. 8(a), crystallizes in the monoclinic system the P2+/c
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Fig.. 6. Hydrogen-bonding synthons in the crystal packing of salt (2): (a)

R}(22); (b) R4(24); (c) R3(8) and R%(6).

Fig. 7. Anion--

Fig. 8. (a) ORTEP

anion intermolecular interactions in salt (2).

space group. The asymmetric unit consists of one Oxyma-B and half of
ethylenediamine molecule (Z = 2), where the diamine is a centrosym-
metric molecule with an inversion center located at the midpoint of the

representation of the asymmetric unit
Ethylenediamine/Oxyma-B salt (3). Ellipsoids correspond to a 35% probability
level; (b) Crystal packing of salt (3) viewed along the (ac) plane, showing the
HB network interlinking ETDA cations and Oxyma-B anions.
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Fig. 9. Supramolecular synthons formed in the crystal structure of salt (3).

(a) & (b)

Fig. 10. Anion--anion aromatic interactions: (a) O---x and (b) CH---m.

C2A-C2A bond. Fig. 8(b) presents the crystal packing of salt (3) viewed
along the (ac) plane. The structure is stabilized by an extensive
hydrogen-bonding network involving NH---O, NH---N, and CH---N in-
teractions where Oxyma-B anions are positioned at x = 1/4 and x = 3/4,
forming layers interconnected by ethylenediammonium (ETDA) dica-
tions, which act as bridges between adjacent anionic layers.

The dense hydrogen bonding network leads to the formation of
multiple distinct supramolecular synthons. As illustrated in Fig. 9a,
smaller ring motifs such as R?(5), R}(5) and R?(6) surround a larger,
central R}(14) motif. Fig. 9b highlights the additional motifs R3(12), all
of which result from anion---cation interactions within the crystal
structure.

Again aromatic interactions contribute significantly to the

Journal of Molecular Structure 1352 (2026) 144488

Fig. 11. (a) Asymmetric unit of Pyrrolidine/Oxyma-B salt (4) showing the
molecular components and atom labeling (Thermal ellipsoids are drawn at the
35% probability level); Crystal packing of salt (4): (b) view along the (ac) plane
showing orthogonal anion-cation layers; (¢) view along the (bc) plane with
pyrrolidine intercalated via NH---O, NH---N, and CH---O hydrogen bonds.

anion---anion assembly in salt (3), as illustrated in Fig. 10, in which
Oxyma-B anions forms lone pair (O)---m contacts, with oxygen-to-
centroid distance equal to 3.270(1) A. Additionally, CH---t contacts
are present, with a hydrogen-to-centroid distance of 2.842(0) A and a
CH:--centroid angle of 120.10(0) °, further reinforcing the supramolec-
ular connectivity.
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Fig. 12. Supramolecular synthons in salt (4): (a) Hydrogen-bonding motifs
R%(5), R2(6) and R3(7);(b) extended supramolecular motif R}(18) involving
paired Oxyma-B and pyrrolidine units.

3.1.4. Pyrrolidine / Oxyma-B salt (4)

Pyrrolidine/Oxyma-B salt (4), illustrated in Fig. 11(a), crystallizes in
the monoclinic system, space group P2;/c, with the asymmetric unit
comprising one independent molecule each of Oxyma-B and Pyrrolidine
(Z = 4). The crystal packing of salt (4), projected along the (ac) plane
(Fig. 11b), reveals an alternating layered structure, where the cationic
and anionic components form distinct planes oriented nearly perpen-
dicular to one another. Specifically, Oxyma-B anions are arranged par-
allel to the (bc) plane and located at x = 1/4 and x = 3/4, whereas
pyrrolidine cations occupy layers at x = 0 and x = 1/2. A more detailed
projection along the (bc) plane (Fig. 11c) clearly illustrates that pyrro-
lidine molecules are intercalated between Oxyma-B anions, contributing
to the crystal stability through a network of NH---O, NH---N, and CH:--O
hydrogen bonds.

The hydrogen bonding network in salt (4) is defined by a combina-
tion of contacts leading to different types of supramolecular synthons. As
shown in Fig. 12a, these interactions organize the components into
several motifs, which include R%(5), R3(6) and RZ(7). In addition,
Fig. 12b highlights a larger supramolecular motif R4(18) generated by
an association of pairs of Oxyma-B anions and pyrrolidine cations.

3.2. Hirshfeld surface analysis

To gain deeper insight into the nature and contributions of inter-
molecular interactions governing the solid-state architecture of the
Oxyma-B salts, Hirshfeld surface (HS) analysis was conducted using
CrystalExplorer software [32,33]. This approach enables both qualitative
and quantitative visualization of close contacts and interaction patterns
within the crystal lattice. The resulting two-dimensional fingerprint
plots provide a comparative overview of the key intermolecular in-
teractions present across the series.

Fig. 13 presents the Hirshfeld surface (HS) analysis of Oxyma-B
molecules in salts formed with amines (compounds 1-4). The analysis

Journal of Molecular Structure 1352 (2026) 144488

was conducted by selecting only the Oxyma-B molecule to specifically
assess its supramolecular susceptibility and interaction behavior.

On the left side of the figure, the 3D d;om, surfaces highlight prom-
inent hydrogen bonding regions as red spots, corresponding to close
contacts involving O---H/H---O and N---H/H---O interactions. These
features are clearly represented in the associated 2D fingerprint plots on
the right side, where di and d, represent the distances from a point on the
Hirshfeld surface to the nearest atom inside and outside the molecule,
respectively, and the sharp spikes correspond to strong close contacts,
such as hydrogen bonds, which is consistent with the red regions
observed on the dp,m, surfaces. The analysis shows that the Hirshfeld
surfaces of Oxyma-B in all four salts are dominated by HB interactions.
Particularly, O---H contacts make the largest contribution, ranging from
31.6% to 34.1%, while H---N interactions contribute the least (1.4-
2.2%). H---O (7.4-8.6%) and N---H (4.9-9%) contacts follow. These re-
sults verify that the supramolecular assembly in these systems is
controlled by strong directional hydrogen bonds. The relative contri-
butions are similar for the four compounds, although compound 3 has a
slightly higher N---H contribution (9%), which corresponds to the
participation of NH:--N and CH---N hydrogen bonds in its supramolec-
ular network.

3.2.1. DFT calculations

To complement the structural insights derived from X-ray diffraction
analysis, a computational study was undertaken to further elucidate the
nature and strength of the hydrogen bonding interactions observed in
the crystal structures. Fig. 14 presents partial views of the X-ray crystal
structures of salts 1-4, highlighting the most prominent hydrogen-
bonding motifs formed between the OXYMA-B anion and the corre-
sponding cations. In compounds 1 and 2, centrosymmetric tetramers are
observed, consisting of two anions bridged by two cations, resulting in a
central R%(8) synthon. This motif is flanked on both sides by fused R?(6)
motifs, arising bifurcated two acceptors N-H---O, in which each pro-
tonated amine forms simultaneous contacts with two acceptor sites of
the anion. In compound 3, a similar 2:2 (cation:anion) assembly is
formed, but it adopts a more extended Ri(lz) synthon, also combined
with fused R%(6) rings akin to those seen in compounds 1 and 2. In
contrast, compound 4 displays a distinct supramolecular organization,
forming infinite one-dimensional chains rather than the discrete tetra-
mers found in the other salts, and notably lacks the R} (N)-type synthons.
These rich and diverse hydrogen-bonding patterns underscore the
multidentate acceptor ability of the OXYMA-B anion and the strong
donor potential of the protonated amines. The DFT study that follows
aims to characterize and quantify the key intermolecular synthons
observed here, providing insight into their relative energetic contribu-
tions through QTAIM analysis.

To initiate the theoretical analysis, the molecular electrostatic po-
tential (MEP) surface of the deprotonated OXYMA-B anion was
computed to visualize the spatial distribution of its electron-rich regions
and thereby anticipate its hydrogen bond acceptor behavior. MEP sur-
face analysis is a valuable tool for understanding molecular reactivity
[34-38]. It helps to identify the most electron-rich and electron-poor
regions of a molecule, which in turn allows us to predict the likely
sites for nucleophilic and electrophilic attack. including biological As
expected for an anionic species, the MEP is negative across the entire
molecular surface (Fig. 15). The most negative region (—138 kcal-mol™)
is localized between the oxygen atom of the oxime group (O1) and the
adjacent carbonyl oxygen (02), highlighting a converging area of strong
basicity. A similarly negative potential (—132 kcal-mol?) is found in the
vicinity of the oxime nitrogen and the nearest carbonyl oxygen (N1 and
04), reinforcing the prominence of this region as a bidentate acceptor
site. Additionally, the N1-O1 bond of the oxime moiety exhibits a
notable MEP value of —125 kcal-mol™'. In contrast, the carbonyl oxygens
further from the oxime group display moderately less negative poten-
tials, ranging from —94 to —113 kcal-mol™'. This gradient in electrostatic
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Fig. 14. Partial views of the X-ray structures of 1 (a), 2 (b), 3 (c) and 4 (d) illustrating the different H-bonding synthons. See Table S2-S5 (Supporting Information)

for H-bonding distances.
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Fig. 15. Molecular electrostatic potential (MEP) surface of the anionic OXYMA-
B computed at the PBE0-D4/def2-TZVP level. The MEP is mapped onto the
0.001 a.u. electron density isosurface, with values ranging from —138 to
—94 kcal-mol™.

potential supports the experimentally observed preference for bifur-
cated N-H---O hydrogen bonds involving the oxime and nearby carbonyl
groups.

The QTAIM analysis of compounds 1 and 2, based on their X-ray
geometries, is presented in Fig. 16. Bond critical points (BCPs) are
indicated by green spheres, and the corresponding bond paths are shown
as dashed lines. The topological analysis confirms the formation of
centrosymmetric tetrameric assemblies in both structures, comprising
two anions and two cations, and stabilized by multiple hydrogen bonds.
Specifically, the canonical R2(8) synthon is clearly identified, flanked by
two fused R?(6) motifs involving bifurcated N-H---0,0 hydrogen bonds.
Each ammonium cation contributes two hydrogen bonds: one forms the
bifurcated interaction connecting both carbonyl oxygen atoms of the
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€ -=50.0 kcal/mol

-40.8 kcal/mol

Fig. 16. QTAIM analysis of the hydrogen-bonding networks in the X-ray
structures of compounds 1 and 2. Bond critical points (BCPs) are represented as
green spheres, and bond paths are shown as dashed lines. The energy of each H-
bond is represented in red adjacent to the BCP in kcal-mol".
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Fig. 17. QTAIM analysis of the hydrogen-bonding network in the X-ray
structure of compound 3. Bond critical points (BCPs) are shown as green
spheres, and bond paths are indicated by dashed lines. The energy of each H-
bond is represented in red adjacent to the BCP in kcal-mol™.

—34.0 kcal/mol

Fig. 18. QTAIM analysis of a tetrameric fragment of the 1D supramolecular
chain observed in the crystal structure of compound 4. Bond critical points
(BCPs) are depicted as green spheres, and bond paths as dashed lines. The
energy of each H-bond is represented in red adjacent to the BCP in kcal-mol™.

anion, while the second engages in a strong, directional N-H---O contact
with the oxime oxygen. The estimated interaction energies, derived from
the potential energy density at the BCPs using the empirical relationship
proposed by Espinosa et al. [30], indicate that the bifurcated N-H:--0,0
hydrogen bonds are —10.7 and —10.0 kcal-mol™ compounds 1 and 2,
respectively. The second N-H:--O interaction is even stronger, in com-
pound 1 and similar in Compound 2, with energies of —12.9 and —9.2
kcal-mol™, respectively. Additionally, weaker C-H---N contacts are
identified in both compounds, contributing —1.4 and —1.2 kcal-mol’,
respectively. These cooperative interactions result in total stabilization
energies of —50.0 kcal-mol™ (1) and —40.8 kcal-mol™! (2), underscoring
the prominent role of hydrogen bonding in directing the supramolecular
organization in the solid state.

The QTAIM analysis of the hydrogen-bonding network in compound
3(Fig. 17) reveals a supramolecular assembly involving two anions and
two cations, analogous to the structures observed in compounds 1 and 2.
Specifically, the analysis confirms the presence of a fused R?(6) synthon
and a central R;’{(IZ) motif. The bifurcated N-H:--O,0 hydrogen bond
within the R%(6) ring is notably weaker (-6.4 kcal/mol) compared to
those in compounds 1 and 2, which can be attributed to suboptimal
geometry and longer H---O contact distances, as detailed in Table 1. In
contrast, the directional N-H---O hydrogen bonds that define the larger
R3(12) synthon are relatively strong (-12.4 and -12.5 kcal/mol), com-
parable to the energies found in the R2(8) motif of compound 1. The
total stabilization energy of this tetrameric assembly (-36.8 kcal/mol) is
lower than those observed in compounds 1 and 2, primarily due to the
weaker bifurcated H-bonding and the lack of auxiliary interactions such
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as C-H---N contacts.

The QTAIM analysis of compound 4 (Fig. 18) provides a detailed
insight into the hydrogen bonding framework that sustains the infinite
1D supramolecular chain observed in its crystal structure. The fragment
analyzed includes a tetrameric unit composed of two cations and two
anions, which allows a consistent comparison with the assemblies of
compounds 1-3. The analysis confirms the formation of an R?(5) syn-
thon through a bifurcated N-H:--O,N hydrogen bond (-6.4 kcal/mol),
whose energy matches that found for the R?(6) synthon in compound 3
and is weaker than the analogous motifs in compounds 1 and 2. On the
opposite side of the ammonium group, a directional N-H:--O hydrogen
bond is formed with an energy of —12.5 kcal/mol, comparable to the
strongest interactions observed across the series. Additionally, a weak
ancillary C-H---O contact (1.5 kcal/mol) contributes to the stabilization
of the assembly. The total interaction energy of this tetrameric unit
(-34.0 kcal/mol) is similar to that of compound 3, confirming that
although the R+*-type ring is absent in this case, the network remains
robust.

In general, this energetic study of the H-bonding interactions sup-
ports the notion that the R2(8) central ring combined with adjacent
R2(6) units, as found in compounds 1 and 2, is the most energetically
favorable configuration. Nevertheless, packing requirements and com-
plementary interactions such as n-stacking may override this preference
in the solid state.

4. Conclusions

In this study, we report the synthesis, structural characterization,
and computational analysis of four new salts of OXYMA-B with different
amines. X-ray diffraction analysis revealed diverse hydrogen-bonding
motifs across the series, with compounds 1-3 forming centrosym-
metric tetrameric assemblies featuring central R§(8) or Ri(lZ) supra-
molecular synthons, while compound 4 crystallizes in infinite 1D chains
stabilized by R?(5) motifs.

Theoretical analysis based on electrostatic potential (MEP) maps of
the OXYMA-B anion confirmed a highly negative potential over the
oxime and carbonyl regions, highlighting their strong H-bond acceptor
character. QTAIM analysis of the X-ray geometries provided a detailed
topological characterization of the H-bonding networks, revealing the
presence of bifurcated and directional hydrogen bonds, as well as
ancillary C-H---O/N contacts. The individual strengths of these in-
teractions were quantified, showing that directional N-H---O bonds
consistently contribute the most to the stability of the assemblies, with
ancillary contacts playing a secondary yet supportive role. The total
interaction energies, ranging from —34.0 to —50.0 kcal/mol, underscore
the critical role of hydrogen bonding in dictating the supramolecular
architectures. Notably, the highest stabilization was observed in as-
semblies featuring the RZ(8) synthon flanked by two R+*(6) rings, as
found in compounds 1 and 2. These results demonstrate the utility of
combining crystallography with DFT-based QTAIM and MEP analyses to
rationalize and predict hydrogen bonding patterns in supramolecular
salts. This integrated approach provides insights for the future design of
functional hydrogen-bonded materials based on OXYMA-B and related
systems.
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