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A B S T R A C T

In this study, (R)-9-(2-hydroxy propyl)adenine (HPA) is the molecule of interest for investigation. The XRD from
single crystal of HPA has been used to extract its structural features. Since HPA crystallised in a non-centro
symmetric space group P212121, its NLO property was studied and it was found to exhibit very good SHG ac-
tivity. To explore the intermolecular interactions the generated Hirshfeld surface has been investigated along with
2D-fingerprint plots. The experimental electronic and NMR spectra taken in the UV-visible and radio frequency
regions respectively for HPA have been corroborated in correlation with theoretical predictions at Density
Function Theory using 6-311þþg (d, p) basis set. The experimental XRD geometrical parameters, chemical shifts
of 13C and 1H and λmax values of HPA fit satisfactorily with the corresponding theoretically obtained numerical
values as well as the stimulated spectrograms with the experimental ones. Further to explore the electronic
structure, the MESP surface has been generated and investigated. The thermodynamic, kinetic and chemical
reactivity features have been explored by means of frontier molecular orbitals of HPA.
1. Introduction

One of the important constituent aromatic bases of the nucleic acids
DNA and RNA is the purine nucleobase adenine [1]. In RNA, adenine is
attached to ribose sugar forming the nucleoside adenosine, whereas in
DNA, it is bonded to deoxyribose sugar giving the nucleoside deoxy-
adenosine. Adenosine linked sequentially to three phosphoryl groups
forming adenosine triphosphate has the key role in cellular metabolism
involving chemical reactions of energy transformations. The biological
activities, especially the antiviral and the restriction in the proliferation
of cancer cells, are the criteria for the prevailing research interest on
adenine and its derivatives [2]. The effect of a variety of new purine
nucleosides and their derivatives on cancer [3, 4, 5, 6], viruses [7] and
their potent hypoglycaemic activity [8] exhibit their importance in the
field of structural biology.

In the cancer treatment by gene therapy [9, 10] acyclic nucleoside an-
alogues are widely used. In antiviral chemotherapy the main focus is that
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the newly designed nucleoside analogues should only inhibit virus repli-
cation without any impediment on the normal cellular processes [11].

Reverse Transcriptase studies show that adenine moiety holding a
side chain of two carbon atoms at 9th position has been proved to be
inactive against HIV-1, for example 9-[(RS)-2-hydroxy propyl]adenine
does not have antiviral activity at all [12], while moderate activity has
been confirmed if 3-hydroxypropyl unit is present at 9th position. Recent
investigation [13] established the fact that R configuration has shown
more inhibitor activity. Moreover the role of 9-(2-hyrdroxypropyl)
adenine (HPA) as a fake substrate in the case of Varicella zostervirus
thymidine kinases andherpes simplex virus has been revealed through
docking studies [14].

In the enzyme-inhibitor complex formation stereo selectivity is an
important factor in the case of 9-substituted adenines having a chiral
centre [15, 16, 17] and it is evident that the S-enantiomer of 9-(2,
3-dihydroxypropyl)adenine, has blocked the duplication of a number of
DNA and RNA viruses, for example vesicular stomatitis, herpes simplex,
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Table 1. Detailed Crystal data values of HPA.

Crystal Data HPA

Formula C8 H11 N5 O

CCDC number 1421496

Formula Wt. 193.22

Crystal System Orthorhombic

Space group P212121 (No. 19)

a (Å) 4.6193 (1)

b (Å) 13.0277 (4)

c (Å) 15.3429 (5)

α, β, γ (�) 90, 90, 90

V (Å3) 923.32 (5)

Z 4

D (calc) [g/cm3] 1.390

μ(MoKα)[/mm ] 0.099

F (000) 408

Crystal Size (mm) 0.30 � 0.30 � 0.35

Temperature (K) 293

Radiation (Å) MoKα 0.71073

Theta Min-Max [Deg] 2.7, 25.0

Tot., Uniq. Data, R (int) 8639, 1631, 0.030

Observed data 1560

Nref, Npar 1631, 140

R, wR2, S
min hkl
max hkl
GooFS on F2

0.0248, 0.0661, 1.09
-5 -15 -18
5 15 18
1.086
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vaccinia and measles. Thus the compound 9-[(2-hydroxyethoxy) methyl]
guanine (acycloguanosine) similar to the above one showed selective
inhibitory activity to herpes viruses. The anti-herpes activity of acyclo-
guanosine takes place via the phosphorylation of acycloguanosine to
tri-phosphate in the herpes-attacked cells, which then blocks the herpes
virus DNA polymerisation more than cellular DNA synthesis. The
(R)-9-(l-hydroxy-2-alky1) adenine and (S)-9-(2-hydroxypropy1)adenine
are found to have improved inhibitory action on adenosine deaminase
over their respective enantiomers [18, 19, 20, 21].

To combat against HIV, adenosine monophosphate, 9-[2 (phospho-
nomethoxy)ethyl] adenine and (R)-9-[2-(phosphonomethoxy)propyl]
adenine bearing acyclic moiety have been shown to be effective and
potential reagents [22, 23, 24] selectively. It has been reported [25] that
the binding of ligands having adenine residues with enzyme occurs
through hydrogen bond framework involving the donor residue near N1
and acceptor residues around 6-amino functional group.

In view of the above mentioned biological activities of adenine de-
rivatives, we hope the spatial disposition of HPA atoms, particularly in
the side chain, reported as in the case of 2-formylpyridine derivatives
[26] would be of much help in the investigations of HPA's biological
activities and for that reason, we did this investigation, by means of XRD
and spectral analyses, supplemented with theoretical tools, DFT and
Hirshfeld Surface through CrystalExplorer, as little work of these types of
studies were found in the literature survey except the crystal structure of
the Thymidine Kinase protein with racemic HPA [27].

2. Experimental details

The HPA obtained from Sigma-Aldrich, India has been dissolved in
ethanol and THF (v/v 1:1) mixture and heated to 40 �C with constant
stirring. After 30 min it was cooled to 25 �C. Colourless crystals were
found to separate after a couple of weeks, from the mother liquor.

For the collection of X-ray data, the instrument used was Bruker
Kappa APEX-II CCD diffractometer with monochromatic MoKα radiation
having a wavelength of 0.71073A. For integrating the collected data and
2

correcting for Larentz as well as polarization effects Bruker SAINT [28]
was then put into use. Multi-scan method by means of SADABS [28] was
invoked for absorption correction. The structure solution by direct
method had been obtained through SHELXS97 [29] software. The
refinement process had been carried out using SHLEXL97 [29] with full
matrix least squares on F2. For heavy atom refinement, anisotropic fac-
tors had been used. For the hydrogen atoms, they were geometrically
positioned on their carrier atoms and isotropic refinement was done. The
relevant XRD data and hydrogen bond framework informations have
been collected in Table 1 and Table 2. The crystallographic details have
been provided in the supplementary filesHPA.fcf containing the structure
factor information (S1), HPA.cif containing crystallographic information
(S2), HPA.checkcif.docx (S3) and HPA.sup.docx containing all the crys-
tallographic tables with titles and other information (S4).

To get 1H NMR and 13C NMR spectra Avance 300 MHz instrument
was used and the spectra were taken using (D6)-DMSO solvent. The
electronic spectral data were collected in SHIMADZU UV-2550 instru-
ment. For all the experimental X-ray and spectral data collection, the
instruments available at SAIF, IITM, Chennai, Tamil Nadu, India were
made use of. For the NLO measurements, the instrumental facility at B.S.
Abdur Rahman Crescent University, Chennai, Tamilnadu, India was used.

3. Computational details

In this investigation, for all computations, the state-of-art B3LYP of
Density Functional Theory (DFT), was followed [30] that had been imple-
mented through Gaussian 03W/09W [31, 32] suit of programmes. The
factors that DFT is computationally not demanding in spite of reliable
predictions made us to choose this level of computations inspite of its
inability to reproducedispersive forces accurately [33]. To account suitably
for orbital contraction in molecular environment, diffuse nature of
non-bonding electrons and shifting the centre of orbitals in small rings, we
had chosen the well-known 6-311þþg (d, p) basis set, which is more
adaptable in the valence region if hydrogen bond interaction is present.
Initial geometrical structure constructed from the XRD co-ordinates was
optimized invoking gradient geometry optimization with complete relax-
ation. The optimized geometry at stationary point had been characterised
by inspecting the absence of imaginary frequencies. Nuclear magnetic
shielding tensors of 1H and 13C-NMRhave been computed byGIAOmethod
at B3LYP/6-311þþg (d, p), including solvent effect through PCM option.
The gas phase as well as in the appropriate solvent (PCM model), vertical
electronic excitation calculations have been done with time
dependent-DFT. From the experimental and theoretical results, suitable
inferenceshavebeenarrivedat, after comparisonwithexperimental results.

4. Results and discussion

4.1. Crystal structure analysis of 9-(2-hydroxy propyl) adenine (HPA)

The asymmetric unit of the crystal holds only one HPA molecule in
orthorhombic space group P212121. The dihedral angle between the
adenine ringmoiety and the side chain hydroxy propyl unit is determined
to be 81.60 (8)�. The torsion angles -57.35 (15)� and -176.84 (12)� borne
by N9–C11–C12–O14 and N9–C11–C12–C13 frameworks respectively
and also -54.00 (16)� and 124.47 (13)� borne by C8–N9–C11–C12 and
C4–N9–C11–C12 frameworks respectively are the key factors of the
molecular conformation of HPA, with the 2-hydroxypropyl group
(–CH2–CHOH–CH3) attached to N9 of imidazole unit of HPA. The
following Figure 1 displays the ORTEP diagram of HPA.

The linking of N10 amino group to ring N3ii atoms (Symmetry code:
2-x,-1/2 þ y, 3/2-z) of adenine units of HPA with hydrogen bond inter-
action N–H…N results in intermolecular interaction among the neigh-
bouring HPAmolecules and this mode of connection with the said type of
hydrogen bond interaction prevailing throughout is the basis for the
formation of a supramolecular zig-zag chain in a plane. The N–H…O,
O–H…N and C–H…N hydrogen bond frameworks occurring between



Table 2. Hydrogen bond-metrics for HPA.

D–H....A [ARU] D–H H…A D…A D–H…A

(Å) (Å) (Å) (o)

N (10)–H (17)…O (14) [3456.01] 0.851 (14) 2.341 (14) 3.1366 (16) 155.8 (13)

N (10)–H (18)…N (3) [4655.01] 0.910 (15) 2.188 (15) 3.0790 (17) 166.2 (14)

O (14)–H (25)…N (7) [3556.01] 0.89 (2) 1.93 (2) 2.7676 (15) 156 (2)

C (8)–H (16)…N (7) [3456.01] 0.93 2.55 3.3686 (18) 148

Translation of ARU-code to Equivalent Position Code

i) [3556] ¼ 1/2 þ x, 1/2-y, 1-z

ii) [4655] ¼ 1-x, 1/2 þ y, 1/2-z

iii) [3456] ¼ -1/2 þ x, 1/2-y, 1-z

Figure 1. The ORTEP diagram of HPA (50% probability thermal displace-
ment ellipsoids).
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adjacent supramolecular chains generate two ring motifs, viz., R2
2 (7) and

R2
2 (10) as in Figure 2. The N–H…O and O–H…N connect amino N10 and

ring N7 atoms and hydroxy O14iii (symmetry code: -1/2 þ x, 1/2-y, 1-z)
atom of symmetry related HPA molecule in adjacent plane. The C–H…N
hydrogen bond framework bridges adenine C8–H group and ring N7iii

(symmetry code: -1/2þ x, 1/2-y, 1-z) atoms and hydroxy O14 groupwith
ring N7i (symmetry code: 1/2 þ x,1/2-y, 1-z) atom of HPA. The above
mentioned two ring motifs in turn generate R6

6 (31) motif, linking six
symmetry related HPA molecules together. The presence of such weak
and strong hydrogen bond interactions produce a two dimensional su-
pramolecular zig-zag sheet, propagating along b axis as shown in
Figure 3.

Further the aromatic off set π-π stacking interactions between five
(Cg1) and six membered (Cg2iv) (Symmetry code: (iv) -1þx, y, z) ring
Figure 2. Hydrogen bonds supramolecular assembly N–H…N, O–H…N, N–H…O and
-1/2 þ x,1/2-y, 1-z].
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cloud of adenine units of symmetry related HPA molecules lead to the
stabilization of zig-zag sheets (Figure 4), with the corresponding centroid
to centroid and perpendicular distances being 3.6057 (8) Å, 3.298 Å and
the slip angle is measured to be 24.64�.

Based on the hydrogen bond distances, O14–H25 … N7, N10–H18 …

N3andN10–H17…O14maybeconsideredas stronghydrogenbonds since
H… A distance is less than 2.4 Å in addition to the fact that the hydrogen
bond frame work is formed by two strongly electronegative atoms. The
hydrogen bond C8 – H16 … N7 may be considered as weak as the H … A
distance falls beyond 2.4 Å and involves only one electronegative atom
[34]. In the short and medium range hydrogen bonds, the electrostatic in-
teractions play a dominant rolewhich varies inverselywithH…Adistance.

4.2. Hirshfeld surface analysis of HPA

In general organic crystals are the resultants of intermolecular in-
teractions/contacts among the constituent molecular species and so to
have a clear insight into the various factors contributing to the crystalline
HPA, a Hirshfeld surface (HFS) of isovalue ¼ 0.5, for the chosen pro-
molecule (P) obtained from crystallographic cif file of HPA, has been
generated by means of CrystalExplorer 17.5 [35], based on the reported
Eq. (1) [36].

wAðrÞ ¼
X

i2molecule A

ρati ðrÞ
, X

i2crystal
ρati ðrÞ

¼ ρpromoleculeðrÞ
�
ρprocrystalðrÞ

(1)

The Hirshfeld isosurface carved by the isovalue of wA(r) ¼ 0.5,
mapped over the dnorm function of HPA (-0.610toþ1.290 arbitrary units)
C–H…N. [Symmetry codes: (i) 1/2 þ x,1/2-y, 1-z; (ii) 2-x,-1/2 þ y, 3/2-z; (iii)



Figure 3. Supramolecular zig-zag sheet appearance in 2-D view.
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from the CIF file, is shown below: dnorm is the sum of di þ de where di and
de are the normalised extensions from a chosen point on the HFS to the
inside and outside atoms correspondingly (Figure 5). The various colour
codes on the HFS indicate the type of interatomic contacts/interactions,
such as red, blue and white colours correspond to shorter, equal and
longer than summation of van der Waals radii of atom-pair in contact
[37]. For better visual effect of the promolecule within the HFS, surface
transparency is enabled. The de surface Figure 5 (a) indicates hydrogen
bond acceptor regions conspicuously, while the dnorm surface Figure 5 (b)
exhibits both the acceptor and donor regions as red spots, of course with
varied intensities. Figure 5 (c) and (d) represent the promolecule P being
surrounded by exterior molecules E1 to E6.

The atoms within 3.8 Å of the Hirshfeld's surface with all possible
intermolecular hydrogen bond interaction of types N–H...O, N–H…N,
O–H…N, C–H…O and C–H…N, etc., are also displayed and the intensity
of the red patches are proportional to the strength of the interaction
Figure 4. Stacking interaction binding adjacent sh
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energy, varying with H-bond distance and angle of H-bond framework.
The HPA promolecule within the HFS has some five potential sites for
intermolecular hydrogen bond interaction with the nearby surrounding
HPA molecules at the exterior of HFS, of which N3, N1, N7 and O14 are
acting as hydrogen acceptors with lone pair electrons, while N10 is
capable of donating H17 and H18 to O14 and N3 to the nearby HPA
molecules at the exterior of HFS in the crystal respectively. The various
hydrogen bond frame works with atom-pair distances and angles are
tabulated in Table 3.

4.2.1. 2D fingerprint plot
With a view to quantifying and delineating the type and nature of

intermolecular interactions/contacts, between the molecules inside and
outside of the HFS, a 2D plot has been generated in terms of (de,di) pairs
within 0.01Å, in which the fraction of points on HFS is a functional of de,
and di and thus enables to identify the type of interactions. The colour code
eets together. [Symmetry code: (iv) -1þx,y,z].



Figure 5. HFS (a) mapped with de; (b) mapped with dnorm; (c) and (d) promolecule P exteriorly surrounded by E1 to E6 molecules with hydrogen bond interactions in
green dotted lines.
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of the bin containing the (de,di) pairs is from blue through green to red. The
blue coloured area with dots of varied intensities represent all the possible
interactions across the HFS, both externally (de) and internally (di). The
fullfingerprint region (di¼ de¼ 0 to 2.4 Å) comprising all the strong/weak
interactions/contacts appears with nearly diagonal symmetry comprising
long spike type projections including smaller ones in between, at left
downside (Figure 6 (a-e)). The various possible combinations of atom-pair
interactions and the individual contributions to the overall interaction are
shown in the interaction-matrix Table 4. The major contributor to the
crystal packing is the short interatomic H…H interactions (46.9%) with
intense scattering as evident clearly from Figure 6 (b). Interestingly the
symmetric or asymmetric distribution of bins of X…Y/Y…X interactions,
over the HS can be found by inspecting the off-diagonal elements (X…X) in
Table 4. The entire interactions are covered fully in Figure 6 (a), while the
remaining 2D plots Figure6 (b-e) correspond to H…H, H…N, H…C and
H…O interactions with deviation from symmetric types because of dif-
ference in the quantum of interactions among the particular atom-pair,
inside and outside the reference point on the HFS, involving slightly
different environments within the crystal.

4.2.2. Interaction energy and energy framework
In the crystal system, the interaction energy is related to pair-wise

intermolecular interaction using unperturbed electron densities and
related properties as shown by Eq. (2) [39].

Etot ¼ Eele þEpol þEdis þErep ¼ keleE
0
ele þ kpolE

0
pol þ kdisE

0
dis þ krepE

0
rep (2)

For the interaction energy estimate we used the default CE-B3LYP
Table 3. Atom-pair distances and angles of H-bond framework from HFS analysis.

S.No. H-bond framework

1 N7…H25–O14

2 N3…H18–N10

3 N10–H18…N3

4 N10–H17…O14

5 C12–O14…H17

6 N7…H16–C8

7 C12–O14…H16

8 N1…H19–C11

9 C12–O14…H21

* Van der Waals radii summation of H (1.17) and O (1.40)→2.57 Å & H (1.17) and
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method, implemented in CrystalExplorer 17.5. We first created a clus-
ter of 15HPA by choosing all nearby molecules within 3.8 Å around the
promolecule at the centre. On analysing the various interacting pairs, we
found that the molecules exterior to the promolecule were in linear
parallel and orthogonal alignments. The various interaction energies of
promolecule with the specific nearby one with breakup details into
electrostatic, polarisation, dispersion and exchange repulsion, seem to be
the critical controlling factors in crystal packing and are shown in the
following Table 5.

The interaction energies above |15| kJ/mol alone are considered and
the same are exhibited in Figure 7, with dotted lines of interacting
molecules centroids.

The total interaction energy in between the centroids (around N5 of
imidazole unit) of promolecule and E1, E2 and E3 are -67.4 kJ/mol, -40.7
kJ/mol and -30.2 kJ/mol respectively and these values correlate very
well with the corresponding hydrogen bond framework. Moreover the
total interaction energy displayed is not exclusively the quantified
hydrogen bond energy, but it has the major share from the electrostatic
and dispersion energy components of Etot (interaction energy), the vital
parts in crystal packing.

The following Figure 8 (a) is the representation of Hirshfeld surface
mapped over the shape index from -0.989 to 0.996, having the visible blue
coloured convex and red coloured concave regions correlated to hydrogen-
bond donating and hydrogen–bond accepting moieties respectively, along
with the encircled regions involving the π…π contacts revealed by closely
spaced blue and red coloured tips of the triangles. Figure 8 (b) shows the
weak π….π stacking with flat HFS, encircled by red ellipse.
H-bond length* (Å) Angle (o) of H-bond framework

1.846 154.8

2.092 165.5

2.092 165.5

2.198 154.1

2.198 139.0

2.418 145.7

2.516 145.3

2.567 152.2

2.603 154.1

N (1.50)→2.67 Å [38].



Figure 6. (a) The full 2D fingerprint plot of HPA with delineation into individual. interactions (b) H…H, (c) N…H (d) C…H and (e) O…H.

Table 4. Percentage Breakup details of 2D fingerprint area of interactions
into individual type – for close contacts between atoms inside and outside
the HFS.
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4.3. NLO study

Kurtz-Perry powder method [40] was used to study the second
harmonic generation of the HPA crystal using the instrument QUANTA
RAY Model LAB – 170–10. When the powdered sample of the crystal
was illuminated with Q switched Nd: YAG LASER emitting a wavelength
of 1064 nm, the frequency doubling was observed by the emission of
green light of wavelength 532nm. The compound being organic, urea
was used as the reference material. The output energy for the sample
was found to be 11.8 mJ compared to the reference value of 9.56mJ.
Hence the SHG efficiency of the material is found to be 1.23 times
greater than urea. Despite the fact that the dipole moment of urea (3.9
D) is higher than that of HPA (3.1 D), the higher polarizability
(136.64a.u.) of the latter over the former (34.06 a.u.) supports the
HPA's SHG of 2.02 times of urea, based on the hyperplarizability (β)
estimates (β of urea ¼ 93.75 a.u. and HPA ¼ 189.65a.u.). Notwith-
standing the fact that NLO response is ~2 times that of the reference
6

urea in the theoretical estimate, the value of 1.23 times over urea in the
experimental evaluation, shows that HPA may be a good candidate in
NLO applications/optoelectronics.
4.4. Computational studies

4.4.1. HPA molecular structure analysis
Figure 9 exhibits the sequence of atom numbering adopted for HPA in

all theoretical computations in this study. Table 6 contains the selected
geometrical parameters of HPA obtained by theoretical and experimental
methods.

For neutral HPA, majority of theoretical and XRD structural param-
eters were found to be in good coincidence with one another. The
Pearson's positive correlation coefficients 0.9945, 0.9869, 0.92153 and
0.97232 in respect of bond lengths, bond angles, dihedral angles and all
the parameters put together respectively also support almost the one-to-
one correspondence between calculated and experimental geometrical
parameters. The reason for the variation of the calculated values from
those of experimental values is due to the neglect of the crystalline state
intermolecular forces. This results in the release of crystal packing force
causing the large deviation in dihedral angles.

The overlayed structures (green-experiment; red-calculated) are
shown in Figure 10 to illustrate the good agreement between theory and
experiment. The variations between selected pairs are shown for
comparison.
4.4.2. 1HNMR and 13CNMR spectral investigations

4.4.2.1. Aromatic hydrogen atoms. Figure 11 and Figure 12 show the
theoretical 1H and 13C NMR spectra of HPA while Figure 13 and
Figure 14 show their corresponding experimental spectra. A comparion
of the currently recorded spectra and the already reported spectra [41]
shows that the agreement between the two is good. Table 7 displays the
current experimental and theoretically calculated chemical shift values.
The Pearson's positive correlation coefficients 0.8683 and 0.9993 in
respect of 1HNMR and 13CNMR respectively also support the almost the
one-to-one correspondence between calculated and experimental NMR
values of HPA.

In accordance with theory H15 and H16 proton signals of aromatic
heterocyclic ring have been calculated to be 8.461 and 7.974 δ respec-
tively, satisfactorily coinciding with the observed values of 8.13 and 8.04



Table 5. Interaction Energies (kJ/mol)of the promolecule with the surrounding molecules within 3.8 Å from HFS(R - distance between molecular centroids in Å).

N Symop R Eele Epol Edis Erep Etot

2 xþ1/2, -yþ1/2, -z 5.09 -77.1 -17.5 -33.6 91.3 -67.4

1 x, y, z 4.62 -6.2 -4.5 -41.7 26.0 -30.2

0 x, y, z 13.03 0.7 -0.1 -0.4 0.0 0.3

1 -xþ1/2, -y, zþ1/2 10.11 0.4 -0.1 -1.5 0.1 -0.9

0 -xþ1/2, -y, zþ1/2 8.91 -2.1 -0.3 -6.0 2.3 -6.3

0 -x, yþ1/2, -zþ1/2 7.84 -38.8 -9.3 -19.1 38.5 -40.7

1 -xþ1/2, -y, zþ1/2 12.41 -0.3 -0.0 -0.2 0.0 -0.5

0 -xþ1/2, -y, zþ1/2 11.46 -0.1 -0.0 -0.4 0.0 -0.5

0 -x, yþ1/2, -zþ1/2 13.66 -0.2 -0.0 -0.1 0.0 -0.3

0 x, y, z 13.82 0.7 -0.0 -0.2 0.0 0.5

0 -x, yþ1/2, -zþ1/2 10.28 0.4 -0.1 -0.8 0.0 -0.3

1 xþ1/2, -yþ1/2, -z 8.28 -0.1 -0.1 -1.4 0.0 -1.4

0 -x, yþ1/2, -zþ1/2 15.19 -0.2 -0.0 -0.0 0.0 -0.3

0 -x, yþ1/2, -zþ1/2 7.74 -6.4 -1.3 -12.9 5.7 -15.4

Scale factors for B3LYP/6-31G (d,p: 1.057(kele), 0.740 (kpol),0.871 (kdis) and 0.618 (krep).

Figure 7. Interaction energy between the promolecule with outside HFS within 3.8Å. (a) with and without HFS, (b) promolecule's interaction with selected molecules
outside HFS.

Figure 8. Hirshfeld surface mapping over (a) shape index (-0.989 to 0.996) and (b) curvedness (-3.544 to 0.256).
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Figure 9. Atom numbering of HPA followed in computations.
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δ with errors of chemical shift values from the theoretical prediction
being for H15 ~4%, while for H16 only ~1%.

The dihedral angles H17–N10–C6–N1 and H18–N10–C6–C5
measured as 177.0o and 175.2o respectively show the near planarity of
the –NH2 group with the heterocyclic ring attached. In general the
resulting amino protons chemical shift values are in the range 3–8 δ in
experimental observations. This may be due to bonding of these protons
with electronegative N atom as well as exchange reactions with solvent
D2O. A close analysis of the experimental spectrum reveals that the two
proton singlet signal occurring at 7.18 δ is due to the amino protons H17
and H18. The occurrence of one signal is due their identical nature and
also due to their fast exchange reactions with D2O solvent. . But in
calculation these two amino protons are found to have .two different
chemical shift values namely 5.48 and 5.071 δ. The reason is the spatial
orientations of these two H atoms are associated with different chemical
environments during single molecule computation without rotation
about C6–N10 bond, unlike the real situation in the experiment.

4.4.2.2. Side chain hydrogen atoms. As expected, the methylenic protons
H19 and H20 of the acyclic side chain attached to N9 of imidazole ring
systemexhibited amultiplet resonance signalwith chemical shift values in
the range of 3.96–4.12δ, when measured in the instrument. The split
pattern signals of H19 and H20 of multiplets are explained by considering
the attachment of this unit (–CH2–) to the adjacent asymmetric carbon
holding –H, –OHand –CH3 groups,whichmakes this –CH2- dissymmetric/
diastereotopic,with each proton giving a doublet due to 2J coupling, these
in turn coupling with H21 (3J).The theoretically obtained chemical shift
values around 3.784 δ and 4.438 δ identified with H19 and H20 respec-
tively, with a difference in chemical shift value of ~0.7 δ, may be ascribed
to the different spatial disposition of the hydrogen atoms, experiencing
diverse magnetic environment during the computational process.

The chemical shift value 4.158 δ calculated quantum chemically is
assigned to asymmetric H21, which very much matches with the one
proton multiplet observed experimentally between 3.96 and 4.12 δ.
Normally alcoholic resonance signal would appear in the range of 0.5–5 δ
involving chemical exchange and hence the experimental chemical shift
of 5.03 δ has been associated with H25 of the hydroxyl group. But the
DFT estimate at a very low chemical shift of 1.156 δ contrary to the
experimental one at a much higher value may be attributed to frozen
status of H25 in the calculation.

As anticipated, the three methyl protons (H22, H23 and H24 attached
to C13) gave a doublet at 1.06 δ due to scalar coupling with H21 on
adjacent C12, revealing the identical chemical and magnetic environ-
ment because of the rotational frequency of the methyl protons around
C13–C12 bond. The neglect of aforementioned chemical equivalence of
methyl protons and the frozen nature of rotational frequency of the
methyl moiety in DFT calculation, lead to three different resonance sig-
nals at 1.387, 1.383 and 1.233 δ.
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4.4.2.3. Aromatic carbon atoms. Generally the aromatic carbon atoms
are expected to have chemical shift values in the range of 122.2 δ and the
heterocyclic aromatic carbon atoms higher than this value. Each of car-
bon atoms C2, C4, C6 and C8 having electronegative nitrogen atoms
flanked on both sides are also experimentally found to have higher
chemical shift values higher than 122.2 δ in the order, C6 > C2 > C4 >

C8. The same order is confirmed through calculated values, in spite of
their higher magnitudes. The C5, in the aromatic heterocyclic six
membered ring, surrounded trigonally by N7, C4 and C6, without ni-
trogen atoms on either side has the resonance absorption at a lower value
of 118.5 δ and is consistent with the relatively lower value of 125.367 δ
theoretically calculated.

4.4.2.4. Side chain carbon atoms. On the basis of electronegativity of
atoms bonded to carbon atoms, the carbon atoms of the aliphatic side
chain at N9 of HPA should be in the order, C12 > C11 > C13, and the
calculated chemical shift values of 73.98, 53.589 and 23.409 δ are in
conformity to that prediction. The corresponding experimental values of
64.6 δ, 50.1 δ and 20.8 δ even though less than the calculated values
confirm that the trend is exactly the same, revealing the good coinci-
dence between theory and experiment.

4.4.3. UV spectral analysis of HPA
The experimentally observed and calculated vertical energies of the

electronic excitations and the corresponding λmax in aqueous medium
have been collected in Table 8. Figure 15 and Figure 16 show the
experimentally recorded and theoretically simulated UV spectra.

The computed excitation at 4.8958 eV composed of antepenultimate
HOMO (49)→ LUMOþ1 (53), HOMO(51)→LUMO(52) and
HOMO(51)→ LUMOþ1 (53), with the probability of that excitation f ¼
0.2797, does not show any single dominant component. For this exci-
tation the corresponding Natural Transition Orbitals (NTOs) have been
generated, to realise the NTO transition that occurs from excited particle
(occupied) to the empty hole (unoccupied) [42]. The component tran-
sitions of this excited state are three and the corresponding NTOs
computed for this state result in two pairs. The experimentally observed
absorption at 262 nm agrees satisfactorily with the calculated value of
253.25 nm and the deviation is only ~3.3%.The theoretically calculated
λmax value of 210.04 nm at 5.9029 eV excitation very well correlates
with the observed value of 206.50 nm and the deviation is around 2%.
The calculated excitation at 5.999 eV composed of HOMO(51)→
LUMOþ4 (56), and HOMO(51)→ LUMOþ5 (57), with the probability of
that excitation f ¼ 0.0006, is not associated with any single dominant
component and hence the corresponding NTOs have been produced, to
recognise the NTO transition from excited particle (occupied) to the
empty hole (unoccupied) [43]. The component transitions of this
excited state are two and the corresponding NTOs computed for this
state result in two pairs. Notwithstanding the fact that f ¼ 0.0006, the
calculated excitation line at 206.68 nm exactly coincides with the
experimental value of 206.50 nm. Spatial forms of important MOs
participating in UV-Vis spectrum are plotted in Figure 17. The figure
shows, that localization or delocalization of electrons vary in occupied
and unoccupied MOs.
4.4.4. Molecular electrostatic potential (MESP)Analysis
Around a molecule, points of same local electron density probability

generated from the appropriate eigenfunctions on joining would describe
a 3D surface, called electron density isosurface, such that its volume is
directly related to percentage of total electron density enclosed [44].
Then the molecular electrostatic potentials are calculated with reference
to a unit positive charge at points ρðr 0 Þ around the electron density iso-
surface, in terms of its interaction with the electric field produced by the
nuclei and electrons of the molecule, which is unperturbed by the test
unit positive charge. These MESPs are mapped over the electron density
isosurface with colour codes, based on the sign and quantum of



Table 6. Structural parameters of HPA.

Parameters Calculated Experimental

Bond length(Å)

C11–C12 1.528 1.5147 (19)

C12–C13 1.527 1.5102 (19)

C12–O14 1.434 1.4153 (17)

C2–N3 1.334 1.3289 (17)

C4–C5 1.396 1.3834 (18)

C5–C6 1.408 1.4060 (18)

C5–N7 1.382 1.3838 (17)

C6–N1 1.343 1.3476 (18)

C6–N10 1.354 1.3395 (18)

C8–N9 1.382 1.3598 (16)

N1–C2 1.341 1.3341 (18)

N3–C4 1.338 1.3457 (18)

N7–C8 1.310 1.3108 (17)

N9–C11 1.456 1.4649 (16)

N9–C4 1.379 1.3713 (16)

O14–H25 0.962 0.89 (2)

Bond Angle (�)

C11–C12–C13 111.05 109.58 (11)

C11–C12–O14 111.53 111.36 (11)

C12–O14–H25 109.3 108.3 (15)

C13–C12–O14 107.06 108.06 (13)

C2–N1–C6 118.6 117.88 (10)

C2–N3–C4 111.6 110.52 (11)

C4–C5–C6 116.0 117.23 (12)

C4–C5–N7 111.0 110.56 (11)

C4–N9–C11 125.7 128.16 (10)

C5–C6–N1 118.8 117.95 (12)

C5–N7–C8 104.48 103.68 (11)

C8–N9–C11 127.75 125.94 (10)

C8–N9–C4 105.64 105.89 (10)

H17–N10–H18 120.3 117.4 (14)

N1–C2–N3 128.4 130.15 (13)

N3–C4–C5 126.6 126.21 (12)

N7–C8–N9 113.8 114.13 (12)

N9–C11–C12 113.3 112.17 (10)

N9–C4–C5 105.2 105.74 (11)

Dihedral Angle (�)

C11–C12–O14–H25 -168.0 -156.10 (10)

C13–C12–O14–H25 70.6 76.12 (11)

C2–N3–C4–C5 0.1 -0.3 (2)

C4–C5–C6–N1 -0.3 2.78 (19)

C4–C5–N7–C8 0 -0.02 (16)

C4–N9–C11–C12 99.2 124.47 (13)

C5–C6–N1–C2 0.3 -2.45 (19)

C5–N7–C8–N9 -0.3 0.54 (15)

C8–N9–C11–C12 -79.0 -54.00 (16)

C8–N9–C4–C5 -0.4 0.79 (13)

N1–C2–N3–C4 0 0.8 (2)

N3–C4–C5–C6 0.1 -1.4 (2)

N7–C8–N9–C4 0.4 -0.87 (15)

N9–C11–C12–C13 -171.9 -176.84 (13)

N9–C11–C12–O14 66.5 -57.35 (14)

N9–C4–C5–C6 -179.7 178.54 (11)

Figure 10. Overlay of crystal structure and DFT calculated structure; RMSD
0.0665Å.
H25…H25 → 0.418
H21…H21 → 0.108
O14…O14 → 0.107
H19…H19 → 0.132
H22…H22 → 0.177
H23…H23 → 0.167
H24…H24 → 0.208
N10…N10 → 0.127

S. Sharmila Tagore et al. Heliyon 7 (2021) e06593
interaction. The MESP (VMESP) is calculated from the electronic wave
functions shown by Eq. (3):

VMESP ¼
X
A

ZA

jRA � rj �
Z

ρðr0 Þdr0
jr0 � rj (3)
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ZA-nuclear charge of atomA;RA and r-the coordinates of A and the unit
positive charge, and ρ(r’) - electron density at the chosen point r’. Suitable
electron density integration provides VMESP. The repulsion or attraction is
explicitly correlatedwithVMESP in the range0>VMESP>0 thatwould assist
to classify the substrate's type of reaction, i.e., electrophilic/nucleophilic/
radical as well as non-covalent intramolecular. Importantly MESP map-
ping helps a lot not only to investigate themolecular structure but also the
physiochemical property relationships [45, 46, 47].

The MESP of HPA, mapped over the isodensity surface with ρ(r’) ¼
0.0004 a.u. between -5.838e-2 (red) and þ5.838e-2 (blue) at three
different orientations are shown in Figure 18.

Figure 18 in reality provides an idea about the shape and size of the
molecule as the surface is transparent for visualization, in addition to re-
gions of negative potential (deep red), and positive potential (deep blue)
with graded colouring such as light blue, yellow, green etc., from
�0.05838a.u. to 0.05838a.u., as shown in the horizontal bar above the
MESP diagram. Additionally the size, shape and ESP values of the mole-
cule are indicated. The colour codes have the trend, red< orange< yellow
< green < blue. The rich electron density in the region of the nitrogen
atom is marked by red colour and it supports its electronegativity nature.
The blue and red coloured areas in the projected surfaces of Figure 18
distinctly show nucleophilic and electrophilic regions respectively. The
MESP of HPA clearly indicates the electron rich centres around nitrogen
atoms N1, N7 and N9. Also, the MESP map confirms that the positive
potential sites are around the hydroxyl hydrogen H25 indicated by blue
colour followed by the region around amino hydrogens H17 and H18.

4.4.5. Frontier molecular orbital studies
The molecular eigenfunctions (LCAO-MO) with maximised (highest)

eigenvalue holding a pair of/single electron(s) in a molecule in accor-
dance with Pauli's anti-symmetrized principle and the immediate empty
virtual one, well known as HOMO and LUMO respectively are generally
the important molecular orbitals (MOs), otherwise known as Frontier
Molecular Orbitals (FMOs) because of their significant role in chemical
reactivity, stability, charge transfer processes, photo-excitation, magne-
tism and molecular electronics [48]. Despite the fact that DFT functional
may not evaluate orbital eigenvalues precisely, Kohn Sham (KS) orbitals
of density functional theory provide a theoretical and practical base for a
better qualitative understanding of molecular orbitals [49, 50, 51]. The
eigenvalues of the FMOs and the difference among them are very



Figure 11. Theoretical 1HNMR spectrum of HPA.

Figure 12. Theoretical 13CNMR spectrum of HPA.
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important parameters in quantum chemical investigations of chemical
reactivities. Normally small HLEG is associated with high degree of
conjugation in the molecule, the reason being an appreciable amount of
intra-molecular charge transfer from the electron releasing to the elec-
tron accepting groups through π-conjugation [52]. The chemical stability
is directly proportional to the HLEG value [53, 54] and this fact has been
recently exploited to analyse the bioactivity in terms of intra-molecular
charge transfer [55, 56, ].

The positive and negative parts of eigenfunctions 51 (HOMO) and 52
(LUMO) and the respective combined functions graphical representations
with isovalue ¼ 0.02 are shown in Figure 19. Inspection of HOMO and
LUMO surfaces indicate that AOs from the heavy atoms of adenine
skeleton contribute in the construct of π – type HOMO and π* - LUMO. As
the energy gap (HLEG ¼ 5.322eV) between these two FMOs is of
Figure 13. Experimental 1H
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considerable magnitude, HPA seems to be thermodynamically a stable
species with subdued chemical activity.

The chemical reaction of a substrate HPA with an electrophile or a
nucleophile is largely controlled by the HMO-LUMO energies of the
participating species in addition to their symmetry, i.e., an electrophilic
reaction is favoured if the reagent's LUMO lies nearer to the high HOMO
of the substrate while latter's LUMO proximity to the reagent's HOMO
enhances nucleophilic reaction, provided thermodynamic stability of the
substrate is not favoured. These predictions could be explained by means
of global chemical reactivity descriptors evaluated from HOMO-LUMO
eigenvalues.

For molecules with closed-shell electronic structure, the negative of
RHF theory eigenvalue of HOMO according to Koopmans' theorem [48]
could be identified with the first ionisation potential (IP). In accordance
NMR spectrum of HPA.



Figure 14. Experimental 13CNMR spectrum of HPA.
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with Koopmans' theorem, the vertical ionisation potential and electron
affinity values are given by the negative eigenvalues of Kohn-Sham's
FMOs HOMO and LUMO respectively. As the energies of the HOMO,
LUMO and gap between these two govern not only the typical chemical
reactions of specific types but also the thermodynamic and chemical
kinetic features of the system under analysis and hence the various global
chemical reactivity descriptors such as chemical potential μ, hardness η,
softness S, electrophilicity ω, electrodonating power ω�, electroaccepting
power and net electrophilicity ω� involving them have been evaluated
[57, 58] and we hope it would help to analyse HPA's interaction in
Table 7. 1HNMR and13CNMR spectral data of HPA.

Atom/Number Calculated(δ) Experimental(δ)

H15 8.461 8.13 (s, 1H)

H16 7.974 8.04 (s, 1H)

H17 5.481 7.18 (s, 2H)

H18 5.071

H19 3.874 3.96–4.12 (m, 2H)

H20 4.438

H21 4.158 3.96–4.12 (m, 1H)

H22 1.387 1.06 (d, 3H)

H23 1.383

H24 1.233

H25 1.156 5.03 (d, 1H)

C2 159.748 152.3

C4 156.752 149.7

C5 125.367 118.5

C6 160.837 155.9

C8 150.114 141.5

C11 53.589 50.1

C12 73.980 64.6

C13 23.409 20.8

Table 8. Observed (λexp), computed λmax (λcal) and excitation energies (E) of HPA.

λExp. (nm) Excitation
No.

λCal. (nm)

262.00 1 253.25

7 210.04

206.50 9 206.68
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biological systems. The global chemical reactivity descriptors, calculated
as per the formulae given below (4) are collected in Table 9.

Chemical Potential μ ¼ εHOMO þ ε LUMO

2
Global Hardness η ¼ εLUMO � ε HOMO

Chemical Softness S ¼ 1
η

Global Electrophilicityω ¼ μ2

η

Electron donating Power ω� ¼ ð3εHOMO þ ε LUMOÞ2
16η

Electron accepting Power ωþ ¼ ðεHOMO þ 3ε LUMOÞ2
16η

Net Electrophilicity ω� ¼ ω� þ ωþ

(4)

The electrophilicity ω scale between 0.8 and 1.5 eV [59, 60] has been
used to classify the organic molecules as strong, moderate and marginal
electrophiles and HPA falls in the moderate category. The hardness value
of 5.322 is indicative of HPA's low chemical reactivity with a potential
net electrophilicity value of 5.180.

5. Conclusions

The present study establishes the HPA crystal structure and its
preferred supramolecular assemblies, controlled by strong N–H…O and
weak C–H…N/O interactions, along with stacking interactions of aro-
matic π-π type. The dissimilarities of supramolecular constructs observed
are ascribed to O–H…N and O–H…O hydrogen bond frameworks. The
presence of non-covalent interactions/contacts is the causative factor for
producing zig-zag type non-planar sheet and 2D supramolecular layer
architecture. The Hirshfeld surface analyses in terms of 2D fingerprint
plots and interaction energy calculations corroborate the crystallo-
graphic findings. HPA shows exceedingly good SHG activity 1.23 times
E (eV) F osc.
strength

Assignment

4.8958 0.2797 π - π*
5.9029 0.2030 π - π*
5.999 0.0006 π - π*



Figure 16. HPA's Experimentally observed UV spectrum.

Figure 15. Theoretically simulated HPA's UV spectrum.

Figure 17. Particle – hole mapping of excited MOs.
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Figure 18. Molecular electrostatic potential map of HPA

Figure 19. HOMO – LUMO structure of HPA.

Table 9. Global chemical reactivity descriptors evaluated at B3LYP/6-311þþg
(d, p).

S.No Parameter Values (eV)

1 εHOMO -6.127

2 εLUMO -0.805

3 εHLEG 5.322

4 μ -3.466

5 η 5.322

6 ω 1.129

7 S 0.188

8 ω- 4.323

9 ωþ 0.857

10 ω� 5.180
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higher than that of urea used as the reference sample indicating that
further studies could be carried out to explore its use as a potential
organic NLO material in the field of optoelectronics. Comparative studies
between experimental and theoretical evaluation at B3LYP/6-311þþg
(d, p) of structural parameters, electronic and resonance magnetic
spectra of the title compound have been carried out.

he experimental parameters coincide agreeably with the corre-
sponding quantum chemically calculated values with positive or negative
deviations, the cause being the neglect of intermolecular interactions in
calculations. The UV-visible spectral analysis in terms of NTOs replaces
the canonical MOs with particle-hole intuitions. The electronic structure
of the HPA reveals that more electron rich centres N1, N7 and N9are
susceptible to protonation, while electron deficient H17, H18 and H25
sites are more prone to nucleophilic attacks. Also the HLEG estimate of
5.322 eV accounts for the stability of the title compound. With all these
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characteristic features analysed, the biological activities can be further
explored.
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