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diffraction complemented with a quantum chemical study performed with DFT method at the B3LYP/3-
21G level. The title compound crystallized in the monoclinic centrosymmetric P 21/n space group. In the
molecular arrangement, the different entities are held together through the interplay of intermolecular

Keywords: 0.---H-N/O and N-H.--O hydrogen bonds, that found to be effective in stabilizing the three-dimensional
Adeninium hybrid compound crystal packing. The hydrogen bonds network of (I) contains an interesting cyclic homosynthon of R%(10)
Aromatic stacking interactions graph set notation involving the adeninium Hoogsteen sites (N6—H1N.--N7). The role of such interactions
Cyclic homosynthon is known to be predominant in the stabilization of the usual 1H,9H tautomer. The different intermolecu-
Hirshfeld surface analysis lar interactions of (I) were quantified and analysed using Hirshfeld surface analysis, enrichment ratio (E)

Theoretical calculations and fingerprint plots. The obtained results indicate that the main contributions are ascribed to O---H and

H---H interactions. Scanning electron microscopy (SEM) was used to provide an extremely enlarged image
of the sample morphology of (I), as well as information on its chemical composition using an energy dis-
persive X-ray spectrometer (EDS) detector, which confirms that the compound was successfully synthe-
sized. The complementary theoretical achievements were found in a good agreement with respect to the
experimental data. Moreover, a natural bond orbital (NBO) analysis was performed to evaluate the nature
of bonding and the strength of the intra and inter-molecular interactions. Furthermore, the calculations
of HOMO and LUMO energies were carried out to investigate the charge transfer within the molecular
structure. The molecular electrostatic potential maps were used to detect the possible electrophilic and
nucleophilic sites in (I).

© 2020 Elsevier B.V. All rights reserved.

1. Introduction owing to their ability to combine useful properties of organic com-
pounds (such as straightforward synthetic approach, structural di-

Organic-inorganic compounds have remarkable and consider- versity, easily tailored molecular structure and functional proper-
able potential for scientific studies and technological applications, ties) and inorganic systems (such as chemical, thermal and me-

chanical stabilities) [1-4]. Organic-inorganic hybrid materials can

generate new functionalities from this association [5,6], like mag-

* Corresponding author. netic, ferromagnetic and electric properties, semi conductivity and
E-mail address: rym_46@hotmail.com (R. Benali-Cherif). photoluminescence [7-11]. On the other hand, an important part
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Fig. 1. (a) View of the asymmetric unit of (I), showing the hydrogen-bonds between orthoperiodate (1—) acid and water molecules. Displacement ellipsoids are drawn at

the 50% probability level. (b) Optimized structure of (I).

of hybrid materials have been investigated and developed for non-
linear optical (NLO) properties and applications [12-15]. Moreover,
this category of compounds, has surprized the photovoltaic com-
munity with its remarkable performance and rapid progress in
the past decade [16,17]. Recently, a rapid development of organic-
inorganic hybrid materials based on DNA and RNA building blocks
has been observed. Owing to the unique aromatic heterocyclic
structure and flexible molecular tailor ability, adeninium deriva-
tives have attracted many researchers to study their applications in
functional materials, e.g., as an ideal bio-based platform candidate
to replace petroleum-based aromatic/heterocyclic structures [18].
Furthermore, adenine can also be used as a novel hole-injection
layer of OLEDs [19-21]. In addition, recent studies reveal the ex-
cellent performance of adeninium derivatives in medicine [22,23].
It has been shown that the abnormal variations of adenine con-
centration levels suggest likely deficiency and mutation in the im-
munity system and may indicate the presence of different diseases
such as AIDS and cancers [24-26]. All these interesting properties
and implications are closely related to the intermolecular inter-
actions and more particularly to the charge transfer phenomenon
that plays an essential role in the energetic processes of biological
systems.

In this context, the development of adeninium based organic-
inorganic hybrid materials continues to grow and a considerable
number of research groups have gained great interest. A care-
ful research on the Cambridge Structural Database (CSD, Con-
Quest Version 2.0.5, 2020) [27-29] for crystal structures containing
adeninium cations results in 78 hits, 33 of them are charge trans-
fer hybrid compounds. One notes that adenine offers five available
protonation sites (Fig. 1a; basicity order N9 > N1 > N7 > N3 >
N6-exocyclic) allowing a wide range of neutral tautomers and pro-
tonated forms. Adeninium cations can be either mono- or deproto-
nated and the bond lengths and angles are dependent on the de-
gree of protonation [30-31]. This canonical tautomeric form con-
tains three basic N atoms. The most basic site is N1 (pKa = 4.2),
which accepts the first proton. The second protonation occurs at
N7 (pKa = —0.4) and the third one at N3 (pka = —4.2). In addi-
tion, our survey on the CSD reveals the presence of 58 adeninium
cations monoprotonated at N1, 8 monoprotonated at N3 and 17
diprotonated at N1 and N7.

Among the interesting features found and discussed in
adeninium based hybrid compounds is the existence of recur-
rent homo and heterosynthons in their three-dimensional hydro-
gen bonds network. Sridhar and co-workers [32], who studied
adeninediium hemioxalate chloride, showed that the supramolec-

ular hydrogen-bonded network of this compound exhibits cyclic
heterosynthon of R%(S) hydrogen-bonding motif [33] resulting
from N-H..-O hydrogen bonds between the adeninium cation and
the oxalate anion. Similar findings were also reported in other
adeninium carboxylate compounds [34,35]. In their work on bis
adeninium dinitrate monohydrate, Hingerty et al. [36] showed the
existence of a cyclic homosynthon R%(]O) motif.

Based on the above facts, we focus in the present work on
a new adeninium-based hybrid compound: adeninium orthope-
riodate (1-) bis (hydrate), CsHgNs. Hy4lOg. 2H,0 (I), along with
its X-ray crystal structure and spectroscopic measurements (FT-IR,
SEM-EDS). Complementary density functional theory (DFT) calcu-
lations were performed and compared to the experimental results.
The graph-set descriptors of the intra- and intermolecular hydro-
gen bonding interactions stabilizing (I) were also reported and dis-
cussed. The structural analysis was coupled with Hirshfeld surface
analysis and the associated contacts enrichment ratio (E) to evalu-
ate the contributions of different intermolecular interactions.

2. Experimental
2.1. Synthesis and crystallization

All chemicals (reagents and solvents) were used as purchased
from Sigma-Aldrich without further purification. Single crystals of
CsHgNs.H4105¢2H,0 were grown by the slow evaporation solution
growth technique at room temperature. Adenine (1 mmol) dis-
solved in water (30 ml) was slowly added under stirring to peri-
odic acid (1.2 mmol) and mixed using a magnetic stirrer to ensure
homogeneous concentration in the entire volume of the solution.
Colorless transparent needles crystals started to form after a few
weeks.

2.2. Single crystal X-ray diffraction and structure refinement details

The single crystal diffraction measurements of (I) were per-
formed on a Bruker APEX II diffractometer equipped with a CCD
area detector at 298 K with a graphite monochromatized MoK
radiation, A = 0.71073 A. Crystal data, data collection and struc-
ture refinement details of (I) are summarized in Table 1. The
structure has been solved by direct methods using the program
SIR2014 [37] and was refined against F2 by weighted full-matrix
least squares methods including all reflections with SHELXL-2018
program [38]. All calculations were carried out using WingX soft-
ware package [39]. Structural representations were drawn using
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Table 1

Main crystallographic data and structure refinement details for (I).

Crystal data

Empirical Formula
Molecular weight (g/mol)
Diffractometer,

Radiation type

Cs Hys I N5 Og

399.11

Bruker APEX-II CCD
Mo Ko (A=0.71073 A)

T (K) 298

Calculated density (Mg/m?3) 2.169

Crystal system Monoclinic

Space group P 2¢/n

a (A) 12.7156(2)

b (A) 5.1411(1)

c(A) 18.7911(3)

B () 95.778(1)

V (A3) 1222.17(4)

z 4

u (mm-1) 2.67

Crystal size (mm) 0.25 x 0.12 x 0.11
Tinins Tmax 0.136, 0.766

No. of measured, independent and observed [I > 20(I)] reflections 10,209, 9291, 8725
R(ine ) 0.031

Refinement

R[F?> 20(F?)] ®, wR(F?) ¢, § ¢
No. of unique reflections

No. of parameters

Apmaxr Apmin (e AiB)

0.038, 0.108, 1.13
9291

176

1.25, -2.79

aR(int) = T(F2 - <Fo2>)] [E(Fo2).
Ry = Z||Fol-IFc|| /ZIFol.
WRy = {[EW(Fo2-F2)?] [[Sw(F.2 1}

dGoodness-of-fit S = [Zw(F,2 — F.2)2/(n — p)]'/2, where n is the number of reflections and p the

number of parameters.

MERCURY [40]. All absorption corrections were performed with the
REFDELF program [41]. All non-H atoms were refined anisotrop-
ically. The electron densities of the amine hydrogen atoms were
clearly identified in the difference density Fourier maps and their
atomic coordinates and isotropic displacement parameters were re-
fined. However, H atoms of cation cycles and periodate acid were
placed in the calculated positions. H atoms of water molecules
were positioned by the Cal-OH software [42].

2.3. Computational methods

The calculations were carried out by means of the DFT theory
[43] at the B3LYP/3-21G level. The geometrical parameters of (I)
has been fully optimized, vibrational analysis was performed at
each stationary point found, that confirm its identity as an en-
ergy minimum (number of imaginary frequencies = 0). The popu-
lation analysis has also been performed by the natural bond orbital
method (NBO) theory [44]. Gaussian09 software [45] was used for
all calculations.

2.4. IR measurement

Fourier-transform infrared (FT-IR) spectrum of the title com-
pound was recorded at room temperature with a Perkin Elmer FTIR
Spectrum Two, using attenuated total reflection (ATR) mode. The
FT-IR spectrum was collected in the wavenumber range of 4000-
400 cm~! during 32 scans, with a resolution of 2 cm~!. The sam-
ple was mixed with KBr (spectroscopy grade), finely ground, and
pressed into pellets.

2.5. Micrographs and X-ray microanalysis

The morphology of crystals was observed by a scanning elec-
tron microscope (SEM, JEOL 6360) operating at 30 kV, and
equipped with an energy-dispersive X-ray microanalysis system
(EDXMA, Inca Energy 200).

Table 2

Selected hydrogen bonds parameters (A, °).
D—H..-A D-H(A) H--A(A) D.-A(A) D—H---A(°)
05—H5...N3i 0.82 1.94 2.757 (2) 171
04—H4.-.-01! 0.82 1.83 2.621 (2) 163
03—H3...02i 0.82 1.82 2.616 (2) 162
06—H6..-01 Wi 0.82 1.91 2.712 (2) 166
N1—-H1...02" 0.86 1.83 2.667 (2) 163
N9—H9---02WV 0.86 1.90 2.737 (3) 166
N6—H2N---01WVi 0.84 2.13 2.957 (2) 162
N6—H1N...N7Vii 0.92 2.02 2.898 (3) 157
O1W—H1W...06Viii 0.85 213 2925(3) 154
02W—H4W...02Wix 0.85 2.39 3.038 (3) 132

Symmetry codes: (i) x, y — 1, z; (ii) x, ¥y + 1, z; (iii) -x + 1, -y + 1, -z
(iv) —x+%, y+'%, —z+%; (V) =X + 3/2, Y+, —z+Vs; (Vi) X—Y5, —y+'%, z+Y; (vii)
X+ 1, =y, =z + 1; (viii) —x + 1, =y, —z; (iX) =X + 3, y—¥4, —z+%.

3. Results and discussion
3.1. Description of crystal structure

Adeninium orthoperiodate (1-) bis (hydrate) crystallizes in the
P2{/n centrosymmetric space group belonging to monoclinic crys-
tal system. Crystallographic data, measurements and refinement
details for (I) are presented in Table 1. The bond lengths and angles
are given in Table S1 whereas hydrogen bonding interactions that
stabilize the crystal structure are listed in Table 2. The asymmet-
ric unit of (I) consists of one protonated adeninium organic cation
(CsHgNs ™), one orthoperiodate (1—) anion (HylOg)~ and two wa-
ter molecules as shown in Fig. 1. The adeninium cation in this
compound is monoprotonated at N1 atom. This is reflected in en-
largement of the C-N-C bond angle at the protonation site N1.
The [C6-N1-C2 = 123.44(15) °] internal angles is significantly in-
creased from the reported values of 119.8° for unprotonated ade-
nine [46]. This protonation enlarges the C-N-C angle by +3.64°
(see Table S1). The cation adopts the most common 1H, 9H-
adeninium tautomer [47-49]. The adenine base is nearly planar,
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Fig. 2. Adenine structure showing the numbering scheme and the Watson-Crick,
Hoogsteen and sugar faces.

with an r.m.s. deviation from the least-squares plane through the
nine atoms of the base (C6/N1/C2/N3/C4-C5/N7/C8/N9) of 0.002 A.
The maximum deviation from this mean plane is 0.0221 (2) A for
atom N1. The six oxygen atoms of the orthoperiodate anion occupy
the corners of a slightly distorted octahedron with iodine near the
center. Four of the oxygen atoms are directly linked to the hydro-
gen atoms. For these four oxygen atoms the average distance to the
central iodine atom is 1.9027(16) A with I—O bond lengths rang-
ing from 1.8947(17) to 1.9147(17) A. For the two remaining oxygen
atoms, the [-01 and [-02 distances are much shorter; 1.8104(12)
and 1.8182(12) A, respectively

Adenine ensures crystal cohesion via its multiple functional
groups. The external amine group and the two imidazole and
pyrimidine rings of adenine have a strong property to build bridges
via hydrogen bonds. The N atoms of Adenine molecule are assigned

in Fig. 2 according to [IUBMB nomenclature to facilitate the descrip-
tion of the structure analysis.

The crystal structure of (I) has an arrangement that can be
described as being composed of planes constituted by adeninium
cations, orthoperiodate anions and water molecules leading to the
formation of parallel chains extended along the b-axis direction. It
is interesting to note the presence of adeninium-adeninium self-
association base pairs in the title compound. The formed cationic
dimers are situated on the vertices and in the middle of the
unit cell (Fig. 3b). Hydrated orthoperiodate anion are also forming
chains along the b-axis. The crystal packing displays an alternat-
ing cationic and of anionic layers parallel to the plane formed by
b and a+c directions (Fig. 3a). The orthoperiodate anions deploys
also zigzag chains along the c-axis (Fig. 3a).

Water molecules play an important role in stabilizing the crys-
tal packing, they contribute to bridge the two layers via O2W—
H4W.--02W hydrogen bonds with H.--O distance of 3.038 A (Sym-
metry code: (ix) —x+3 12 Y="» —2z+"). The combination of these
interactions gives rise to a chain described by the C}(Z) graph set
along the b-axis (Fig. 5).

From the variety of bidentate hydrogen-bonded base pairs
which can be formed by adeninium cations, only one is ob-
served in the structure of (I): a centrosymmetric trans Hoog-
steen/Hoogsteen edge pair with two N6—HIN..-N7 (Symmetry
code: (vii) —x+1, —y, —z+1) interactions thereby generating a ho-
mosynthon R2(10) hydrogen-bonding motif [33] (Fig. 4). This ho-
mosynthon R%(lO) motif that mimics the Hoogsteen pattern has
been observed in similar adenine-based hybrid compounds formed
with different oxoanions, namely; bis adeninium dinitrate mono-
hydrate [36], adeninium perchlorate adenine dihydrate [50] and
adeninium perchlorate [51]. Despite the fact that the adeninium-
anion supramolecular heterosynthon motifs are one of the clas-
sic motifs frequently observed in similar structures [52], we how-
ever note their total absence in the title compounds. Moreover,
it should be noted that the planar edge-to-edge Ade-Ade non-
Watson-Crick base pairing in the trans-sugar/sugar homosynthon
mode is not present in (I) although it is commonly observed in
similar adeninium-based structures [53,54].

Atom N1 and atom N6 from Watson-Crick edge are exposed to
periodate anions via N1—H1-.-02 (Symmetry code: (iv) —x+Y, y+%,
—z+'%) hydrogen bonds and water molecules via N6—H2N..-O1W
(Symmetry code: (vi) x—', —y+Y%, z+) hydrogen bonds. On an-

Fig. 3. Projection of the (I) structure (a) along the crystallographic a-axis (For more clarity, the water molecules O1W are drawn in blue and O2W in yellow, the organic
cations are drawn in red and the anionic octahedra in purple) (b) along the b direction showing the formation of parallel layers. Dashed lines indicate intermolecular
interactions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 5. Partial packing view of the title compound, showing the formation of R3(8) rings motifs through O-H---O hydrogen bonds established between anions and two infinite

chains C}(2) and C3(5).

other side, atom N9 and atom N3 from the sugar edge are com-
bined with periodate anions via O5—H5.--N3 (Symmetry code: (i)
X, ¥y—1, z) hydrogen bonds and water molecules via N9—H9..-02W
(Symmetry code: (v) —x+3 12> y+*) hydrogen bonds (Fig. 4). Fur-
thermore, adeninium cations, orthoperiodate anions and water
molecules are interconnected to gives rise to twelve membered
chains described by the Cg (12) graph set motif along the a-axis
(Fig. 4). In addition, the combination between these three enti-
ties by means of intermolecular interactions also produces four dif-
ferent graph-set motifs denoted R3(10), R}(12), R&(22) and R1$(28)
which are clearly depicted in Fig. 4. All these motifs are positioned
around the symmetry inversion center located in the middle of the
R%(lO) motif formed by the adeninium-adeninium self-association
base pairs (Fig. 4).

It is important to remark that the adeninium cations show aro-
matic stacking, essentially with the symmetry related molecules
(1-x,1-y,1-z). There is also stacking between the adeninium and the
NH, part (atom N6) related by translation b (See Fig. 6b, Fig. S2).
The distance between two adeninium moieties related by (1-x,1-
y,1-z) inversion center is d=3.440(16) A. For the parallel displaced

stacking (translation along short axis b = 5.141 A), the interplanar
distance is 3.317(18) A and the displacement is 3.93 A.

The crystal packing is also maintained by two strong O-H.--O
[03—H3--02= 2.616 (2) A and 04-H4.-01= 2.621 (2) A] hydro-
gen bonds established between anions leading to the formation
of R%(S) ring motifs which run parallel to the b-axis (Fig. 5).
Also, the combination between anions and water molecules via
06-H6--01W and O1W—H1W...06 hydrogen bonds gives rise to
an five membered chains described by C%(S) graph set along the
same direction (Fig. 5).

3.2. Hirshfeld surface analysis and contacts enrichment ratio

Analysis of intermolecular interactions using the Hirshfeld sur-
face (HS) was undertaken to gain a better understanding of the
three-dimensional crystal packing of (I). The Hirshfeld surface was
computed with the MoProViewer software [55]. The decomposed
two-dimensional fingerprint plots (Fig. 7) were calculated using
Crystal Explorer 3.1 software [56]. The contact enrichment ratio Exy
[57] between chemical species X and Y was obtained by compar-
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Fig. 6. View of Hirshfeld surface at the interface between the cation shell and the orthoperiodate/water shell. The view is a crystallographic Autostereogram [58]). The first
shell of molecules in front of the surface is shown. The surface is coloured according to the atom type which is behind.
(a) red: oxygen, dark blue: nitrogen, light blue: Hn hydrogen, gray: Hc hydrogen.
(b) red: oxygen, gray: Ho hydrogen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 7. 2D fingerprint plots of the HS (a) around the adeninium cation (b) around the periodate anion; the areas of different intermolecular contact types are clearly shown.



R. Benali-Cherif, R. Takouachet and W. Falek et al./Journal of Molecular Structure 1224 (2021) 129034 7

Table 3

Statistical analysis of intermolecular contacts on
the Hirshfeld surface. The second row shows the
chemical content on the Hirshfeld surface. Cyy
represent the actual contact types and Eyy their
enrichment ratios. Reciprocal contacts (XY and
Y---X) are merged. The main contacts and the most
enriched ones are highlighted in bold. The more
hydrophobic Hc hydrogen atoms bound to carbon
were distinguished from the polar H atoms bound
to nitrogen or oxygen (Ho/n).

atom C Hc N 0 Ho/n
% 114 71 9.6 334 369
C 2.1

Hc 0.9 0.4

N 53 0.4 1.0

0 5.6 8.3 0.9 2.3

Ho/n 6.0 3.0 94 425 838
C 1.72

Hc 057 0.78

N 259 03 1.17

(6] 082 197 0.16 0.24

Ho/n  0.68 0.5 126 1.69 054

ing the actual contacts Cxy in the crystal with those computed as if
all types of contacts had the same probability to form. The chemi-
cal nature of contacts and their enrichment in the crystal structure
are shown in Table 3. For both softwares, the Hirshfeld surface was
computed on the asymmetric unit made of moieties in the crystal
packing that are not in contact with each other in order to ob-
tain an integral surface around each entity (anion, cation, water
molecules).

The visualization of the Hirshfeld three-dimensional surface of
compound (I) is shown in (Fig. S4). The deep red spots on the
dnorm Hirshfeld surfaces indicate the close-contact interactions,
which are mainly responsible for the significant intermolecular
0-H---0 and N-H---O hydrogen bonds.

The Hirshfeld surface fingerprint plots of various intermolecu-
lar contacts generated for the adeninium cation and periodic acid
are depicted separately in Fig. 7a and b. The decomposed finger-
print plots include the reciprocal X---H contacts in which X atom is
located inside (de < d;) the generated HS.

The contributions of H.---H contacts to the total Hirshfeld sur-
face for both the cation and anion moieties appear in the middle
of the scattered points in the two-dimensional fingerprint maps.
These contacts have an important contribution to the HS and rep-
resents 27.7% for adeninium cation and 18.6% for orthoperiodate
anion. For the adeninium cation we observe the presence of the
shortest H--H contacts in the packing, at ca 1.92 A corresponding
to the N6-H2N..-HIW—0O1W interaction. The conspicuous presence
of strong O-H.---O hydrogen bonds [03-H3.--02 and 04-H4..-01]
for the orthoperiodate anion, results in the occurrence of two long
sharp spikes with a considerable contribution of H--O and O---H
contacts corresponding to 65.8% of the total HS areas. The presence
of this long spike is characteristic of strong hydrogen bonds as in-
dicated by the shortest O---H contacts of 1.69 A associated with the
cation—anion N1—H1-.-02 interactions. It is important to note that
these interactions appear as a sharp spike in the upper part of the
adeninium 2D fingerprint plots and represents 21.9% of the total
HS areas.

The N---H/ H---N contacts of the adeninium cation, with a contri-
bution of 25.1% appear as two sharp spikes, with the closest con-
tacts of 1.783 A. These contacts are assigned to the N3...-H5-05 in-
teraction between the N3 atom of the pyrimidine moiety of ade-
nine base and the H5 hydrogen of the orthoperiodate acid. From
the 2D plots of the anions, we observe that the contribution of
these contacts is less significant and it represents only 6.4%.

C---H/H---C is another significant interaction observed in the fin-
gerprint plots of the adeninium cation. Moreover the C.--N/N...C
contacts reach 7.5% on the HS areas and correspond to aromatic
stacking interactions.

The intermolecular interactions in (I) were further evaluated by
computing the enrichment ratios (E) in order to highlight which
contacts are over-represented and are likely to represent energet-
ically strong interactions and the driving force in crystal forma-
tion (Table 3). The polar atoms O and hydrogen Ho/n constitute
70.3% of the Hirshfeld surface. More than half of the contact sur-
face is constituted by the O.--H/H.--O contacts with the strong H-
bonds O---Hn/o representing at 42% the most abundant contact
type. Globally the polar contacts, involving only O and Ho/n, rep-
resent 53.6% of the surface. The N--C contacts represent less than
5.5% of the contact surface but are, by far, the most enriched at
Eyn,c = 2.59, due to extensive parallel displaced stacking between
adeninium cations. The O--Hc weaker hydrogen bonds constitute
the third largest interaction surface and have the second largest
enrichment (E = 1.97). The Ho/n---O contacts show a high enrich-
ment (E = 1.69), they corresponds to eight hydrogen bond (Table 2)
and can be considered as one of the driving force in the formation
of the packing. The hydrophobic C.--C contact are rare but quite en-
riched at Ecc = 1.72 due to stacking between the pyrimidine and
imidazole moieties of the cations (Fig. 6b).

3.3. Energy dispersive X-ray spectroscopy (SEM/EDS)

SEM pictures (Fig. 8A and B) give topographic information on
the sample. These pictures clearly show that the crystals have a
needle shape. This morphology is compatible with the monoclinic
structural description obtained from the single crystal diffraction
experiment.

SEM pictures by back-scattered electrons (Fig. 8C and D) have
good sensitivity to chemical homogeneity and chemical compo-
sition. One can clearly observe the homogeneous contrast of the
analysed samples, which indicates that the synthesized compound
is a single phase.

The EDX spectrum (Fig. 9) demonstrates that the new com-
pound consists of lodine (I), Oxygen (O), Nitrogen (N) and Carbon
(C) at concentration levels of 6.83%, 17,25%, 30.03% and 45.88%, re-
spectively. These results indicate that the adeninium orthoperio-
date (1-) bis(hydrate) hybrid compound was successfully synthe-
sized.

3.4. FTIR study

FTIR is a very powerful technique to detect the inter/intra-
molecular interactions within crystal systems. It is very sensitive
to the formation of hydrogen bonds that may stabilize the crys-
tal structure. In such systems, the spectrum of the sample will re-
veal the appearance of new bands, displacement and | or enlarge-
ments of existing bands in comparison to non-developing hydro-
gen bond systems spectra. These differences will depend on the
nature of intermolecular interactions, their number and their rela-
tive strengths.

In the 3700-2500 cm~! region, the sample spectrum presents
a wide band with a maximum at 3250 cm~! and a shoulder at
about 3462 cm~!. The width of this band as well as its non-
symmetrical shape indicate the presence of different types of hy-
droxyl groups of both water molecules and orthoperiodate (1-)
anion which can develop different forms of associations through
hydrogen bond with the adeninium organic cation. Furthermore,
the shoulder at 3462 cm~! is assigned to the stretching vibration
of the NH, groups, while the bending mode of these groups ap-
peared at 1685 cm~'. It is well known that the amine groups of
the adenine content are involved in different types of hydrogen
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Fig. 8. SEM images of adeninium orthoperiodate (1) bis (hydrate) compound. (A) and (B) by secondary electrons, (C) and (D) by back-scattered electrons.
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Fig. 9. Energy-dispersive X-ray spectrum (EDS) of adeninium orthoperiodate (1-)
bis (hydrate) compound.

bonding. The presence of the broad hydroxyl band prevents the
observation of the displacement of the amine band resulting from
these associations. Another band arising from the contribution of
the scissor modes of the NH, groups is situated at 1653 cm~!
while the contribution of the stretching vibration of C=C groups
was observed on the low-frequency side at 1608 cm~!. In the fin-
gerprint region, a few small features appeared in the spectrum re-
sulting from various in-plane bending modes. The peaks observed
from 1465 to 1169 cm~! are related to the bending vibration of
C-H groups. The experimental and theoretical FT-IR spectra of (I)
are depicted in Fig. 10. The main experimental and theoretical vi-

2966
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Fig. 10. Experimental and theoretical FT-IR spectra of (I).

brational frequencies of the title compound, along with the corre-
sponding vibrational assignments are given in Table 4.
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Table 4

Attribution of some principal bands observed on the FTIR spectrum.

Observed Wavenumber (cm~')

FT-IR FT-IR

Exp DFT Assignement

3522 3617.29 Antisymmetrical stretching mode of NH,

3462 3517.68 Symmetrical stretching mode of NH,

3123 2778.23 Stretching mode of (N9-H) groups

3080, 3297.60 (C8-H stretching) Stretching mode of (C8-H) or (C2-H) groups

2990 3243.47(C2-H2 stretching)

1685 1604.50 C=N stretching mode

1608 1423.60 C=C stretching mode

886 947.64 Out-of plane bending of (N9-H) groups
Table 5

Some bond lengths (A) and bond angles (°) in the experimental (X-ray) and optimized struc-

ture (DFT) of (I) compound.

Bond lengths (A)  X-ray DFT Bond angles (°)  X-ray DFT
C6—N6 1.318 (2) 1.342 N6—C6—N1 120.24 (16)  121.74
C6—N1 1.363 (2) 1.379 C2—N1-C6 123.44 (15) 12235
N1-C2 1.353 (3) 1.395 N3—-C2—N1 125.16 (18)  123.06
N3-C2 1.302 (3) 1.304 C2—N3-C4 112.74 (16)  113.01
N3-C4 1.352 (2) 1.368 N3-C4-C5 126.56 (15)  125.33
C5-C4 1.383 (2) 1.424 C4—-C5—-C6 118.16 (16)  119.76
C6—C5 1.404 (2) 1.398 N1-C6—C5 113.87 (15) 11443
C4—N9 1.356 (2) 1.359 N9—-C4—-C5 106.01 (16)  106.68
N9—-C8 1.354 (3) 1.372 C8—N9—C4 106.43 (16)  106.22
N7-C8 1.320 (3) 1.334 N7—-C8—N9 113.67 (18) 114.18
11-01 1.8104 (12) 1.9565 C8—N7-C5 103.49 (17)  102.62
11-02 1.8182 (12) 1.8662 N7-C5-C4 110.40 (15)  109.71
11-05 1.8947 (17)  1.9666

11-04 1.9008 (15)  2.0517

11-03 1.9009 (15)  1.9684

11-06 1.9147 (17)  1.9447

3.5. DFT quantum chemical calculations

3.5.1. Geometry optimization

The important calculated geometrical parameters including
bond lengths and bond angles as compared with the experimen-
tal results have been compiled in Table 5. The bond lengths ob-
tained from DFT calculations are slightly larger than the experi-
mental values, while about the bond angles no specified trend was
observed. The small differences between the calculated and ob-
served geometrical parameters can be assigned to the fact that the
theoretical calculations were carried out with isolated molecules in
the gaseous phase whereas the experimental values were based on
molecules in the solid state (crystalline state).

3.5.2. Frontier molecular orbital analysis

The highest occupied molecular orbital (HOMO) and the low-
est occupied molecular orbital (LUMO) for (I) are sketched in
Fig. 11 and the calculated atomic charges are shown in Fig. 12. The
HOMO-LUMO analysis was performed to visualize frontier molec-
ular orbitals as well as to examine the charge transfer within the
studied compound. The LUMO represents the ability to accept an
electron, while HOMO represents the ability to donate an elec-
tron. The difference of energy between HOMO and LUMO is called
HOMO-LUMO energy gap, AEy.

The ability of charge transfer interactions within molecule can
be explained by the HOMO-LUMO energy gap [59,60]. The small
energy gap between HOMO and LUMO leads to effective electronic
charge transfer from donor groups to acceptor groups, making the
molecule highly polarizable. If the molecules have a very large
AEhomo-Lumo band gaps should be less reactive than one hav-
ing a smaller gap [61]. The HOMO is localized on the orthoperi-
odate anion and the two water molecules while LUMO is delocal-
ized to adeninium cation; orthoperiodate anion and only one water

A ELI.'.\IO =-0.068 eV

AE =0.163e¢V

2 2

S
<05

9

2
9
)

v EHO.\](): -0.231 eV

Fig. 11. The frontier molecular orbitals of (I).

molecule. The small LUMO-HOMO energy gap (0.163 eV) indicates
that the molecular structure of (I) may suggest a high chemical re-
activity [62] and is very favourable for charge transfer.

3.5.3. Natural bond orbital (NBO) analysis

NBO analysis stresses the role of intermolecular orbital inter-
action especially charge transfer within the studied compound.
This is carried out by considering all possible interactions between
filled donor and empty acceptor. NBOs and estimating their en-
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Table 6

The main bond distances, occupancies and relative contribution (%) of hybrid atomic orbitals of optimized structure of (I).
Aims bond  Distances (A) (bond order)  Occupancy (%) of atoms in bond Hybrid  AO (%)
11-02 1.866(1.00) 1.917 47.87% 1, 52.18%0 sp!939 $(19.94%) p(95.10%) d(0.00%)
11-03 1.956(1.00) 1.908 39.55% 1, 60.45%0 sp190 $(03.71%) p(99.25%) d(0.00%)
C15-N16 1.379(1.50) 1.986 37.89% C, 62.11%N sp!76 $(36.24%) p(63.76%) d(0.00%)
C15-N18 1.342(1.50) 1.992 40.01%C, 59.99%N sp!s7 $(38.95%) p(61.05%) d(0.00%)
C22-N20 1.304(2.00) 1.870 40.01%C, 41.74%N sp'00 5(00.00%) p(100.0%) d(0.00%)
C21-N25 1.349(1.50) 1.793 39.47%C, 60.53%N spl00 $(00.00%) p(100.0%) d(0.00%)
C27-N24 1.354(1.50) 1.987 39.42%C, 60.58%N spl9  s(34.12%) p(65.88%) d(0.00%)
C27-N25 1.392(1.00) 1.985 38.50%C, 61.50%N sp2%  5(32.44%) p(67.56%) d(0.00%)
C27-H28 1.075(1.00) 1.988 62.19%C, 37.81%H sp'66 s(37.57%) p(62.43%) d(0.00%)
€19-C21 1.424(1.50) 1.977 51.21%C19,48.79%C21  sp'%° s(33.48%) p(66.52%) d(0.00%)
C19-N24 1.378(1.50) 1.977 43.33%C, 56.67%N sp>%2 5(33.48%) p(66.52%) d(0.00%)

Fig. 12. The calculated atomic charges in (I).

ergetic importance by second-order perturbation theory. For each
donor NBO (i) and acceptor NBO (j), the stabilization energy E(2)
associated with electron delocalization between donor and accep-
tor is estimated as:

E;)?
E@ — g. ( LJ 1
s (1)

In NBO analysis, a large E) value shows the intensive interac-
tion between electron-donors and electron-acceptors and greater
the extent of conjugation of the whole system.

From Table 6, the C22-N20 and C21-N25 bond are formed by
sp'90 hybrid orbital, constituting from 100% p orbital contribution.
Consequently, the maximum occupancy values of interacting NBOs
of (I) suggest that the p-character of the hybrid orbitals controls
mainly the interacting NBOs.

It is clear from Table 7 that second-order perturbation theory
analysis of Fock matrix in NBO basis, otherwise called stabilization

Table 7
Second order perturbation theory analysis of the Fock matrix in NBO basis of opti-
mized structure of (I).

Donor Acceptor Ex2)2 EG)-EG)®  F(i,j)*
(i) Type 6)) Type (Kcal/mol)  (a.u) (a.u)

03 LP(2) 012—-H14 o 33.94 0.83 0.151
03 LP(2) H32 LP<(1) 22276 0.49 0.318
04 Lp(2) 031—H33 o’ 41.73 1.00 0.183
012 LP(2) 08—H9 o 91.03 0.63 0.214
N20 LP(1) 06-—H7 o 38.09 0.69 0.147
C15—N16 o N20—-C22 o 24.90 0.36 0.087
N18 LP(1) C15—N16 o 89.28 0.19 0.129

Concerning the (a.u) unit it represents atomic unit.
* Only interactions with highest energy (strongest stabilization) are listed.
2 E) means energy of hyper conjugative interaction (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
¢ F(i,j) is the Fock matrix element between i and j NBO orbitals.

energies or interaction energies of all interacting NBOs of (I) shows
strong intramolecular interactions.

The important interaction in this molecule is the interac-
tion LP(2)012—0*08—H9 (91.03 Kcal/mol) which is responsible
for intermolecular hydrogen bonding between 012 and O8—H9
atoms. Also, the non-bonding interactions LP(2)03— LP*(1)H32
(222.76 Kcal/mol) increase the stability of the molecular structure
of (I.

The interaction LP(2)04— 0 *031—H33 (41.73 Kcal/mol) involves
the intermolecular hydrogen bonding and bridged 04 and H33—
O31atoms.

The other important interactions in (I) are: LP(1)N18—
0*C15-N16  (89.28 kcal/mol), and o¢C15—N16—0*N20—C22
(24.90 kcal/mol) which are related to the resonance in adeninium
cation.

3.5.4. Molecular electrostatic potential (MEP)
The complementarity of molecular electrostatic potentials
(MEP) is believed to be one of the most important factors influ-

Fig. 13. Molecular electrostatic potential (MEP) surface of (I).
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encing how molecules interact with each other [63]. Thus, investi-
gating the MEP generated by the charge distribution in the space
around a molecule is very constructive for the qualitative interpre-
tation of the electrophilic and nucleophilic reactions for the study
of hydrogen bonding interactions [64].

To predict the molecular reactive sites, the MEP map of the title
compound has been calculated and is shown in Fig. 13. It is seen
that the red color surface around orthoperiodate anion with neg-
ative MEP belong to high electron density and are related to elec-
trophilic attacks. The blue color surface around adeninium cation
corresponds to nucleophilic areas with lowest electron density.

4. Conclusion

In summary, we have described in this work the synthesis, ex-
perimental and theoretical characterization of a novel adeninium-
based organic-inorganic hybrid compound, formulated as CsHgNs.
HylOg. 2 H,0 (I). This compound crystallizes at room tempera-
ture in centrosymmetric monoclinic system with space group P
21/n. The atomic arrangement can be described as an alternation
of organic and inorganic layers which are parallel to the plane
formed by directions b and a+c. The orthoperiodate anions de-
ploys zigzag chains along the c-axis. The crystal packing of (I)
is governed by intermolecular O---H-N/O and N-H.--O H-bonding.
Interestingly, the three-dimensional hydrogen bonds network of
(I) presents a cyclic homosynthon R%(IO) motifs generated by
the adeninium-adeninium self-association base pairs. Furthermore,
adeninium cations, orthoperiodate anions and water molecules are
interconnected via C33 (12) chains along the a-axis and by means of
intermolecular interactions, producing four different cyclic motifs
R3(10), R3(12), R&(22) and RI3(28). In addition, one notes that the
aromatic stacking generated by the adeninium cations contributes
to the stabilization of the crystal packing.

We have shown that there are no adeninium-anion supramolec-
ular heterosynthon motifs, neither adeninium-adeninium non-
Watson-Crick base pairing even though they are commonly ob-
served in similar adeninium-based structures. The Hirshfeld sur-
face analysis, enrichment ratio (E) and fingerprint plots provide
more detailed examination by displaying all the intermolecular in-
teractions in the crystal. These analyses show that the main con-
tributions to the Hirshfeld surfaces areas are provided by O---H
interactions (65.8%) for orthoperiodate anions and H---H contacts
(27.7%) for adeninium cations.

The FT-IR spectroscopy was used for the characterization of
the synthesized compound and confirms the presence of organic
and inorganic entities, while the chemical composition of (I) has
been confirmed by semi-quantitative EDX analysis. The structural
and vibrational spectra calculated by DFT/ B3LYP/3-21G method
are consistent with the experimental data. The calculated energy
gap of 0.163 eV indicates the chemical reactivity and kinetic sta-
bility of (I) as well as the charge transfer process taking place
within its molecular structure. The complementary Molecular Elec-
trostatic Potentials (MEP) evaluation of (I) showed that the neg-
ative potential area is concentrated around orthoperiodate anion
while the positive potential region is mainly localized over the
adeninium cation. NBO analysis confirms the existence of intra and
inter-molecular hydrogen bonding interactions in (I).

Our study shows that (I) is very promising, therefore we plane
to perform additional investigations to explore and try its potential
usefulness and fruitful application in multiple fields.

Appendix A. Supplementary data

CCDC No. 1,974,604 for compound (I) contains the sup-
plementary crystallographic data for this paper. The data can
be obtained via www.ccdc.cam.ac.uk/datarequest/cif by e-mailing
data_request@ccdc.cam.ac.uk or by contacting the Cambridge Data
Cente, 12 Union Road, Cambridge, CB2IEZ, UK.
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