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conformationally-responsive solvates, desolvates
and a salt of N,N'-(1,4-phenylene)dioxalamic acid:
the energetics of hydrogen bonding and n/n — a*
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Oxalamic acid derivatives are model molecules used in crystal engineering and molecular recognition both
in solution and in the solid state. Despite their growing importance, hardly any information on
polymorphism, stability and interrelations of their solid forms can be found in the literature. In this work,
the molecular and supramolecular structures of three cocrystal solvates of formula HopOx-2S (S = DMSO,
DMF, i{(MeOH-2W); W =
(HopOx) are described. The nature and energetics of non-covalent interactions were explored through

H,O) and the dimethylammonium salt of N,N'-(1,4-phenylene)dioxalamic acid

computational methods including the evaluation of the Hirshfeld surface, two-dimensional fingerprint
plots, energy-framework diagrams and crystal lattice energies. The X-ray structural parameters were
correlated with experimental solid state IR, *C-CPMAS, thermal analysis and SEM to elucidate the unknown
molecular and supramolecular structures of two hydromorphs and three desolvated polymorphs of H,pOx.
The role of the crystallized solvents was demonstrated to fix the conformation of H,pOx through hydrogen
bonding and n/n — w* interactions, favoring the sp-ap conformation to fit the shape of the solvent. The
interconversion pathways between the ten solid phases of HopOx were stablished, relying on the crystal
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1. Introduction

Oxalamides (oxamides), oxalamates (oxamates) and oxalamic
(oxamic) acids are bifunctional compounds with high potential
in crystal engineering and molecular recognition.” Oxalamides
have been used as model compounds to design supramolecular
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size and temperature to yield a specific solvent-free polymorph.

B-sheets for a better understanding of supramolecular
interactions in protein quaternary structures and in amyloids,?
as well as in the design of compounds with anti-HIV activity.®
Oxalamides cocrystallize with pyridines, carboxylic acids,
amines, halobenzenes, phenols, alcohols, and other
oxalamides.” On the other hand, the phenyldioxalamate moiety
has become particularly important as a versatile supramolecular
building block exploited for the formation of a wide variety of
supramolecular architectures.” For instance, diethyl N,N'-1,3-
phenyldioxalamates have been shown to form molecular clefts
whose conformation and cavity size can be controlled by steric
hindrance and hydrogen-bonding effects.® Furthermore, they
have been used to explore the rotational isomerism of
1,3-benzenediols by cocrystallization.” In the case of the
oxalamic acid functionality, the only reported structures are
related to the use of chiral oxalamic acids as resolving agents of
racemic amines.®’

The title compound, N,N'-(1,4-phenylene)dioxalamic acid
(H,pOx), was first reported in the mid-70s as an antiallergic
agent'®"' as well as an anti-inflammatory and nontoxic
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compound.'” Recently, it has attracted interest as a ligand for
the synthesis of novel coordination mono and dinuclear Cu(u)
complexes which showed intramolecular antiferromagnetic
coupling.’®'* Lately, heterobimetallic tetranuclear CuyMj (M =
Cu, Ni) complexes have been reported, where the dianion of N,
N'-(1,4-phenylene)dioxalamic acid (pOx®") acts as a bridging
ligand of four metallic centers."> H,pOx has also been used as a
scaffold structure to build cuboid Ir-M (M = Cu, Ni, Zn)
heterometallic coordination cages as catalysts.'® The chemistry
of the H,pOx ligand for metallic complexes and
magnetochemistry have been summarized elsewhere.”” ™ In
the context of biological activity, Cu(u) oxalamic acid complexes
have been found active against Gram-positive bacteria.*’

Oxalamic acid derivatives are flat due to the formation of
intramolecular hydrogen bonds between the amide NH and
the COOH carbonyl oxygen atom. In addition, the relative
disposition of the amide carbonyl group regarding the phenyl
ring, as a plane of reference, gives rise to several conformers:
antiperiplanar (ap) +180-+150°, anticlinal (ac) +150-+90°,
synclinal (sc) +90-+30°, and synperiplanar (sp) +30-+0°.
Considering the two oxalamic acid arms in anti disposition
between the two oxalic carbonyls, six combinations are
possible because of symmetry reasons: sp-sp, sp-sc, sp-ac,
sc-sc, sc-ac, and sp-ap, Fig. 1.

Due to the growing importance of H,pOx and the
influence of conformational polymorphism on the geometry
and properties of its metallic complexes, in this contribution,
the molecular and supramolecular structures, IR
spectroscopy, *C-CPMAS NMR and thermal analysis of its
neutral solvates of formula H,pOx-2S (S = DMSO, DMF,
i(MeOH-2W); W = H,0) and its dimethyl ammonium salt
(HDMA),-pOx are described. The nature and energetics of
non-covalent interactions involved in the stability of the
crystal lattice were explored through computational methods,
including the evaluation of the Hirshfeld surface (HS), two-
dimensional fingerprint plots, energy-framework diagrams
and lattice energies. Furthermore, the structures and
hydrogen bonding (HB) patterns of two hydromorphs (H-I
and H-II) of formula H,pOx-2W and three H,pOx desolvates
(A-I, AT and A-I) are proposed on the basis of IR

el
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Fig. 1 Conformations of N,N’-(1,4-phenylene)dioxalamic acid (H,pOx)
side arms in relation to the benzene ring.
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spectroscopy, *C-CPMAS NMR, PXRD, thermal analysis and
SEM, as well as by comparison with the discussed X-ray
crystal structures.

2. Experimental section

Detailed experimental descriptions are found in the ESL}

2.1 Materials and crystal synthesis
See the ESL}

2.2 Instrumentation

IR spectra were recorded neat at 25 °C using a Perkin Elmer
Spectrum GX series with an FT system spectrophotometer
using an ATR device. ">*C CPMAS spectra were recorded on a
Bruker Avance DPX-400 (101 MHz). X-ray powder diffraction
data were collected on a PAN Analytical X'Pert PRO or on a
D8 Focus Bruker AXS diffractometer with Cu Ko, radiation.
DSC and TG measurements were performed on Q2000
equipment and a Thermobalance Q5000 IR, respectively, of
TA instruments.

2.3 X-Ray structure determination

Single crystal X-ray diffraction data were collected on an
Agilent SuperNova (dual source) diffractometer equipped
with graphite-monochromatic Cu (A = 1.54184 A)/Mo (A =
0.71073 A) Ka radiation. The data collection was
accomplished using CrysAlisPro software®' at 293(2) K under
Cu (H,pOx-2DMSO)/Mo (H,pOx-2DMF, 3H,pOx-2MeOH-4W,
(HDMA),pOx) Ko radiation. The cell refinement and data
reduction were carried out with the CrysAlisPro software.*!
The models were refined and the structures solved using the
SHELXL-2018/3 program>” of the WINGX package.>® Platon>*
and Mercury”> were used to prepare the material for
publication. Hydrogen bonding motifs were described
following the standard notation.*® The CIF codes deposited
at the CCDC are H,pOx-2DMSO (1874282), H,pOx-2DMF
(1997487), 3H,pOx-2MeOH-4W (1997485) and (HDMA),pOx
(1997486). Crystal data, collection and refinement parameters
are listed in Table S1.7

2.4 Hirshfeld surface (HS) analysis,”” two-dimensional
fingerprint plots,”® and energy-framework diagrams®®

These calculations were performed with the software
CrystalExplorer17.5.>® The HS was mapped over dpom, and
the function of the normalized contact distance d. and d; was
utilized, where d. and d; are the distance from a given point
to the nearest atom outside and inside on the surface,
respectively.” The energy components Eee. (electrostatic
potential), Egis, (dispersion) and E (total energy) were
calculated linking the software with the Gaussian 09
software®® using the B3LYP/6-31G (d,p) level of theory. Scale
factors®® and % contribution of individual components to the
stabilization energy’® were also calculated.

This journal is © The Royal Society of Chemistry 2022
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2.5 Interaction and lattice energies

The interaction and lattice energy calculations were

performed with the CLP-PIXEL software.** ¢

3. Results and discussion
3.1 The synthesis of crystals

Form I of the H,pOx double-hydrate (H-I) precipitates after
the neutralization reaction of the corresponding sodium
dicarboxylate salt with HCI in an aqueous medium. The
attempts to crystallize H-I from saturated water solutions
yielded hydromorph II (H-II) as microcrystalline (mc) powder.
After drying each of the two double-hydrates at 150 °C/3 h,
anhydrous H,pOx was obtained as polymorphic forms A-I
and A-II, respectively. The powder X-ray diffraction patterns
(PXRD) of A-I and A-II are very similar and they appear as
finely dispersed powders of H,pOx with no preferred
orientation. The crystals of H,pOx-:2DMSO and H,pOx:2DMF
are formed by crystallization of H-I from their corresponding
solutions and 3H,pOx-2MeOH-4W from a methanol-water 1:
1 solution. In addition, the grinding of H-I and DMSO or
DMF quantitatively yielded the corresponding double-solvate.
The PXRD patterns confirmed the formation of the same
solid phases observed by crystallization from either DMSO or
DMF solution. Desolvation of H,pOx-2S (S = DMSO, DMF,
{(MeOH-2W)) resulted in the formation of A-I, A-II or A-III,
depending on the conditions employed and the crystal size.
Slow desolvation (45 °C/1-4 days) led to the formation of A-I,
while rapid drying (160 °C/24 h) of DMSO and DMF solvates
resulted in the formation of A-III, with the exception of
grinded H,pOx-2DMF which formed A-I under these
conditions. In contrast, the A-II form is obtained from 3H,-
pOx-2MeOH-4W after fast drying (150 °C/3 h). Nevertheless,
no phase transitions by DSC were observed between A-I, A-II
and A-III (vide infra). Finally, the dimethyl ammonium salt
(HDMA),pOx was obtained from crystallization attempts of
H-I in hot DMF by decomposition of DMF into
dimethylamine and CO in an acid medium, as has been
observed for other systems.?” In every case, the identity of the
solid phases as N,N'-(1,4-phenylene)dioxalamic acid was
confirmed by 'H-NMR in solution and the presence of
different solid mc-forms, compared to the starting
polymorph, was revealed by the corresponding PXRD
patterns, as shown in Fig. 2.

Hydration—-dehydration experiments provided information
about the hydrate stability as well as the role of water in the
crystal network. Dehydration of H-I and H-II is accompanied
by the structural reorganization of the lattice which is
destabilized by the removal of the hydrogen-bonded water to
give the corresponding anhydrate. Furthermore, rehydration
experiments revealed that once formed, A-I and A-II
reconstitute into the starting double-hydrated forms. The
identity of A-I and A-II was always confirmed by rehydration
experiments due to the high similarity between their PXRD
patterns, as mentioned earlier. The vacant sites left behind
after water removal are preserved in the me-solids A-I and A-

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 PXRD patterns of: (a) H,pOx-2DMSO obtained from grinding
procedures and (b) simulated from single crystal X-ray diffraction data;
(c) HopOx-2DMF obtained from grinding procedures and (d) simulated
from single crystal X-ray diffraction data; hydromorphs (e) H-I and (f)
H-1I; desolvates (g) A-1, (h) A-1l and (i) A-1ll. Individual images of (g) and
(h) are shown in Fig. S1.

II, whose crystal networks are stable and capable of
rearranging in the presence of moisture to restore the mec-
lattice of the original double-hydrates under suitable
conditions, as has also been observed in the tetrahydrate salt
of HpOx.*®* Conversely, hydration of A-IIl, obtained from
either DMSO or DMF solvates, slowly progresses to form the
me-solid hydrate H-II. This result suggests that H,pOx
molecules are arranged into a more compact lattice in A-III
than in A-I or A-Il. Recalling that H-II is obtained by
recrystallization of H-I from hot water, the latter can be
considered as the kinetic hydromorph and the former as the
thermodynamic hydromorph. The relationships between
H,pOx hydromorphs, solvomorphs, desolvates and HDMA"
salt are depicted in Fig. 3.

A-l = 5 from boiling N A-ll
100% F;:, 40°C water
g
| |2 RMR H2p0x -2DMSO | N
}
A, §1e IHZpOx 2DMF A
A, =150°C/3h 2
Ay =45°C/1-4days | g
el | ——[3H,pOx:2MeOH- aw ]

Fig. 3 Synthesis of hydromorphs (H-1 and H-Il), solvomorphs
(H,pOx-2S, S = DMSO, DMF; {(MeOH-2W)), desolvates (A-1, A-Il and A-
1ll) and the dimethylammonium salt of N,N’-(1,4-phenylene)dioxalamic
acid ((HDMA),pOx) as well as their interconversions.

CrystEngComm, 2022, 24,1017-1034 | 1019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ce01504d

Open Access Article. Published on 11 January 2022. Downloaded on 12/5/2025 1:53:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

The hydromorphs are pale beige solids, but H-I looks
opaque while H-II appears to be composed of pearly fibers.
SEM micrographs allowed the morphological changes of the
solid forms to be observed. The SEM images reveal the shape
of H-I as rectangular prisms whose form is lost by
dehydration leading to the appearance of pores on the
surface of the resulting agglomerated mass of A,
Fig. 4(a) and (b). The narrow flat strips shaping H-II,
Fig. 4(c), seem to fold by dehydration along their cross-
cutting axis to shape long rectangular bars of A-II, Fig. 4(d).
Drying of 3H,pOx-2MeOH-4W leads to A-II, and large holes
are left behind by solvent loss, Fig. 4(f), which after
rehydration reconstitute into rectangular bars of H-II,
Fig. 4(e). Finally, the A-III phase, obtained from H,-
pOx-2DMSO, appears as piled plaques, Fig. 4(h), that once
hydrated adopt the form of platelets, Fig. 4(g).

3.2 The molecular and supramolecular structures of
H,pOx-2S and (HDMA),pOx

The molecular structures of H,pOx-2S (S = DMSO, DMF,
{(MeOH-2W)) and (HDMA),pOx are shown in Fig. S2, S3, S5
and S7. Selected geometric parameters and those related to
HB and n — 7* interactions are listed in Tables S2-S9.

3.2.1 H,pOx-2DMSO. An inversion center of symmetry is
imposed, thus only one-half molecule of H,pOx and one
molecule of DMSO are present in the asymmetric unit. The
oxalamic acid arm is almost planar with a N7-C8-C9-010
torsion angle of 176.58(18)° the NCOCO,H fragment is
slightly tilted away from the aromatic ring plane, forming a
torsion angle ¢ of 11.7(3)° (¢ = C3-C1-N7-C8). For symmetry
reasons, the oxalamic acid arms are anti positioned relative
to each other.

Both ends of oxalamic acid are capped by DMSO
molecules through 010-H10---O1 and C10-H10C:--09

View Article Online
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hydrogen bonding (HB) to form a hetero-R3(8) ring motif.
The linkage of this repetition unit is performed through N7-
H7---08, C3-H3---:09 and C2-H2:---O8 HB interactions,
forming two adjacent R3(11) and R}(6) ring motifs and soft
C10-H10C---0O9 interaction to develop a weaving sheet within
the bc plane, Fig. 5. O-H---OS values are similar to those
observed in other carboxylic acid-DMSO complexes.** The
third dimension is developed along the direction of the
a-axis through S1---C8, 0O1---C9 and C10-H10B:--O8
interactions, as depicted in Fig. 6. Because of the nature and
bonding of the atoms involved, the sulfur-carbonyl synthon
S---CO is similar to CO---CO interaction.’’ These n — r*
interactions, also named as n-hole, have been found
important for the stability of biomolecules and materials.*'
Finally, DMSO molecules are bound together through weak
C10-H10A:--O1 interaction, developing channels along the
direction of the ¢ axis and filling the space between the
H,pOx weaving sheets.

3.2.2 H,pOx-2DMF. This crystal solvate is very similar to
H,pOx-2DMSO; therefore only differences between them are
highlighted. The NCOCO,H arm and the aromatic ring plane
are almost coplanar (¢ = 2.84(19)°) allowing the formation of
shorter intermolecular HB (N-H:-O and O-H---O) than those
observed in H,pOx-2DMSO. DMF and H,pOx interact through
carbonyl-carbonyl sheared interactions, Fig. 6, to develop the
crystal network closely similar to that observed in the DMSO
solvate. Lastly, this solvate is characterized by the absence of
interactions between DMF molecules which run in channels
along the ¢ axis. The supramolecular structure is depicted in
Fig. S4.t

3.2.3 3H,pOx-2MeOH-4W. H,pOx cocrystallizes as a mixed
hydrate with methanol and water in a 3:2:4 proportion. An
inversion center of symmetry is imposed; thus one complete
and one-half molecule of H,pOx are present in the
asymmetric unit. The molecules of H,pOx assemble with two

Fig. 4 SEM micrographs of: (a) H-I, (b) A-l, (c) H-II, (d) A-II, (e) H-1l from rehydrated crystals of 3H,pOx-2MeOH-4W, (f) A-Il from crystals of 3H,-
pOx-2MeOH-4W, (g) H-Il from rehydration of A-Ill and (h) A-lIl from H,pOx-2DMSO. (a)-(d), (g) and (h) x5000, (e) and (f) x200.

1020 | CrystEngComm, 2022, 24, 1017-1034
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Fig. 5 Hydrogen bonding pattern of the HpOx-2DMSO cocrystal
solvate. (a) OD is given by carboxylic acid interactions with DMSO
forming hetero-R3(8) motifs that propagate in 1D by R3(11) and R}(6)
ring motifs, in black dotted lines. (b) 2D weaving sheets formed by the
interlinkage of green, natural and blue colored waves. (c) View after
rotating -48° in z and -84° in x. DMSO molecules are omitted for
clarity.

Fig. 6 The third dimension developed by n — =n* interactions. (a)
DMSO-carbonyl interactions in H,pOx-2DMSO: S1-0O1---C9, O1-S1---C8;
symmetry code (iv) = 1 + x, y, z. (b) Carbonyl-carbonyl interactions in
HopOx-2DMF: C11-011---C8, C9-0O10---C11; symmetry codes: (iv) = -1 +
xy.zzW=1-x1-y,-z

This journal is © The Royal Society of Chemistry 2022
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molecules of either water or MeOH to form a bilayer of
formula (H,pOx-2W),, and a monolayer of formula H,-
pOx-2MeOH, Fig. 7(a) and (b) and S6,f respectively. They
arrange developing 1D tapes through the carboxylic acid O-H
endings, amide carbonyl and water (010-H10---O1-
H1A---018, 020-H20---O2-H2B---O8) or MeOH (030-
H30---03-H3A---028) forming, in both cases, Rj(14) ring
motifs that propagate along the [1 -1 12] direction. The 2D is
developed in the (001) plane through the amide NH, the
carbonyl of the COOH groups and the phenyl C-Hs HB to
develop homo-R3(10) and hetero-R3(6) ring motifs (N7-
H7---019, N17-H17:--09, C2-H2---019, C5-H5:--09 in the
bilayer; N27-H27---029, C22-H22:--029 in the monolayer).
Furthermore, the water molecule W2 rules the self-
assembly of two centrosymmetric H,pOx-2W layers through
an Rj(8) ring motif (O2-H2B---08, 0O2-H2A---08) partially

(b)

. 018 (s)

S R:(u) o,Cc
’_,

o ;,

Fig. 7 Supramolecular architecture of 3H,pOx-2MeOH-4W. (a)
Alternated bilayers of formula (H,pOx-2W), and monolayer of formula
H,pOx-2MeOH in the (1 0 0) family of planes; a detail of the HB pattern
between H,pOx and water molecules W1 and W2 along the direction
of the a axis. (b) HB scheme of one layer of H,pOx-2W (0 0 1) family of
planes; a similar HB scheme for HopOx-2MeOH is shown in Fig. S6: (c)
n — n* and © — 7©* interactions developing the 3D along the direction
of the c axis.

CrystEngComm, 2022, 24,1017-1034 | 1021
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filling the void space in between. In addition, the HB scheme
of W2 is strong enough to deviate the N7C808C909010
fragment out of the phenyl ring plane C1-C6 by ¢ = 19.5(3)°
in comparison with the other oxalyl arm
N17C18018C19019020 which is almost coplanar (p =
3.8(4)°). This distortion in the geometry allows the formation
of a pair of antiparallel carbonyl-carbonyl (n — =n%)
interactions,** €909---C18018 and C18018---C909, that
contribute to strengthening the (H,pOx-2W), bilayer. Finally,
the whole assembly is achieved through face-to-face stacking
interactions (1 — 7n*) between the aromatic rings (Cg? = C1-
C6, Cg2 = C21-C23) and the amide groups (Cg4 = N7-C8, Cg3
= N27-C28) (Cgl---Cg4 = 3.403(4) A, Cglper, = 3.378(4) A;
Cg2---Cg3 = 3.475(4) A, Cg2perp = 3.471(4) A)."* This kind of
interaction has already been found to contribute to the
supramolecular architecture of oxalamates*® and proteins.**
The n/m — n* interactions develop the 3D along the direction
of the ¢ axis [5 -8 0]. Fig. 7(c).

3.2.4 (HDMA),pOx. An imposed inversion center of
symmetry leads to one-half of the dianion N,N'-(1,4-
phenylene)dioxalamate (pOx*”) and one molecule of the
dimethylammonium cation (HDMA') in the asymmetric unit
of (HDMA),pOx. The C-O lengths of the carboxylate ending
are similar (09C9 = 1.2273(13) A, 010C9 = 1.2481(13) A) in
agreement with the anion formation. The oxalamate arm is
almost planar with a N7-C8-C9-O10 torsion angle of
178.09(9)°. However, the NCOCO, fragment is completely
out of the phenyl ring plane, and they form an angle of
68.7(3)° between each other. Therefore, for symmetry reasons,
the sc-ac conformation is observed. It is worth mentioning
that this conformation has only been observed in anionic
dinuclear  M(u) metallacyclic  complexes of the
paracyclophane-type [M,L,]"" (M = Cu, Pd)"*" and is in
contrast to the almost planar conformation adopted in the
monoanionic HpOx™ salt.*®

Several concurrent N-H---O and C-H---O interactions form
intertwined ribbons to develop the 3D crystal network. The
N1-H1AB--010' and C11-H11A---08", forming C3(8) chains,
the N7-H7---09', between the amide NH and the CO of the
carboxylate group, forming an R3(10) motif, and bifacial C11-
H11B---Cg"" soft interactions form the individual ribbons
along the [1 1 -1] direction. The latter interactions form
adjacent R3(9) and R3(10) ring motifs on both faces of the
phenyl ring allowing the methyls of HDMA" to be placed up
and down. Perpendicular families of ribbons are linked
through bifurcated 010---H1A---08 (N1-H1A:--O8" and N1-
H1A---010") strong ionic interactions in the [-1 1 1]
direction. The full 3D HB scheme is depicted in Fig. 8.

3.3 Comparative Hirshfeld surface analysis of H,pOx-2S and
(HDMA),pOx

The sets of compounds herein crystallized are compared as a
whole with the aim of highlighting their similarities and
differences. The Hirshfeld surfaces (HSs) of H,pOx-2S,
mapped over the dyorm (range 0.4 A to 3.0 A), are shown in
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Fig. 8 (a) Hydrogen bonding pattern of the (HDMA),pOx cocrystal
salt, developing as a zig-zagging plane along the direction of the c
axis. (b) Top view along the c axis.

Fig. 9. The red bright spots mark the dominant interactions
(O---H/H---0), which are given by D-H---O (D = O, N) HB,
whereas the H---C/C---H contacts are also visible as small
and light red spots. Among all the close interactions, H:--H
contacts (24.5-39.0%) represent the second largest
interactions to the individual surfaces. The characteristic 2D
fingerprint plots of the most significant attractive
interactions and the percent contributions to the HSs are
shown in Fig. 10 and 11, respectively. Most importantly, the
O---H/H---O interactions (40.6-49.6%) appear as forceps-like
profiles in the corresponding decomposed fingerprint plots
Fig. 10(b), whereas the H::-C (6.6-15.6%), C:--O, O---S and
their reciprocals appear as characteristic wing profiles,
Fig. 10(c)-(e). C:--O/O--C contacts significantly contribute to
the HSs of the H,pOx-2MeOH layer (4.8%) and (H,pOx-2W),
bilayer (7.8%) of 3H,pOx-2MeOH-4W, and to H,pOx-2DMF
(2.6%). The sum of S--Y/Y--'S (Y = H, C, N, O) close contacts
contributes to 8.0% to the HS of H,pOx-2DMSO. The
complete set of 2D fingerprint plots is shown in Fig. S8-512.}

3.4 Quantitative interaction energy analysis of H,pOx-2S and
(HDMA),pOx

Selected results obtained from the interaction energy DFT
calculations at the B3LYP/6-31G(d,p) level of theory, involving

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Views of the Hirshfeld surfaces mapped over dnom (ranges in a.u) for: (a) H,pOx-2DMSO (-0.7837 to 1.3937), (b) HopOx-2DMF solvate
(-0.7875 to 1.3212), 3H,pOx-2MeOH-4W partitioned as (c) aqueous (H,pOx-2W), (-0.6139 to 1.2561) and (d) methanol H,pOx-MeOH (-0.5936 to
1.3883) layers and (e) (HDMA),pOx (-0.7011 to 1.2605). Hydrogen bonding are represented by dashed lines.
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Fig. 10 Selected views of the Hirshfeld 2D fingerprint over d,o.m Of the attractive interactions for H,pOx-2S (DMSO, DMF, {MeOH-2W)) and
HDMA™* salt. 3H,pOx-2MeOH-4W is partitioned as HppOx-2MeOH and (H,pOx-2W), layers (a). Overall, (b) H---O/O---H, (c) H---C/C---H, (d) C---O/
O---Cand (e) O---S/S---O.

the H,pOx-2S and (HDMA),pOx salt, are tabulated in Table 1.  or (HDMA),pOx are shown in Fig. S13-S17.f As expected,
Most of the interaction energies, such as H---C/C---H, are = those HB motifs where the COOH---O contacts are involved
calculated as assemblies of interactions whose HB motifs are  give the greatest energies among the close contacts present
depicted in Fig. 12. Those contacts with total interaction  in the crystals. Then, the E. values of the hetero-R3(8) and
energy (Ey) values smaller than —-20.0 k] mol™" are not R3(7) HB motifs in DMSO and DMF solvates are —60.2 and
considered for discussion. The environments about H,pOx-2S ~ -57.0 k] mol ™, respectively, larger than the COOH:---O(sp®)

This journal is © The Royal Society of Chemistry 2022 CrystEngComm, 2022, 24,1017-1034 | 1023
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Fig. 11 Comparative percent contributions in the Hirshfeld surfaces of
H,pOx solvates and HDMA™ salt. 3H,pOx-2MeOH-4W is partitioned as
methanol (H,pOx-2MeOH) and water layers (H,pOx-2W), (X =O, N, Y =
H, C, N, O).

HB in 3H,pOx-2MeOH-4W with values which are in the range
of -48.1 to —-41.2 k] mol™ or those O-H:-O where water
molecules act as H-donors with E in the -20.4 to -27.0 kJ
mol ™" range. Nevertheless, the Ey, values of the hetero R3(n)
n =7, 8 are larger than those reported for other hetero R3(7)
involving O-H---N(py) HB (-49.4 to —52.0 kJ mol™* range)"
but smaller than the reported value for homo R3(8) in
carboxylic acids (-73.0 kJ mol*).*®

In addition, the amide N-H---O HB motif is the first
directing energy contributor to the framework of the
(HDMA),pOx salt, the second in H,pOx-2S (S = DMSO, DMF),
and the third in 3H,pOx-2MeOH-4W. N-H---O can form
hetero-rings R3(11) as a result of the combination of N-H:--O
with C-H:--O or homo-rings R3(10) through the combination
of two N-H---O interactions. They assemble as an adjacent
combination of rings motifs {R}(6) R3(11)} in both DMSO and
DMF solvates with an E., mean value of —29.2(+3) k] mol ",
{R3(6) R3(10)} in 3H,pOx-2MeOH-4W with an E,, mean value
of —34.9(+1) k] mol™ or as homo-R3(10) in the HDMA" salt
with Ee = —45.0 k] mol™. In any case the E values are
smaller than those calculated for homo-R3(10) with Ey =
-61.9 k] mol ™", in benzylic oxalamides.’

In both DMSO and DMF solvates, the third largest
contributor to the E, are the D--:CO (D = O, S) n — =n*
interactions with values in the -27.6 to —20.0 kJ mol™* range.
The n — =n* (CO---CO) and n — w* (amide-phenyl ring)
interactions are mainly dispersive; in 3H,pOx-2MeOH-4W,
they reach E,, mean values of -43.9 and -44.1 kJ mol ™,
respectively, similar to those values calculated for COO-
H---O(carbonyl) hydrogen bonds, being the second
contributors to the stability of this crystal network. The
energy values herein calculated for n — =n* and n — =n*
interactions are larger than those reported values of —22.3 kJ
mol™" for antiparallel CO---CO* and 12.54 k] mol" for
face-to face amide-phenyl ring stacking.*” These differences
are explained because of cooperativity effects between two of
each one of these interactions present in the crystal lattice of
3H,pOx-2MeOH-4W, Fig. 7(c). Finally, D(sp’)-H:--O (D = N,
0) interactions are in the —27.4 to —=20.4 k] mol™ range, being
the second contributors to the stability of the (HDMA),pOx
salt.
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The nature of the attractive energy involved in O-H---O HB
motifs, as the dominant interaction, is mainly electrostatic with
a mean percent contribution to the stabilization energy (%FEec)
value of 73(+3)%, Table 1. In contrast, the amide N-H---O, as
the second HB contributor to the stabilization energy, is more
dispersive with %Eg;s, values in the 36.9 to 19.6 range. The
%Egisp value increases according the HB motifs: R3(10) <
{R3(10) R3(6)} < {R3(11) Ry(6)} reflecting the participation of the
soft C-H---O contacts in the hetero-association. It is worth
noting that the antiparallel CO---CO and face-to-face n---m*
stacking (amide-phenyl ring) interactions present in the mixed
solvate 3H,pOx-2MeOH-4W are calculated as the largest
dispersive energies, vide supra, with %Egs, = 82.5 (CO---CO)
and %Egigp, = 84.3 (1 — 7* of amide-phenyl ring), in comparison
to the simple CO---CO interactions in DMSO and DMF solvates
which are less dispersive with %Eg;s, in the 41.7 to 67.1 range.
Thus, from the perspective of binding energetics, the
contribution of n — 7n* and © — ©* interactions to the stability
of the crystal network of H,pOx-2S must not be underestimated.

The visual representation of the energy-framework diagrams
for Ege (red), Egis (green), Eyy (blue) and E, (yellow) for a
cluster of nearest-neighbor molecules is shown in Fig. 13.
Overall, the crystals of H,pOx-2S (S = DMSO, DMF) are mainly
dominated by the E.. component, showing zig-zagging energy
frameworks, Fig. 13(a) and (b), that overcome the Egg, as
observed in the corresponding E. energy frameworks. On the
other hand, the Eg;s, framework, owing to O-H---O, n — * and
n — m* medium strength interactions between the MeOH and
water molecules with H,pOx Fig. 13(c), strengthens the layers of
the E.. frameworks. In contrast, the large positive destabilizing
ionic energies in the crystal of (HDMA),pOx, represented as
yellow roads, strongly diminish the large stabilizing
contribution from the E.j. term to the E.

Finally, the interaction (E,,_,,, m = 1, 2) and lattice energies
(Er) of the H,pOx solvatomorphs were calculated in the CLP-
PIXEL software with the aim to estimate their relative crystal
stability; their values in k] mol ™" are listed in Table S10.f As
before, the 3H,pOx-2MeOH-4W solvate was decomposed into
H,pOx-2W and H,pOx-2MeOH fragments in order to appreciate
the contribution of the interaction energies between the
individual component layers. The strongest interaction energy
between two H,pOx moieties (E;,) is observed in 3H,-
pOx-2MeOH-4W followed by H,pOx-2DMSO and H,pOx-2DMF.
In contrast, the solvent molecules interact more strongly with
H,pOx, as judged by E;_, values, in the following order: DMF >
W > DMSO > MeOH, whereas the interaction between two
solvent molecules (E,,) is the largest in DMSO molecules
followed by DMF and MeOH-2W. In general, the quotients E;_,/
E,, and E;4/E,, are in the 5.4-1.5 and 109-10 ranges,
respectively. Then, the H,pOx---H,pOx interaction was found to
be the largest contributor for all the solvates, where they should
be critical for the stabilization of the lattice. Moreover, 3H,-
pOx-2MeOH-4W is predicted to be the most stable crystalline
solvatomorph with the largest negative value of Ey, followed by
DMF and DMSO solvates. On the other hand, the crystal density
values suggest the following ranking order of solvatomorph

This journal is © The Royal Society of Chemistry 2022
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Table 1 Calculated interaction energies (kJ mol™), %Ecomp contributions to stabilization energy for selected HB and close contacts in HpOx-2S and
(HDMA),pOx salt

Motif Interaction ~Ege ~Epol ~Egis Erep ~Eo %E " %Eg;s" R

H,pOx-2DMSO

R3(8) 010-H10---01 82.2 21.1 10.8 100.8 60.2 72.0 9.5 9.07
C10-H10C:--09

R3(11) N7-H7:--08 25.5 6.2 18.5 29.5 29.4 50.8 36.9 7.91
C3-H3---09

R}(6) C2-H2---08

D 01-51---C8 8.7 1.7 20.7 13.5 20.0 28.0 66.6 4.40

D $1-01---C9 19.0 4.6 16.9 17.7 27.6 46.9 41.7 6.25

C(4) C10-H10A---O1 15.4 4.7 7.6 10.4 20.0 55.6 27.4 5.28

H,pOx-2DMF

R3(7) 010-H10---011 93.5 22.0 10.9 109.4 57.0 74.0 8.6 9.35
C11-H11---09

R3(11) N7-H7---08 25.4 6.1 17.9 29.2 28.9 51.4 36.2 8.39
C3-H3---09

R3(6) C2-H2---08

D C11-011---C8 10.5 3.3 17.6 9.1 23.2 33.4 56.1 5.44

D C9-010---C11 7.0 2.3 19.0 9.0 20.1 24.7 67.1 6.32

(H,pOx-2W),

R;(14) 020-H20---02 81.0 19.2 5.7 91.7 48.1 76.5 5.4 8.53
010-H10---01 58.3 13.0 4.2 54.5 41.2 77.2 5.6 8.60
O1-H1A---018 41.7 8.0 7.2 47.7 26.8 73.3 12.7 6.61
02-H2B---08 38.1 7.6 6.5 43.4 24.8 73.0 12.5 6.63

R3(8) 02-H2A---08 31.0 6.1 9.3 31.5 25.8 66.8 20.0 4.17

R3(10) N7-H7:--019 42.5 8.1 18.5 52.1 34.8 61.5 26.8 9.55
N17-H17---09

R3(6) C2-H2---019
C5-H5---09

D 01-H1B:--02 16.7 1.5 4.6 4.0 20.4 73.2 20.2 14.48

C(5) C9-09---C18 10.4 2.7 61.7 36.9 43.9 13.9 82.5 3.93
C18-018---C9

H,pOx-2MeOH

R;(14) 030-H30---03 77.1 19.8 8.8 90.9 47.6 72.9 8.3 8.78
03-H3A---028 37.7 8.2 10.5 45.5 27.0 66.8 18.6 6.55

R3(10) N27-H27---029 38.5 7.1 17.9 43.1 35.0 60.6 28.2 9.55

R3(6) C22-H22---029

C(3) Cg1---Cg4° 8.6 2.8 61.1 32.8 441 11.9 84.3 4.91
Cg2---Cg3

(HDMA),pOx

R3(10) N7-H7---09 53.2 12.2 15.9 54.8 45.0 65.4 19.6 9.20

Ri(5) N1-H1A---08 61.7 4.8 14.8 176.4 27.4 75.9 18.2 7.09
N1-H1A:-010

D N1-H1AB---010 91.4 5.0 12.2 222.9 26.1 84.2 11.2 8.70

“The % contribution of Ecomp (%Ecomp) is calculated through (Ecomp/Estab) X 100 where Egap = Eele + Epol + Edisp. b R = distance between
centroids in A. ¢ Cg7 and Cg2 are the centroids of the C1-C6 ring and C21-C23 rings, respectively; Cg3 and Cg4 are the centroids of the N7-C8
and N27-C28 amide bonds, respectively.

stability: MeOH-2W > DMSO > DMF with the first being the  solvent molecules, Fig. S18-S21t1 according to the formula
densest (Table 2). Discrepancies in the stability order can be  unit H,pOx-2S (S = DMSO, DMF, MeOH-2W)), and the
explained because the calculations were conducted at zero  thermal stability of the crystalline solid phases; data are
Kelvin and the density values are based on the structures listed in Table S11f H,pOx-2DMSO, in crystals or
measured at 293 K, as has been observed in other polymorphic =~ mechanochemically synthesized, released the solvent in one
systems.* endothermic step at a peak temperature slightly below the
boiling point of the solvent to form the A-III phase. In
contrast, the thermal desolvation profile of H,pOx-2DMF
depends on the crystal size, Fig. S20.f Powdered mc-samples
Thermogravimetry and differential scanning calorimetry  lost DMF in two stoichiometric well defined steps at 77.3/
curves (TG/DSC) confirmed the stoichiometric proportion of  123.6 °C, whereas large crystals (Ic) did it in several non-

3.5 Thermal properties and crystal packing of H,pOx:2S.
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Fig. 12 Hydrogen bonding motifs formed through carboxylic acid (up) and amide (down) in HpOx-2S and (HDMA),pOx salt.

Fig. 13 Energy-framework diagrams for Ec (red), Eqis (green), Eio (blue) and E,,, (yellow) for a cluster of nearest-neighbor molecules in: (a) Ha-
pOx-2DMSO (bc plane), (b) HopOx-2DMF (bc plane), (c) 3H,pOx-2MeOH-4W (ab plane) and (d) (HDMA),pOx (bc plane). All diagrams use the same

cylinder scale of 80 for energies and cut-off = 9.7 kJ mol™ in 2% unit cells.

stoichiometric stages at 95.8 (9.5%), 123 (two overlapped
steps, 20.2%) and 159 °C (5.9%) leading to A-I and A-III as
the final desolvated forms, respectively. The difference in the
slopes of the weight-loss steps suggests that the desolvation
process of me-H,pOx-2DMF is more rapid than that of lc-H,-
pOx-2DMF. This difference can be explained as a result of the
isotropy of solvent diffusion in the mc-solid, whereas
desolvation is highly anisotropic in the lc-solid," beginning at
the surface and traveling toward the center through a solvent
gradient in the direction of the channels. In both cases, the
DMF loss occurred at much smaller temperatures than the

1026 | CrystEngComm, 2022, 24, 1017-1034

boiling point of the solvent®® as has been observed in
sulfamethazine-DMF*' or furosemide-DMF’* 1:1 solvates; in
the last case the formation of different desolvated phases,
according to the crystal size, has also been reported. The loss
of DMF in two steps, in the range of 80-200 °C, has also been
observed in the TG of the 1:1 betulin-DMF solvate® without
DMF decomposition.”* All these DMF-solvates, including the
herein reported H,pOx-2DMF, have very weak or null DMF-
DMF interactions, as a common structural feature. Besides,
their calculated packing fraction (PF) values are small, in the
0.659-0.687 range, with no void space.”

This journal is © The Royal Society of Chemistry 2022
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Table 2 Selected thermal and crystal packing features of HopOx-2S
H,pOx-2S
S DMSO DMF $(MeOH-2W)
Theor./exp. step stoichiometry (%) 38.2/38.0 36.7/33.5 (18.4, 15.1) (mc)° 15.3/15.3
36.7/35.6 (9.5, 20.2, 5.9) (Ic)*
Desolvation temperature DSC, (°C) 178.0 77.3, 123.6 (mc) 96.4
95.8, 123.0, 159.0 (Ic)
Solvent boiling point, (°C)* 189.0 153.0 64.6 (MeOH)
100.0 (W)
AT, (°C)? -11.0 -75.7 (mc) 31.8 (MeOH)
-57.2 (lc) -3.6 (W)
Thermally formed desolvate A-TII A-T (mc) AT
AT (Ic)
Channel shape Straight Straight Zig-zagging
Crystal density/g cm™ 1.441 1.360 1.534
Packing fraction (PF) 0.682 0.682 0.719
Void space/A® 0 0 0
Void space/A® (%) left by S 368.9 (39.2) 430.45 (44.3) 211.0 (21.9)
Lattice energy/k] mol™ -134.75 -174.05 -367.80
Eg_g/K] mol™ -15.3 -9.8 -2.3

@ Ref. 50. ” AT = (peak temperature of the first S loss in DSC - T}, of the solvent). ¢ (mc) micro-crystals. ¢ (Ic) large-crystals.

In channel solvates, the low temperature of solvent loss
compared to its boiling point has been associated with
several crystal lattice features such as the compactness of the
crystal packing, the cross-sectional area of the solvent
channel, the void space in the lattice,” the number and
strength of non-covalent interactions and the crystal size.”
Assuming similar crystal size between mc-DMF and mc-
DMSO solvates, their large difference in thermal stability is
analyzed in the context of their crystal packing
characteristics. Selected crystal packing and thermal features
of H,pOx-2S are listed in Table 2. The packing fraction (PF)
and void space were calculated using the packing coefficient
algorithm in Mercury.”® Furthermore, both solvates are
equally packed (PF = 0.682) with no void spaces, forming
straight channels running along the direction of the ¢ axis.
However, the calculated void space left behind after solvent
loss is larger in the DMF solvate than in the DMSO solvate,
according to the increase in crystal density and to the shape
of the solvent molecule. At this point it is worth recalling that
both solvent molecules have similar molecular weights but

different shapes. In fact, the oxalamic acid arms of H,pOx
are twisted away from the aromatic ring to fit the curvature
of the sphere-shaped DMSO geometry (¢ = —11.7(3)°), whereas
they are almost planar (¢ = -2.84(19)°) in alignment to the
right side of the cylinder-shaped DMF, Fig. 14. In addition,
the spacing between the channels is greater in the DMF
solvate than in the DMSO solvate, according to the length of
the b axis (Table S1t) and in agreement with the calculated
S---S pair-wise interaction energies (E,,/k] mol™ = -15.0
(DMSO) and -9.8 (DMF)). Finally, both solvates are very
similar in their supramolecular architecture but not in the
calculated energetics involved (see Table 1). However, the
differences in the crystal lattice features, above discussed,
seem to overwhelm the Ej, superiority of the mc-DMF solvate
with regard to the mc-DMSO solvate resulting in the superior
thermal stability of the latter.

On the other hand, the thermal stability of 3H,-
pOx-2MeOH-4W crystals, where solvent loss is performed in
one step, is well above the boiling point of MeOH (AT, = 31.8
°C) and below that of water (AT, = -3.6 °C). This result is

Fig. 14 Voids in the H,pOx-25 (S = DMSO, DMF, {MeOH-2W)) crystals, calculated with the module Solvate Analyzer of Mercury.?® Conditions were
set as follows: DMSO and DMF probe radius 1.2 A, grid spacing 0.7 A; and ¥{MeOH-2W) probe radius 1 A, grid spacing 0.1 A. View in the ab plane,
straight channels developing along the c axis (@) S = DMSO and (b) S = DMF. (c) S = {(MeOH-2W) viewed in the ac plane, zig-zagging channels

developing along the direction of the c axis.

This journal is © The Royal Society of Chemistry 2022
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easily explained as a consequence of the number and
strength of non-covalent interactions, inherent crystal lattice
features (large crystal density and PF, with no voids but the
smallest void space left by solvent loss) and the largest Ey,
value. Nevertheless, the shape of MeOH-2W channels, which
are zig-zagging along the direction of the ¢ axis, should not
be disregarded, Fig. 14. It is worth mentioning that the
observed AT}, for MeOH-2W decomposition is in the observed
range for other systems®®®” but much smaller than that for
isolated site methanolates.’®* In the case of (HDMA),pOx
salt, its thermal stability was superior to 240 °C, Fig. S22.f

Finally, two water molecules per H,pOx molecule in the
H-I and H-II forms were confirmed, and they are equivalent
to 12.5% of the initial masses, Fig. S23 and S24.f In H-I, the
water molecules are tightly bound, and they are removed in
one step at around 110 °C, disrupting the low symmetry of
the crystal structure to further recrystallize into A-I. In the
case of H-II, water is weakly bound, it is removed in one step
near 92 °C to achieve the mc-powder A-II. This last behavior
is similar to the dehydration of oxalic acid that occurs at 70
°C giving the most stable anhydrate (o-form).®>®* According
to their above described thermal properties and the
reversibility in the hydration-rehydration process (vide supra),
both H-I and H-II can be classified as stoichiometric channel
hydrates.®>®*

Once formed by thermal desolvation, the mec-anhydrous
phases A-I-A-III are stable up to approximately 200 °C, to
reach decomposition at a peak temperature in the 228-233
°C range, leading to a residue at 270 °C of approximately
40% of the initial mass. Moreover, DSC analysis revealed the
absence of thermal transitions between hydrates or
anhydrates, suggesting the impossibility of thermally
interconverting them.

3.6 Vibrational and *C-CPMAS NMR analysis of crystalline
H,pOx-2S and (HDMA),pOx

A summary of the IR vibrational wavenumbers of the neutral
solvates H,pOx-2S and the salt (HDMA),pOx is listed in Table
S12.f The carboxyl O-H and amide N-H stretching vibrations
(v) are observed in the 3323-3313 cm ' range. Besides, the
symmetric (vc—os) and antisymmetric (vc—oas) Stretching
vibrations are in the 1730-1706 (weak) and 1686-1654
(strong) em™ ranges, as expected when carbonyls are
involved in HB.* In the case of H,pOx-2DMSO, the vs—o is
red shifted by 58 cm™ in agreement with its participation in
strong HB,**® whereas the vc—o of DMF in H,pOx-2DMF
remains unchanged. In general, the vibration spectroscopy is
in agreement with the strong O-H---O and medium strength
N-H---O HB length measurements performed by single
crystal X-ray diffraction and the calculated interaction
energies from them (vide supra). In the IR spectrum of the
(HDMA),pOx salt, the amide vyy is observed at 3252 cm™
and the vec—pas and ve—os are observed at 1671 and 1652
em™', in agreement with the large torsion between the oxalyl
moiety and the phenyl ring as well as the strong N-H---O HB.

1028 | CrystEngComm, 2022, 24, 1017-1034

View Article Online

CrystEngComm

When the oxalyl unit is in the plane of the phenyl ring,
the N lone pair of the amide is compromised with the
aromatic ring resonance; therefore a partial positive charge is
developed on the N atom resulting in the blue shift of the
vnn band (usually beyond 3300 cm™). In contrast, the out of
the phenyl plane conformations of the oxalyl unit exhibit
N-H stretching vibration between 3200 and 3300 ¢cm™, as
previously reported for other phenyldioxalamates.®® This
approach has been wused in the determination of
conformational changes of peptides® ® and in the
identification of crystal polymorphs.”®””* Furthermore, taking
into account the data of the four structures herein described
and those oxalyl compounds whose N-H stretching
frequencies and corresponding C3-C1-N7-C8 torsion angles
(¢), measured from their X-ray structures, are known,®’ a
good linear correlation is found in the wavenumber range of
3330-3225 cm '. The data, listed in Table S13,f fit to the
general equation: ¢ = 2493(+268) — 0.748(+0.082)vny (7 = 10,
R = 0.956, Sr = 9.4), Fig. S25.f This correlation is restricted to
those structures whose COCO torsion angle is close to 180°.
Based on this linear relationship, we are able to predict the
conformation of the oxalamic arm of phenyloxalamic
compounds knowing their vyg in the solid state, in this case
the conformation of the hydrates and anhydrates herein
reported (vide infra). It is important to highlight that, in
compounds that have amide groups, most of the correlations
found in the literature relate the conformation to the
stretching frequency of the carbonyl group,”® whereas in this
work a correlation with the stretching frequency of the N-H,
in oxalamic acid derivatives, is reported.

In addition, the '*C-Cross Polarization Magic Angle
Spinning (**C-CPMAS) spectra of H,pOx in the crystallized
solvates and (HDMA),pOx are analyzed with the purpose of
finding predictive patterns. A summary of the isotropic **C-
CPMAS chemical shifts of the H,pOx-2S herein crystallized
and (HDMA),pOx is listed in Table S14.t In solution, the *C
NMR spectrum of H,pOx displays four signals, because of the
characteristic C, molecular symmetry of symmetrically
substituted 1,4-benzenes. The crystal structure of H,-
pOx-2DMF reveled an almost planar disposition between the
oxalyl arms and the phenyl ring (¢ = 2.8(2)°). Therefore, only
four signals are observed in the *C-CPMAS NMR spectrum of
H,pOx-2DMF whose chemical shift values can be associated
with a coplanar structure: 6C1 = 135, 5C3 = 8C2 = 121, 6C8 =
156 and 3C9 = 163. In the case of H,pOx-2DMSO, the oxalyl
arm is tilted away from the phenyl ring by ¢ = 11.20(10)°,
resulting in a small chemical shift difference between C2 and
C3 atoms. In the mixed solvate 3H,pOx-2MeOH-4H,0, there
are 1.5 molecules of H,pOx in the asymmetric unit giving rise
to unresolved broad signals.

In contrast to IR vibrational spectroscopy, both carbonyls
are perfectly distinguishable in '*C-CPMAS, the amide
carbonyl appears in the 156-157 ppm range, the carboxylic
acid carbonyl is in the 162-163 ppm range, and the
carboxylate is at 164 ppm. It is worth recalling that carboxylic
acid forms R3(8), R3(7) or R}(14) hetero-rings in the set of

This journal is © The Royal Society of Chemistry 2022
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H,pOx-2S, but the R3(8) homo-ring is not formed. These
results are in agreement with those '*C-CPMAS values
reported for indomethacin’* and 1H-pyrazole-4-carboxylic
acid derivatives,”> where the following trend has been found
for §°C: R3(8) homo-rings > C(n) homochains > C(n)
heterochains > Rj(n) hetero-rings > free carboxylic acid.
Thus, according to the reported trends the 8"*COOH in the
R3(8) homo-ring is expected beyond 164 ppm for the oxalamic
acid functional group herein analyzed.

(HDMA),pOx is discussed separately because of its salt
nature. The solution (D,O) spectrum of (HDMA),pOx strongly
differs from the solid one; all carbon atoms are shifted to
high frequencies by 4 ppm (C1) and ~8-10 ppm (C2, C3)
appearing at 137 ppm and in the 130-132 ppm range,
respectively. This result is explained as a consequence of the
large torsion angle between the oxalyl arms and the phenyl
ring (¢ = 68.7(3)°, vide supra). This conformation positions the
cationic HDMA" above and below the phenyl ring, forming a
cation-n bifacial interaction as revealed by the crystal
structure. The chemical shift of the amide carbonyl is the same
in both solution and the solid (164 ppm), suggesting the
existence of ionic triads 2HDMA'/pOx>” in solution with very
similar geometry than in the solid.

3.7 Molecular and supramolecular structures of hydrates and
desolvates

In the above discussion, we have demonstrated the relation
of some experimental molecular parameters and HB patterns,
obtained from single crystal X-ray data, with IR and “*C-
CPMAS spectroscopic values. On these grounds, the
structures of polymorphic H,pOx hydrates (H-I and H-II) and
desolvates (A-I to A-III) are herein sketched.

A summary of the vibrational wavenumbers of hydrates and
desolvates of H,pOx is listed in Table S121 and the IR spectra
are shown in Fig. 15. The IR spectrum of H-I is the same as has
been reported elsewhere:'” two bands are observed for the
stretching vibration of the N-H bond, whereas each ve—o
stretching vibration is observed twice, with predicted ¢ values of
1.0 and 19.9°, vide supra. Besides, the *C-CPMAS spectrum of
H-I showed ten signals, corresponding to each one of the
crystallographically different carbon atoms in the molecule, in
agreement with the presence of one independent molecule of
low symmetry in the asymmetric unit.

In contrast, the IR spectra of H-II, A-I, A-Il and A-III are much
simpler. They show one band for the N-H and two broad bands
for ve—os and ve—oas Vibrations. In this context, the predicted ¢
values are: H-II, 13.1°; A-I, 16.9°; A-II, 31.1° and A-III, 30.3°. In
addition, only four to five signals are observed in the “C-
CPMAS spectra of H-II, A-I, and A-II, revealing high symmetry.
Thus, only one half of the H,pOx molecule is observed, in
agreement with an inversion center of symmetry located at the
center of the benzene ring. In the case of desolvate A-III, seven
signals are present in its "*C-CPMAS spectrum, whose small
differences (~1 ppm) in the chemical shifts (d) are in agreement
with one almost symmetric but independent molecule in the
asymmetric unit.

This journal is © The Royal Society of Chemistry 2022
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In the context of supramolecular structure, efforts to relate
the HB patterns to vibrational spectroscopy have been
performed. An example closely related to H,pOx is oxalic acid,
which is known to crystallize into two polymorphs named o
and B forms and also as the double-hydrate forming catemers
(C(4)), homo-rings (R3(8)) and hetero-rings (R3(12)), respectively,
Fig. 16. Each form presents its characteristic vibrational
spectrum,’®’” whose relevant data are summarized in Table
S12; Thus, clear ve—oas (cm’l) vibrations are observed
according to the HB pattern of the carboxylic acid in the solid
IR spectra: 1756 in the homochain, 1732 in the homo-ring and
not observed in the heteroring because of centrosymmetry, but
at 1738 in Raman spectroscopy. These findings are consistent
with the values found in the vibrational study of a set of
dicarboxylic acids forming homo-rings in the solid and the shift
to 1780 cm™* for isolated COOH.”® Each HB motif of oxalic acid
can also be associated with the number and values of voy
frequencies: two strong bands beyond 3400 cm™ in the R}(12)
hetero-ring with water, one strong band at 3114 cm™ for the
C(4) homochain and several medium bands in the 3106-2677
em™ range in the R3(8) homo-ring. In addition, a broad band
assigned to O-H deformation mode (doy), characteristic of
hetero O-H---O motifs, is present in the IR spectrum of the
dihydrate of oxalic acid at 1904 cm™ and in the trihydrate of
the acid N,N'-(1,3-phenylene)dioxalamic’® at 1998 cm™.

The typical R3(8) homo-ring formed by carboxylic acids is
absent in all of the crystal structures herein analyzed. Instead,
in H,pOx-2S (S = DMSO, DMF) the CO,H forms an R3(n) (n = 7,
8) hetero-ring motif and Rj(14) hetero-ring with both water and
MeOH, when S = 5(MeOH-2W).

The vibrational pattern of the mc-forms of H,pOx double-
hydrates H-I and H-II, herein reported, shows close resemblance
with the IR spectra of both 3H,pOx-2MeOH-4W and the double-

CrystEngComm, 2022, 24,1017-1034 | 1029
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values are in parentheses (p = 2493(+268) - 0.748(£0.082)vyy (n = 10, R = 0.956, Sr = 9.4)).

hydrate of the oxalic acid: vcoas IS in the 1733-1706 range, two
vou bands in 3550-3488 and 3390-3349 ¢cm ™' ranges and doy in
the 1954-1968 cm™ range. In this context, the carboxylic acid
endings in H-I are proposed to form Rj(14) HB motifs with
water, similar to the motif shown in the (H,pOx-2W), bilayer of
the mixed solvate 3H,pOx-2MeOH-4W, as well as in H,-
Mf(HpOx),-4W.*® Besides, H-II is proposed to form Rj(12) HB
motifs with water similar to that found in the double-hydrate of
oxalic acid. To support this proposal, it is worth recalling that
crystals of 3H,pOx-2MeOH-4W dried at RT form H-I, whereas
the water molecules in H-II are weakly bound, and they are
removed at 92.4 °C, similar to the dehydration of oxalic acid
(vide supra). Furthermore, in H,pOx desolvates A-I, A-II and A-
I, the IR features are in agreement with carboxylic acid
endings forming C(4) homochains and/or C(n) heterochains:
Vooas and voy are in the 1765-1753 em ™' and 3293-3220 cm !
ranges, respectively. This conclusion is supported by **C-CPMAS
data, which revealed the absence of the R3(8) HB pattern in the
H,pOx hydrates and H,pOx desolvates.

1030 | CrystEngComm, 2022, 24, 1017-1034

As far as the chemical shift of the amide carbonyl is
concerned ("*C-CPMAS), it is in the 156-158 ppm range in
both the crystal solvates and the hydrates, and appears
shifted to lower frequencies (154-155 ppm) in desolvates,
Table S14.F Therefore, the amide carbonyl is proposed to be
involved in X-H---OC (amide) (X = N, OH) HB in hydrates,
developing C(n) chain motifs such as those observed in the
triad of solvates herein crystallized. On the other hand,
amide carbonyl is free of HB in desolvates, as a consequence
of the lack of HB donors. These conclusions are in agreement
with those observed by IR analysis and give support to the
proposed structures of the conformational polymorphs
depicted in Fig. 17.

4. Conclusions

The high propensity of N,N-(1,4-phenylene)dioxalamic acid
to form channel solvates of formula H,pOx-2S was
demonstrated and the interconversion pathways between the

This journal is © The Royal Society of Chemistry 2022
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ten solid phases of H,pOx herein reported were stablished.
The crystal-solvates (S = DMSO, DMF, }MeOH-2W)) and the
HDMA-salt were characterized by single X-ray crystallography.
The evaluation of the Hirshfeld surface (HS), two-
dimensional fingerprint plots and energy-framework
diagrams allowed us to rank COOH:--O (electrostatic) as the
dominant HB interaction followed by N-H---O (electrostatic-
dispersive) and lastly D--:CO (D = O, S) n — =n* and n — =n*
interactions (dispersive). The role of the crystallized solvent
was demonstrated to fix the conformation of H,pOx
maximizing the HB capabilities of the whole system. In
addition to the crystal packing features, the crystal stability
relies on H,pOx:--H,pOx interactions and the thermal
stability on solvent-solvent interactions.

The X-ray structural features associated with *C-CPMAS
and IR vibrational spectroscopy allowed us to estimate the
conformation of H,pOx and to sketch the HB motifs that
gave rise to the supramolecular architecture of non-
crystallized polymorphs. Finally, the amide N-H:--OCO
intermolecular HB is proposed to maintain the crystal
network that allows the reversibility in hydration-dehydration
processes and the observed solid phase transformations of
H,pOx.
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