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ABSTRACT: Hydrogen-bonded supramolecular assemblies of citric acid, CA, with
some heterocyclic compounds (N-donor and N-oxide)—acridine (acr), phenazine
(phenz), 1,10-phenanthroline (110phen), 1,7-phenanthroline (17phen), 4,7-phenan-
throline (47phen), 1,4-diazabicyclo[2.2.2]octane (dabco), and 4,4’-bipyridyl-N,N’-
dioxide (bpydo)—have been reported. Among these, only the N-donors phenz and N-
oxide (bpydo) form neutral co-crystals, while the others form salts owing to the
deprotonation of —COOH. Thus, depending on the nature of the aggregate (salt/co-
crystal), recognition between the co-formers is established through O—H:-N/N*—
H---O/N*H:--O~ heteromeric hydrogen bonding. Additionally, CA molecules establish
homomeric interactions mediated by O—H:--O hydrogen bonds. Moreover, CA forms a
cyclic network with the co-formers or on its own, with a noteworthy feature of
formation of host—guest networks in the assemblies with acr and phenz (solvated). In
the assembly of acr, the CA molecules form a host network and captivate acr
molecules as guest species, while in the case of phenz assembly, both the co-formers together encapsulate the solvent in the channels.
However, the observed cyclic networks in the other structures form three-dimensional topologies in the form of ladders, a sandwich,
lamellar layers, and interpenetrated networks. The structural features of the ensembles are evaluated unequivocally by the single-
crystal X-ray diffraction method, while the homogeneity and phase purity are evaluated by using the powder X-ray diffraction
method and differential scanning calorimetry. Further, conformational analysis of CA molecules reveals three types of
conformations—T-shape (type I), syn—anti (type II), and syn (type I1I) as also observed in the literature for other CA co-crystals. In
addition, the strength of the intermolecular interactions is quantified by performing Hirshfeld analysis.

H INTRODUCTION acids like 1,3,5- (trimesic)- and 1,2,4,5-(pyromellitic)-sub-
stituted benzenecarboxylic acids” >® has been well demon-
strated in the formation of distinct and targeted supra-
molecular assemblies.”” Also, analogous cyclic aliphatic acids,
for example, 1,2,4,5- or 1,3,5- and some disubstituted (1,2- and
1,3-) cyclohexanecarboxylic acids, were reported in the recent
literature to establish the importance of non-aromatic acids in
the development of exotic assemblies,”*™** as illustrated in
Scheme 1.

In fact, such topological structures have reminiscence to
natural zeolites, which possess permanent porosity. However,
the arrangements in the organic assemblies are, in general,
guest selective, and the hydrogen-bonded networks collapse
upon removal of the guest molecules. In the recent literature,
however, guest-independent organic ensembles have also been

Multi-component solids often referred to as co-crystals' > play
a pivotal role in the advancement of supramolecular chemistry.
These solids are typically prepared by crystallization from a
solution or by pulverizing using the mechanochemical
approach.*™” The materials, thus obtained, show improved
properties and various applications, mostly in pharmaceutics
with the emergence of pharmaceutical co-crystals,”~'* wherein
one of the components is an API (active pharmaceutical
ingredient), materials science'' (in the domains of mechanical,
thermal, electrical, etc.), and so forth. Co-crystals are known
not only for their aesthetic and exciting structures'>~"* but also
for the formation of unique homogeneous products with
variable compositions of the co-crystal formers depending on
the number of acceptor and donor species present in the native
molecules.'

From the literature, it is well established that aromatic
organic ligands mediated by the —COOH group show a great
significance in the formation of exotic supramolecular
architectures like honeycomb, voids, channels, interpenetrating
networks, and so forth'’~** through hydrogen bonds. The
effectiveness of symmetrically substituted aromatic organic
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Scheme 1. Exotic Channel Architectures Observed in the Supramolecular Assemblies of (a) 1,2,4,5-Benzenetetracarboxylic
Acid and (b) cis,cis,cis-1,2,4,5-Cyclohexanetetracarboxylic Acid with a 1,10-Phenanthroline Rigid N-Donor

(b)

Scheme 2. Pharmaceutical Co-crystals of (a) Fumaric Acid with Carbamazepine and (b) trans-Aconitic Acid with Pyrazinamide
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Scheme 3. Molecular Assemblies of CA with Various Heterocyclic Compounds
Reactants Products
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reported, in which porosity remains unaffected by the presence
or absence of guests, which, in fact, lead to the exchange of
guest moieties with the equivalent ones in dimensions and
topology. Such ensembles are referred to as hydrogen-bonded
organic framework (HOF) structures.”*™** For example, the
hydrogen-bonded organic framework of 1,3,5-tris(4-carbox-
yphenyl) benzene, with an intricate 8-fold polycatenated
assembly, demonstrates exceptional thermal stability, high
surface area, and selective separation of C, and methane gases.

However, aliphatic acyclic compounds which constitute a
large portion of the dictionary of organic compounds are not
well explored, except for some examples, especially, in the
pharmaceutical co-crystals. To name a few, some of the
dicarboxylic acids*™* (fumaric acid, succinic acid, adipic acid,
etc.) belong to GRAS (generally recognized as safe), and a few
other tri- and tetracarboxylic acid-substituted compounds like
aconitic acid (a tricarboxylic entity),”™* tetracarboxylic acid
(butane-1,2,3,4-tetracarboxylic zicid),46’47 and so forth are well
documented, as retrieved from the Cambridge Structural

Database (CSD). A few examples have been projected in
Scheme 2.

It has been well established that the COOH decoration
forms complexes with different N-donor compounds through
the formation of O—H:N or O—H:-N/C—H:-O pairwise
hydrogen bonds, as a myriad of assemblies are reported in the
literature.””** In fact, N-donor compounds with binary
hydrogen bonding acceptor sites, with variable dimensions,
as co-formers, have been demonstrated for their high
susceptibility to tune supramolecular architectures.”’

Citric acid, CA, a well-known monohydroxy tricarboxylic
acid, has gained popularity in recent times in the development
of various pharmaceutical co-crystals, including using some N-
donor compounds as co-formers, as retrieved from CSD
(version, 5.43).°°7>° Out of a total of 93 compounds, about 37
are known to form O—H--N hydrogen bonds (Table S3).
However, binary binding site-related heterocyclic compounds
are not well explored, except for a very few assemblies
reported, for example, based on the 4,4’-bipyridine moiety and
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Table 2. Hydrogen Bond Distances (A) and Angles (deg) for All the Co-crystals/Salts, 1—7, 2a, and 6a”

co-crystal/salt

O-H--N

N*—H:--O~

N*—H--O

O-H--0

C—H--0

1

2.07 2.96(2) 148

2 1.77 2.74(2) 171

2a 1.75 2.73(1) 175

3 1.94 2.73(1) 133

4 1.59 2.57(1) 173 1.69 2.60(1) 149

5 1.62 2.60(1) 176 1.55 2.54(1) 169

6 1.66 2.64(1) 179 1.71 2.70(1) 167
2.42 3.16(2) 130

6a 1.59 2.56(1) 172 1.88 2.72(1) 140
2.20 2.96(1) 140

-

2.14 2.94(2) 135

2.31 3.04(2) 130

1.59 2.59(1) 175
1.59 2.55(1) 166
1.75 2.64(2) 151

1.71 2.68(1) 174
1.71 2.69(2) 172

1.69 2.66(1) 173
1.69 2.66(1) 168
1.92 2.85(1) 158

1.48 2.46(1) 173
1.54 2.52(1) 175
1.55 2.66(2) 167
1.67 2.61(2) 161
1.85 2.70(1) 142
1.44 2.38(2) 160
1.94 2.74(2) 137

1.73 2.68(1) 161
1.92 2.71(2) 135

1.58 2.54(1) 166
2.05 2.90(1) 141

1.81 2.79(1) 174
1.81 2.77(1) 167
1.83 2.80(1) 171
1.95 2.56(1) 141

1.61 2.58(2) 169
1.64 2.60(1) 168
1.67 2.61(1) 158

“For each structure, the three columns represent the distances of H--A, D---A, and angles £D—H:--A, respectively.

248 3.52(2) 161
2.56 3.43(2) 137
2.74 3.49(2) 154
2.63 3.52(2) 139
2.54 3.61(2) 171
2.56 3.55(2) 153
2.59 3.39(2) 131
2.64 3.45(2) 132
2.40 3.45(1) 164
2.55 3.46(2) 142
2.58 3.46(2) 139
2.59 3.57(1) 150
2.51 3.46(1) 147
2.63 3.71(2) 173
2.63 3.65(2) 158
2.64 3.61(2) 150

2.22 3.24(1) 157
2.26 3.26(2) 153
2.38 3.41(2) 159
2.49 3.55(1) 168
2.52 3.34(2) 139
2.67 3.68(2) 156
2.72 3.73(2) 156
243 3.28(1) 135
2.49 3.53(2) 161
2.54 3.59(2) 163
2.54 3.58(1) 162
2.57 3.60(2) 159
2.42 3.39(2) 149
2.44 3.23(2) 130
2.45 3.43(2) 151
2.60 3.49(2) 140
2.67 3.59(2) 143
2.75 3.69(2) 146
2.74 3.79(2) 165
2.53 3.53(2) 154
2.53 3.51(1) 151
2.52 3.37(2) 154
2.72 3.63(1) 142
2.85 3.76(2) 143
2.86 3.79(2) 145
2.89 3.88(2) 152
2.31 3.37(2) 168
2.35 3.43(1) 172
2.37 3.44(1) 169
2.46 3.52(2) 169
2.62 3.50(2) 153

just reported different crystalline forms with 1,2-bis(4-
pyridyl)ethene, which demonstrates the formation of different
crystalline forms from the same solution.’*™? Furthermore,
fused (aromatic)/bicyclic rings with rigid geometry and
possessing binary hydrogen bond acceptors that are known
in the gamut of N-donor compounds have also not been well
explored.

In fact, the significance of fused N-donors, for example,
acridine (acr) and phenazine (phenz), has been demonstrated
in the crystal stabilization process through effective calculations

of energy parameters also, even with liquid-phase co-formers
like APIs.%

Considering these facts, along with the effective role of CA”
in biological processes,’’ " the development of several other
ensembles of CA with heterocyclic compounds could provide
further insights into the preparation and evaluation of tailor-
made supramolecular assemblies of CA.

Hence, molecular assemblies of citric acid, CA, with various
N-donor ligands, acridine (acr), phenazine (phenz), 1,10-
phenanthroline (110phen), 4,7-phenanthroline (47phen), 1,7-

https://doi.org/10.1021/acsomega.3c03446
ACS Omega 2023, 8, 23202—-23217
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(a)

(d)

(8)

Figure 1. Heteromeric and homomeric hydrogen bonds in the supramolecular assemblies: (a) 1, (b) 2, (c) 2a, (d) 3, (e) 4, () S, (g) 6, (h) 6a, and

(i) 7.

phenanthroline (17phen), 1,4-diazabicyclo[2.2.2]octane
(dabco), and an N-oxide, 4,4'-bipyridyl N,N’-dioxide (bpydo),
as shown in Scheme 3, have been prepared and characterized
by the single-crystal X-ray diffraction method to deduce the
effective recognition patterns, self-assembly, thermal stability,
and so forth.

B EXPERIMENTAL SECTION

All chemicals were purchased from Sigma-Aldrich with >99%
purity and have been used without further purification. The
solvents employed for crystallization studies were of spectros-
copy grade of highest available quality. All co-crystals/salts
were prepared by dissolving the respective reactants in an
appropriate solvent and allowing the solution to evaporate
either at ambient or at low-temperature conditions. In all cases,
good-quality single crystals suitable for X-ray diffraction
analysis were obtained within 72—96 h.

Crystal Structure Determination. Good-quality single
crystals were carefully chosen after being viewed under a Leica
microscope supported by a rotatable polarizing stage, glued to
glass fiber by using an adhesive, and mounted on the
goniometer of a Bruker single-crystal X-ray diffractometer
(D8 VENTURE) (Mo Ka radiation, 4 = 0.71073 A) equipped
with a PHOTON 100 CMOS detector. All the crystals were
stable throughout the data collection period, and data
collection was smooth. Data collection was performed using
@ and @ scans. The structures were solved by using the
intrinsic phasing method followed by full-matrix least-squares
refinement against P using SHELXTL, embedded within the
Bruker suite of programmes.”* All non-hydrogen atoms were
refined by the anisotropic method, and hydrogen atoms were
either refined or placed in calculated positions (Table S2). All
the structural refinements converged to good R factors, as
listed in Table 1, and the intermolecular interactions were
computed by using PLATON software (see Table 2).°> The

packing diagrams were generated by using Diamond (version
4.6.3).%°

Powder X-ray Diffraction. Powder X-ray diffraction
(PXRD) patterns were obtained using a Bruker D8
ADVANCE X-ray diffractometer with Cu Ka radiation (4 =
1.5418 A). The voltage and current applied were 40 kV and 30
mA, respectively. Samples were measured in the reflection
mode in the 26 range of 5—40°.

Thermal Analysis. Thermal analysis, differential scanning
calorimetry (DSC) and thermogravimetric analyzer (TGA)was
carried out on PerkinElmer DSC 8000 and STA 6000
instruments respectively.

In DSC, stainless steel pans were used for the experiment,
and the calibration of the instrument was done with the
standard sample indium. A sealed empty pan was used as a
reference pan, and samples were heated under a nitrogen
atmosphere at a scan rate of 5° min~". In TGA, samples of 2—5
mg were heated in an open alumina crucible under a nitrogen
atmosphere at a rate of 5 °C/min from room temperature to a
temperature of 350 °C.

Hirshfeld Surface Analysis. The Hirshfeld surface
analysis and 2D fingerprint calculations were performed
using the Crystal Explorer package version 21°” by importing
the atomic coordinates from the CIF files. The Hirshfeld
surfaces (separately for each co-former in all structures) are
generated, the distance from the nearest nucleus inside and
outside the surface was measured and represented by the d;
and d,, respectively, while a normalized contact distance was
represented as d, ... The white, red, and blue colors have been
selected for the visualization of d, ., function with very high
resolution.

norm

B RESULTS AND DISCUSSION

Co-crystals of CA with various heterocyclic compounds, as
listed in Scheme 3, have been prepared and analyzed by the

https://doi.org/10.1021/acsomega.3c03446
ACS Omega 2023, 8, 23202—-23217
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Figure 3. (a) Stacked sheets in the crystal lattice 2. (b) Typical interaction between the co-formers within sheets through appropriate hydrogen
bonds. (c) Channel structure of CA and phenz in 2a, the channel being filled with the solvent molecule. (d) Interactions of CA molecules in 2a thus

to form a cyclohexane chair conformation.

single-crystal X-ray diffraction method. The pertinent crystallo-
graphic parameters are compiled in Table 1. The contents of
the asymmetric unit and the corresponding composition are
given in the Supporting Information (Table S1) in the form of
ORTEP representation with the thermal ellipsoids shown at
the 50% probability level for all the structures, 1—7, 2a, and 6a.
In all the ensembles, the primary recognition between CA
and the corresponding heterocyclic compounds occurs through
the formation of heteromeric hydrogen bonds O—H--N/N"—
H--O/N*-H:-O~ or O—H:--O for N-oxide along with
homomeric hydrogen bonds between CA molecules. The
recognition patterns for structures 1—7, 2a, and 6a are
shown in Figure 1. The detailed analysis of each structure is
discussed further independently in the following sections.
Channel Structure in the Hydrogen-Bonded Ensem-
bles of 1 (CA and acr). Co-crystallization of CA and acr in a
1:1 ratio from the CH3CN solution of the co-formers gives
good-quality block-shaped yellowish crystals. Due to the
proton transfer from one of the —COOH groups of CA to
acr, a salt is formed in a 1:1 ratio of the co-formers and
crystallizes in a monoclinic space group, P2,/n (Table 1), as
confirmed by the X-ray diffraction method (Table S1).
Analysis of recognition features discloses that the protonated
—N atom of acr forms a bifurcated N*—H---O hydrogen bond
with both —OH and —COOH groups of CA (H--O 2.07 and

2.14 A; 0--0, 2.96 and 2.94 A). The complete characteristics
of hydrogen bonds are listed in Table 2. Nonetheless, the
remaining two —COOH groups of CA further participate in
homomeric O—H--O™ hydrogen bonds with the adjacent CA
molecules with a H--O~ distance of 1.59 A (0--07, 2.59 A).
The arrangement is shown in Figure la.

Such an aggregation further yields a three-dimensional
arrangement in the form of a channel structure along the
crystallographic axis (a-axis) of the crystal lattice (Figure 2a).
In this topology, herein, channels are realized through the
stacking of layers of CA molecules, with voids (12 X 11 A?),
formed due to the aggregation of each of six molecules of CA
in a cyclic pattern, which are further aligned along the stacking
direction. In such channels, acr molecules are captivated as
shown in Figure 2b. The cyclic network by CA molecules
within the layers is formed through O—H:--O and C-H--O
(H---O, 248 A, C-~-0, 3.52 A) interactions, whereas the acr
molecules that reside within the channels are glued to the host
network through the N*—H--O hydrogen bonds discussed
above for the basic recognition feature between CA and acr.
Further, within these channels, acr molecules are stacked
through 77— interactions with a separation distance of 3.80 A.
This marks a significant example of an aliphatic compound
forming a guest-induced channel structure with voids,
mimicking a hydrogen-bonded organic open framework
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Figure 4. (a) Sandwich arrangement of 110phen molecules between the corrugated layers of CA molecules in 3. (b) Typical arrangement of CA

molecules within the corrugated sheets.

structure as noted in the literature,”® otherwise formed by
some symmetrically substituted aromatic acids like trimesic
acid.

Layer and Channel Structures of CA and phenz, 2,
and 2a. CA and phenz form two different co-crystals in a 2:1
ratio, 2 and 2a (solvated), in the form of good-quality single
crystals upon slow evaporation of CH;NO, solution having co-
formers in a 1:1 ratio. The recognition pattern between CA
and phenz, evaluated using the structure obtained from the X-
ray diffraction method (Table 1), is comparable to the
arrangement in 1, with the formation of homomeric and
heteromeric hydrogen bonds (see Figure 1b,c). In these
assemblies, however, the interaction between CA and phenz
is mediated by an O—H--N (H---N, 1.77 A, O--N, 2.74 A, 2,
H-N, 1.75 A, O-N 2.73 A 2a; Table 2) hydrogen bond,
which is a typical interaction between —COOH and N-atom in
heterocyclic compounds. In addition, the feature emphasizes
the formation of a co-crystal rather than a salt as per the
nomenclature defined in the literature.”

In these structures of 2 and 2a, CA molecules are bound
together by the formation of two cyclic hydrogen bonding
patterns between adjacent —COOH groups, as represented by
the graph-set notation R3(8). In such centrosymmetric
hydrogen bond dimers, the H--O distance is found to be
1.71 A (00, 2.68 A, 2) and 1.69 A (0-0, 2.66 A, 2a).
Additionally, a non-centrosymmetric hydrogen bonding
pattern is also observed with H:-O distances of 1.69 and
1.92 A (O-+O, 2.66 and 2.85 A) in structure 2a. Interestingly,
the potential hydrogen bond donor —OH did not feature in
the recognition process in 2 but in 2a as depicted in Figure
1b,c.

The ensembles 2 and 2b are further packed in the crystalline
lattices in different forms. In 2, the arrangement is in the form
of stacked corrugated sheets, as illustrated in Figure 3a, while
in 2a, such an arrangement is observed to be in the form of a
host—guest network (Figure 3c). Within a typical sheet, in 2,
cyclic networks comprising eight molecules (six of CA and two
of phenz) are formed through hydrogen bonds (see Figure 3b)
and are further garnered through the interaction between the
—COOH groups present in the adjacent networks. In such a
cyclic network, voids appear but are being self-filled by part of
phenz molecules that also take part in the cyclic network. In the
structure of 2a, however, the two co-formers together form a
three-dimensional host network along the crystallographic axis
(b-axis), with CA molecules alone forming layers that are
pillared by phenz molecules, thus creating channels (see Figure
3c), filled by solvent of crystallization molecules. Thus, the
structure of 2a may also be regarded as the mimic of a

hydrogen-bonded organic framework with a close resemblance
to the structure observed in 1.

A close examination at Figure 3b,d reveals an intriguing
correlation between 2 and 2a: the cyclohexane chair
conformation topology observed in 2a, formed by the
aggregation of only CA molecules, within the layers, is further
expanded in 2 with the insertion of phenz molecules between
the CA molecules, thereby masking the channels observed in
2a, leading to the formation of stacked layers in a three-
dimensional arrangement in 2.

Sandwich Arrangement in the Supramolecular
Assembly of CA with 770phen, 3. The supramolecular
assembly of 3 was obtained by slow evaporation from a mixture
of acetone and H,O solution, containing the co-formers CA
and 110phen in a 1:1 ratio. The resulting crystals were analyzed
by the X-ray diffraction method (Table 1) which discloses that
the asymmetric unit is in an orthorhombic space group, Pna2,
(non-centrosymmetric), with two symmetry-independent
molecules (Table S1). As observed in the case of 1, CA with
acr, herein also, the co-formers form a salt upon the
deprotonation of —COOH to 110phen in both the
symmetry-independent molecules. However, the recognition
patterns found in this structure show some correlation to the
structure of CA and acr (cf. Figure 1d). The primary
recognition observed between the co-formers is a single N"—
H--O~ (H--07, 1.94 A, N*---O7, 2.73 A) formed between N-
donor and —COOH of CA, while the CA molecules are
stabilized by homomeric single O—H--O~ hydrogen bonds,
formed by both —OH and —COO™ groups, with the respective
H--O~ being 1.48 A (O--O7, 248 A) and 1.55 A (0O,
2.66 A).

Further analysis of the arrangement of co-former aggregates
within the crystal lattice perceives that CA molecules form
corrugated sheets that are stacked, with 110phen molecules
sandwiched between the sheets. The arrangement is shown in
Figure 4a, and the interaction among the CA molecules within
a typical sheet is projected in Figure 4b. In a representative
sheet, each of the two symmetry-independent CA molecules
forms chains independently, with the nearby molecules of the
same symmetry binding together by a single O—H:--O (H---O,
1.48 and 1.54 A; OO, 2.46 and 2.52 A) hydrogen bond. Such
juxtaposed chains (symmetry independent), as shown in
Figure 4a (space-filled model in different colors), are held
together by a non-centrosymmetric R3(10) O—H---O hydro-
gen bonding pattern with the corresponding H---O distances in
the range of 1.67—1.85 A (00O, 2.61-2.70 A), as well as
single O—H--O (H:-O, 1.55 A; 00, 2.66 A).
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Figure S. (a) Ladder-type arrangement formed in the crystal structure 4. (b) Stacking of the molecules in three-dimensional arrangement masking

the voids from the adjacent ladders.

Figure 6. (a) 3D sheet arrangement of molecules present in the crystal lattice 5. (b) Interaction of CA rails in ladderane topology. (c) Ladderane

arrangement of molecules, CA as rails, and 17phen as rungs.

Self-Aligned Ladders’ Three-Dimensional Assembly
in the Structure of CA and 47phen, 4. Upon slow
evaporation of CH;OH solution containing CA and 47phen, in
a 1:1 ratio, the co-formers crystallize in a triclinic space group,
PT. Complete structure determination parameters are listed in
Table 1. Among the structures studied so far, herein only, CA
molecules present in a disordered form, around one of the
—COOH groups, reflecting the facile conformation flexibility
of CA, and the same is shown in ORTEP drawing (Table S1).
For the brevity purpose, the disordered moiety is disregarded
in all subsequent discussions. Similar to the other structures,
like 1 and 3, herein also, deprotonation of one of the ~-COOH
groups leads to the formation of a salt between the co-formers.
The recognition features, which are depicted in Figure le,
reveal that two —COOH groups of CA molecules indeed
establish heteromeric interaction with 47phen through O—H--N
(H-N, 1.59 A, N---O, 2.57 A) and N*—H--O~ (H---O, 1.69
A, N*.-.07, 2.60 A). Furthermore, similar to 1, here also, the
protonated —N atom of 47phen involved in bifurcated N*—H--
O hydrogen bonds with both —COOH (N*—H--O7) and
—OH groups of CA by the N*—H---O hydrogen bond (H:-O
2.31 A; 0--0, 3.04 A), apart from the third —COOH group
forming homomeric hydrogen bonds (O—H--O7, H--O~, 1.44
A, 00, 2.38 A) with the adjacent CA molecules. The
ensembles of co-formers further self-assemble in the crystal
lattice in the form of infinite ladders connecting the adjacent
ladders together through common slide rails. A typical
representation is shown in Figure Sa. In such an arrangement,
while the rails are being formed by the chains of CA molecules,
the rungs are being mimicked by 47phen molecules through
the hydrogen bonds discussed above through the representa-
tion in Figure le. In a three-dimensional arrangement, such
ladders are stacked, as presented in Figure Sb, by self-filling the

voids between the rungs with the molecules from the adjacent
ladders above and below, thus establishing close packing
effectively. The stacked layers are further stabilized by C—H--
O hydrogen bonds with H:---O distances in the range of 2.22—
2.38 A (C--0, 3.24—3.68 A).

Ladderane Topology of CA and 77phen in the Crystal
Structure of 5. Co-crystallization of CA and 17phen, in a 1:1
ratio, from an acetone solution of the co-formers gives good-
quality plate-shaped single crystals, consisting of a salt of the
co-formers in a 1:2 ratio. The molecules in the asymmetric
unit, crystallized in a triclinic space group, P1, are portrayed in
Table S1, which illustrates that out of the two 17phen
molecules, only one of it is protonated. The pertinent
crystallographic details are listed in Table 1. The contents
establish recognition with each of the CA molecule connected
to two 17phen molecules via O—H:N and N*-H:--O~
(heteromeric hydrogen bonds), with the corresponding
distances H---N, 1.62 A (N---O, 2.60 A) and H--O~ 1.55 A
(N*.--07, 2.54 A). In addition, CA molecules form homomeric
hydrogen bonds through a centrosymmetric cyclic pattern of
O—H--O~ with an H--O~ distance of 1.73 A (0--O7, 2.68
A). Also, a noteworthy feature to be noted is the potential
hydrogen bond donor —OH that does not participate in the
recognition process. The recognition pattern is represented in
Figure 1f.

Furthermore, in the crystal lattice, the ensembles self-
assembled into a ladder-like structure, as shown in Figure 6b,
with CA molecules being rails, while the N-donor as rungs.
The interaction between CA molecules along the rails is shown
in Figure 6¢, wherein two cyclic hydrogen bonding patterns
could be visualized, exclusively formed by O—H:-O~ and C—
H---O hydrogen bonds in the graphical notation forms R3(14)
and R3(8), respectively, with the corresponding distances of
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Figure 7. (a) Cyclic network arrangement observed in crystal lattice 6. (b) Highlighting of a two-fold interpenetrated network and (c)
corresponding 3D arrangement of 6. (d) Two-dimensional crinkle ribbon in 6a. (e) Three-dimensional sheet arrangement in 6a.

H--0" 1.73 A (0-+-07,2.68 A) and H---O, 2.54 A (C---O, 3.59
A), respectively. In addition to interacting with CA molecules
in rails, the 17phen molecules establish homomeric interactions
through C—H---N hydrogen bonds, with the H---N distance
being 2.67 A (C-~N, 3.68 A), in such aggregations.

Interwoven and Sheet Arrangements in Supra-
molecular Assemblies, 6 and 6a, of CA and dabco.
The heterocyclic compounds employed in the structures
discussed above, 1—5 and 2a, indeed, are aromatic in character.
However, several non-aromatic equivalents, for example, dabco
(a bicyclic rigid N-donor) employed thoroughly in numerous
molecular recognition studies, are also well known.”® Thus, co-
crystallization of CA with dabco, in fact, shows distinct features
in both the crystallization process and structural aspects
(formation of stacked layer structures). CA and dabco form
two different crystal types depending on the solvent of
crystallization. From the CH;O0H solution of 1:1 co-former,
co-crystals are also realized in a 1:1 ratio (see ORTEP in Table
S1). However, similar co-crystals, but as a hydrate, are
observed from a solution of CH;OH and water mixture of
the same co-formers in a 1:1 ratio, as depicted in ORTEP
(Table S1). The anhydrous and hydrate forms are labeled 6
and 6a, respectively, for the ease of discussion. The
crystallographic parameters are enumerated in Table 1, while
the molecular recognition features and packing of molecules in
the lattices are shown in Figures 1gh and 7, respectively.

In both the forms, having similar recognition patterns as in 4
and S, a —COOH group of CA forms heteromeric hydrogen
bonds with the co-former dabco, as shown in Figure 1gh,
through the formation O—H:-N/N"—H:--O hydrogen bonds
(1.66 A (O-N, 2.64 A) and 1.71 A (N*---07, 2.70 A) 6; 1.59
A (0-+N,2.56 A) and 1.88 A (N*---O7, 2.72 A) 6a), while the
other —COOH group of CA molecules is involved in

homomeric hydrogen bonds (H--O~, 1.58 A; 007,254 A
6 and 1.95 A, 007, 2.56 A 6a).

Such recognition patterns ultimately yield distinctly
distinguishable structures as represented in Figure 7. In the
anhydrous form, 6, the CA and dabco molecules form 10-
membered cyclic networks consisting of 8 CA and 2 dabco
molecules which are further connected by non-centrosym-
metric R3(10) hydrogen bonding patterns (see Figure 7a).
These networks are arranged in three dimensions in the form
of an interpenetrated sheet structure (see Figure 7b,c).
However, in 6a, the packing of the molecules is in the form
of regular stacked sheets (Figure 7d), with the crinkled ribbons
within each layer being held together by H,O molecules
(Figure 7e).

Cyclic Network in a Two-dimensional Arrangement
in the Crystals of 7 (CA and bpydo). Upon co-
crystallization of bpydo, an N-oxide, with CA in a 1:1 ratio
from CH;OH solution, good-quality crystals were obtained
through slow evaporation. Analysis by the X-ray diffraction
method corroborates the formation of co-crystals in a triclinic
space group, PT, with a 1:1 ratio of co-formers in the
asymmetric (Table S1). The requisite crystallographic details
are given in Table 1. The molecules in the crystal lattice are
bound to each other through the recognition patterns formed
by different types of hydrogen bonds (heteromeric and
homomeric), as illustrated in Figure 1i, which shows two O—
H--O (H--O, 1.61 and 1.67 A; OO, 2.58 and 2.61 A)
hydrogen bonds formed by two bpydo with CA molecules as
well as a centrosymmetric R3(8) O—H--O hydrogen bonding
pattern with a H---O distance of 1.64 A (O--0O, 2.60 A).

The recognition patterns, thus observed, self-assemble in the
crystal lattice to yield a cyclic network composed of four CA
and two bpydo molecules. The feature is portrayed in Figure
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Figure 8. (a) Basic six-membered cyclic recognition pattern between the co-formers in the crystal lattice 7. (b) Three-dimensional packing

observed in the co-crystal.

8a. Within each cyclic network, the dimers of CA molecules
that are held together by R}(8) hydrogen bonding patterns are
further connected to bpydo molecules through pairwise O—H---
O and C—-H--O (H--0, 243 A; C---O, 3.20 A) hydrogen
bonds (Table 2).

Furthermore, the cyclic networks are glued together and
extended to an infinite arrangement. In 3D, those cyclic
networks are further stabilized by stacking such that the void
space within each sheet is being filled by the molecules from
the adjacent layers by C—H:-O (2.30—2.61 A; C--O, 3.37—
3.50 A) hydrogen bonds by utilizing the —OH group of CA.
Such an arrangement is shown in Figure 8b.

Phase Purity and Homogeneity Analysis. The struc-
tural information discussed above is based on the X-ray
diffraction data obtained from a single crystal of the samples,
which provides valuable insights into the structural properties.
In the case of compounds with multiple recognition moieties,
such as CA (with a —OH group and three —COOH groups)
and N-hetero compounds, there would be a high possibility to
have other crystals with different compositions or polymorphic
forms that may appear even in the same external morphology.
In addition, phase transformations, both at ambient and non-
ambient conditions, may also possibly account for some
deviations than the final co-crystals observed, especially as
noted in various pharmaceutical ensembles,”” and in fact
recently reported transformations involving citric acid in its co-
crystals with 1,2-bis(4-pyridyl)ethene.”

PXRD and DSC can be used to refute such complexity and
establish the homogeneity of the product formation. Thus, the
PXRD patterns have been recorded on the ground samples of
crystals obtained from solution growth and also by neat
grinding the co-formers in a ball-mill grinder. Both the types of
patterns are found to be similar and corroborate with the
simulated PXRD patterns from the three-dimensional
structures, thus confirming the formation of sole products as
shown in Section S2 in the Supporting Information, except in 2
and 2a, as well as 6 and 6a. For the former, the patterns of the
neat ground and even solvent drop ground samples did not
match with the simulated patterns (Figure S1b), and for the
latter, the neat ground mixture of CA and dabco shows a
combination of patterns from both 6 and 6a (Figure S1f).

In addition, thermal analysis by DSC, as shown in Figure 9,
gives only melting endotherms, thereby confirming the stability
of all the co-crystals/salts, at non-ambient conditions (high
temperature), without undergoing any phase transformations.
From the analysis, it is further noted that in majority of the
structures, the observed melting points are between the
melting points of their respective co-formers, as shown in
Table 3, which are in consistent with most of the co-crystals
reported in the literature. However, co-crystals 1, 4, and 6 melt
at high melting points compared to their respective co-formers.

A fw N |-
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3
Lt

T T T T T T T T T
40 60 80 100 120 140 160 180 200
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Figure 9. DSC thermograms for all the co-crystals/salts, 1-7.

Table 3. Melting Point of the Co-crystals and Salts 1-7

co-former melting point

(°C)
co-crystal/salt CA co-former melting point (°C)
1 152 110 178
2 152 177 155
3 152 117 139
4 152 172 194
S 152 79 133
6 152 161 180
7 152 220 199

The observed variations may be due to their robust packing
arrangements and strong heteromeric interactions, as com-
pared to their respective homomeric interactions in pure form.
The robust packing arrangements, such as the channel
formation in 1 and the two-folded interpenetrated network
observed in 6, may be accounted for the anomalous high
melting point, whereas the disordered structure in 4 may be
responsible for its high melting point.

Furthermore, as it is a well-established fact that salts melt at
higher temperatures, the observed high melting in structures 1,
4, and 6 is self-explanatory as these are salts over the
assemblies of 2 and 7 which are co-crystals. However, despite
being salts, the structures 3 and S exhibit lower melting points
than their corresponding co-formers, which may be accounted
for the recognition patterns and structural packing. For
example, in the structures of 3 and §, though they have two
hydrogen bond N-donor sites, only one of this actively
involved in the recognition patterns; in contrast, such binary
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Figure 10. (a) Overlay diagram of different conformations of CA in the crystal structure of co-crystals along with the native structure. Color codes:
red, native CA; blue 1; orange, 2; light blue, 2a; magenta 3; brown, 4; green, S; gray, 6; light pink, 6a; and black, 7. (b) Three different

conformations of the CA molecule.

Table 4. Torsion Angles of CA in Its Native Structure and in the Co-crystals/Salts, Around Different C—C Bonds

| GCZQ O,

06/ o
compound conformation (z1) (z,) (73) (74)
native CA I 8.25 50.44 5.31 171.12
1 III 121.01 25.44 115.89 179.07
2 I 24.14 161.00 178.98 179.53
2a 1 49.62 41.13 177.27 175.33
3 111 91.22 30.99 121.82 6.23
4 II1 47.35 161.64 107.13 171.55
S 11 160.12 79.78 115.41 121.58
6 III 90.87 3.58 117.68 11.47
6a III 68.17 55.34 103.59 3.92
7 I 57.16 129.15 4.66 176.58

sites are fully involved in hydrogen bonding in structures 1, 4,
and 6. In addition, acr with a mono N-donor atom melts at
higher temperature as the —N atom herein is involved in
bifurcating hydrogen bonding, which is also seen in the case of
47phen. Such observations are already formalized with the fact
that as there are more number of strong interactions between
the co-formers, the co-crystals/salts will melt at higher
temperature than their individual co-formers.

The contributions of the hydrogen bonds and variations
observed between the two categories of structures (1, 4, and 6
vs 2, 3, 5, and 7) are well reflected with the Hirshfeld analysis
carried out, considering the N-donor as the reference molecule,
as described in the following sections.

Moreover, the solvated crystals 2a and 6a were analyzed by
thermogravimetric analysis (TGA) to evaluate the percentage
of contribution of solvent molecules to stabilize the observed
crystal system. In all the cases, the calculated and experimental
weight losses were found to be well in agreement. The TGA
curves are illustrated in Figure S2a (2a) and S2b (6a). In 2a,
the observed weight loss of 8.1% (caled 9.2%), in the
temperature range of 70—120 °C, possibly may be accounted

to a disordered CH3;NO, molecule. Similarly, the weight loss of
4.5% (calcd 5.9%) in 6a corresponds to a H,O molecule in the
temperature range of 50—100 °C.

Conformational Analysis of CA in Its Native Structure
and Supramolecular Assemblies, 1-7, 2a, and 6a.
Conformation flexibility is generally considered as the
propensity of organic molecules, which is well studied in all
states of matter. Polymorphism, the well-studied and current
highly populated research area in the domain of organic
crystals, indeed, is due to such conformational flexibility of the
molecules. The specific conformation of a molecule in the solid
state (crystals) is the geometry with the lowest energy, which is
influenced by the interactions established with the neighboring
molecules. Thus, in co-crystals having co-formers of different
nature, the potential for conformational variations would be at
high stake. In the current study, the common co-former CA is
a monohydroxy tricarboxylic acid with flexible C—C bonds,
which could yield different conformations in the vicinity of
different rigid N-donor and N-oxide compounds.

A collective conformational analysis of all the co-crystals
reported herein, along with the conformation of CA in its
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Table 5. 3D d,,,, Surfaces for CA and N-Donor or N-Oxide, along with 2D Fingerprint Plots for Both Considering Only O-
H/H--O Interactions for 1—7, 2a, and 6a

Co- 3D dhorm Surface 2D Finger plots for O---H/H--O interactions
crystals/ CA surface N-donor or N-oxide CA N-donor or N-oxide
Salts surface

G5 Uz e s s 20 2z 2 28 28 ©UE O T T e T i

de e

R

T2 A6 18202 VEUE T T2 T TE T8 20 g

TEUE U T A TS TS 2T ‘

23213 https://doi.org/10.1021/acsomega.3c03446
ACS Omega 2023, 8, 23202—-23217


https://pubs.acs.org/doi/10.1021/acsomega.3c03446?fig=tbl5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03446?fig=tbl5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

native form, discloses that CA adopts three distinct
conformations in these assemblages, taking into account the
position of three —COOH groups by aligning along the —OH
group. An overlay drawing of the conformations of CA is
shown in Figure 10.

The geometry of native CA resembles “T” shape (see type I
in Figure 10), with the —COOH groups at all terminal
positions showing a small degree of torsion around the C—C
bonds and also having a notable twist around the —COOH
group. The calculated torsion angles and the schematic
diagram of CA are shown in Table 4. It is apparent from
Figure 10 that CA molecules in the co-crystals, 2 (orange), 2a
(light blue), and 7 (black), are found to be aligned with the
conformation of the native (red) CA, albeit with a modest
variation of the torsion angles (see Table 4). However, in the
remaining co-crystals, 5 (green) forms a standalone con-
formation in the syn—anti form (type II) with respect to the
—OH group with the two —COOH groups at linear ends of T
are twisted into opposite directions, while 1 (blue), 3
(magenta), 4 (brown), 6 (gray), and 6a (light pink) adopt
syn conformation (type III), with respect to the —OH group as
only one —COOH group along the linear direction of T is
twisted. The distinctions in the recognition patterns of the co-
formers, which are compiled in Table SI, may account for
these different conformations. Thus, neutral co-crystals (2, 2a,
and 7) represent type I, while all the structures with
deprotonated CA represent type III or type IL

Furthermore, to assess the population of the observed
conformations in a large data set, a search performed on the
Cambridge Structural Database (CSD), version, 5.43,7"
retrieves 93 co-crystals of CA. Conformational analysis of
CA molecules in all these structures reveals type I
conformation as predominant with 52 structures expressing
it, while type II is least preferred with only five structures
displaying it and with type III found in 27 structures, thus
closely mapping with the observations in this study as type II is
reflected only in one structure among either structure.

Hirshfeld Surface Analysis. All the co-crystals reported in
this study show abundant interactions including both neutral
(co-crystals) and ionic (salts) hydrogen bonds, along with 7—7x
interactions and van der Waals forces. Furthermore, as
described in the previous sections, since some structures of
salts have unusual higher melting points than the correspond-
ing co-formers, which may be attributed to the strength of the
intermolecular interactions (herein, hydrogen bonds), and CA
was noted to be in three distinct conformations influenced by
these interactions. Hence, an exercise is carried out to further
evaluate the contributions of all types of intermolecular
interactions in each structure of the co-crystals using Crystal
Explorer21.

The Hirshfeld surfaces are generated around each co-former
separately in all the structures; this process produces the d,,
surfaces, which provides the normalized distance between a
point on the surface and the nearest nucleus inside (d
contacts) and outside (d, contacts) the surface. In addition,
corresponding 2D fingerprint plots are also developed, which
clearly exhibit the quantitative weightage as well as visual-
ization of all the interactions present in the structures. In the
dporm Surface, the strength of intermolecular interactions is
represented by different color codes: strong interactions (or
short contacts) in deep bright red on the surface (representing
donor and acceptor atoms), while white and blue regions on
the surface expressing the moderate to very weak interactions

(longer contacts), respectively. In the following sections, the
details of the d,,,, surface and the corresponding 2D
fingerprint plots of H---O/O--H for each of the co-crystals/
salts (1—7, 2a, and 6a) are shown Table S, while the remaining
2D finger plots are shown in Section S7.

Further analysis reveals that in all the structures, the O---H/
H--O interactions are the main contributors to the total
Hirshfeld area, 55—63% (Figure 11). These interactions arise
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Figure 11. Relative contribution of different intermolecular
interactions in crystal lattices taking CA as a dominant surface of
1-7, 2a, and 6a.

mainly from O—H:--O, N*-H:-:O~, N*—H:--O, and C—H:--O
hydrogen bonds, which appear as bright-red spots for the
respective donor and acceptor atoms on the Hirshfeld surface.
In the 2D fingerprint plots, the prominent donor and acceptor
regions appear as long spikes at (d, + d; ~ 1.7 A) in the upper
left and lower right, respectively. The second highest
contribution to the total Hirshfeld area (22—34%) corresponds
to H---H contacts, and these appear as diffused at the middle
portion (d, = d; ~ 1.2 A) of the fingerprint plots (Table SS).
Thus, major structural stabilization (~90%) in all structures
may be accounted for strong O--H/H--O, compared to
dispersive H---H, as shown in Table S6.

From this analysis, a noteworthy observation is that herein
the crystal structures are stabilized by strong O--H/H:--O
interactions as these contribute the highest percentage to the
surface compared to the dispersive H--H contacts, which are
generally dominant interactions, in majority of organic crystal
structures.

In fact, the significance of effective contribution of O--H/
H---O interactions further reflects clearly in the 2D fingerprint
plots of the co-formers (heterocyclic), as shown in Table 6,
which explains the high melting point of 1, 4, and 6 than the
corresponding co-formers. Because in these structures, the O--
H/H:-O contribution (29, 32, and 43%, respectively, high-
lighted in red) is higher compared to other structures. This is
further clearly visible in the d,., plots also, as presented in
Table S, with appropriate intense red spots and more in
number.

B CONCLUSIONS

Supramolecular assemblies of citric acid, CA, with various N-
donor and N-oxide compounds are prepared and characterized
by X-ray diffraction techniques and DSC thermal analysis.
These structural analysis demonstrates the ability of CA to
form diverse structural topologies such as channel structures
which mimic the HOF structures, ladders, a sandwich, lamellar
layers, and interwoven networks. Also, a significant feature
realized from the analysis is that in most of the structures,
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Table 6. Contribution of Different Intermolecular Interactions on the Hirshfeld Surface on N-Donor and N-Oxide Co-formers

Co-crystals/

salts Ho H.H NHI H.N c..Hl H.c c.c
1 29.1 371 0.6 14.2 141
2 28.7 28.6 131 18.4 1.4
2a 29.8 23.6 15 151 8.5
3 30.5 31.3 1.2 16.2 9.5
4 32.7 26.7 4.2 18 9.4
5 17.8 39.6 8.3 14.0 14.8
6 43.3 52.3 3.0 1.4 0
6a 46.5 3.0 49 1.5 0
7 411 25.3 2.1 12.9 8.9

despite the —OH group being a strong hydrogen bond donor Notes

functionality, its role is noted to be subtle, limiting itself to
mere crystal lattice stabilization rather directly playing a pivotal
role in the molecular recognition between the co-formers,
except in the case of 1 and 4. Further, conformational analysis
reveals the formation of three distinct conformations of CA
(type I, type 11, and type III), as observed in other co-crystals
of CA retrieved from CSD. In addition, the thermal analysis
suggests that the obtained co-crystals/salts are thermodynami-
cally stable with only a single endothermic peak being
observed, in all the thermograms, which may be accounted
for their stability without enduring any phase transformations.
In addition, the Hirshfeld surface area analysis confirms that all
the structures are stabilized by the strong O--H/H:--O
interactions rather than dispersive H--H contacts, which is
not very commonly observed in the crystal structures. A
noteworthy feature that may be deduced (not very commonly
observed) further is that, in the assemblies 1, 4, and 6, such
O---H/H:--O interactions’ contribution is much higher than in
other structures, leading to an unusual meting behavior with
higher melting temperature than the corresponding co-formers.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c03446.

ORTEP plots, powder X-ray diffraction patterns, TGA
thermograms, CSD analysis, details of interactions of CA
with different heterocyclic compounds, and Hirshfeld
surface analysis (PDF)

Crystallographic data for CA with 17phen, 47phen,
acridine, bpydo, dabco, dabco hydrate, phenazine,
phenazine solvate, and 110phen (ZIP)

B AUTHOR INFORMATION

Corresponding Author
Samina Easmin — Solid State & Supramolecular Chemistry
Laboratory, School of Basic Sciences, Indian Institute of
Technology Bhubaneswar, Bhubaneswar 752 050, India;
orcid.org/0000-0003-0469-206X; Email: sel5@
iitbbs.ac.in

Author
Venkateswara Rao Pedireddi — Solid State &
Supramolecular Chemistry Laboratory, School of Basic
Sciences, Indian Institute of Technology Bhubaneswar,
Bhubaneswar 752 050, India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c03446

23215

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge IIT Bhubaneswar for infrastructure and DST-
SERB, New Delhi, for the financial support.

B ABBREVIATIONS

CA, citric acid; acr, acridine; phenz, phenazine; 110phen, 1,10-
phenanthroline; 47phen, 4,7-phenanthroline; 17phen, 1,7-
phenanthroline; dabco, 1,4-diazabicyclo[2.2.2]octane; bpydo,
4,4'-bipyridyl N,N'-dioxide; DSC, differential scanning calo-
rimetry

Bl ADDITIONAL NOTE

“In the metabolism of most organisms such as being a natural
intermediate in Krebs cycle and regulating the size of apatite
crystals in bones through citrate, as well as multiple functions
as an environmentally benign cleaning agent, antioxidant
capabilities, and FDA (Food and Drug Administration)-
approved GRAS substance.
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