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Abstract The structure, spectral properties and the hydrogen
bond interactions of 8-aza analogues of xanthine, theophylline
and caffeine have been studied by using quantum chemical
methods. The time-dependent density functional theory (TD-
DFT) and the singly excited configuration interaction (CIS)
methods are employed to optimize the excited state geometries
of isolated 8-azaxanthine, 8-azatheophylline tautomers and 8-
azacaffeine in both the gas and solvent phases. The solvent
phase calculations are performed using the polarizable contin-
uum model (PCM). The absorption and emission spectra are
calculated using the time-dependent density functional theory
(TD-DFT) method. The results from the TD-DFT calculations
reveal that the excitation spectra are red shifted relative to
absorption in aqueous medium. These changes in the transition
energies are qualitatively comparable to the experimental data.
The examination of molecular orbital reveals that the molecules
with a small H—L energy gap possess maximum absorption
and emission wavelength. The relative stability and hydrogen
bonded interactions of mono and heptahydrated 8-azaxanthine,
8-azatheophylline tautomers and 8-azacaffeine have been stud-
ied using the density functional theory (DFT) and Maller
Plesset perturbation theory (MP2) implementing the
6-311++G(d,p) basis set. The formation of strong N-H...O
bond has resulted in the highest interaction energy among the
monohydrates. Hydration does not show any significant impact
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on the stability of heptahydrated complexes. The atoms in
molecule (AIM) and natural bonding orbital (NBO) analyses
have been performed to elucidate the nature of the hydrogen
bond interactions in these complexes.
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Introduction

Chemical modification of natural nucleobases opens a new
field in the search for effective antiviral and antitumor
therapy. One of these chemical changes in the modification
of the imidazole ring of purines leads to 8-azapurine [1, 2],
8-azaguanine, 8-azaxanthines [3] and 8-azahypoxanthines
[4-6]. Among the members of a series of carbocyclic purine
nucleosides with antitumor activity, the corresponding 8-aza
analogues are more active than the parent compounds [7].
The replacement of the C-H group in the imidazole ring of
natural purines by a nitrogen atom produces a family of
compounds named 8-azapurines [8]. 8-Azapurines have
long been known to possess strong antipurine activity, i.e.,
antifungal, antiviral and anticancer properties [9, 10]. The
presence of the nitrogen atom at position 8 provides an
additional basic center which in turn affects the basicities
of the other nitrogens of the ring, produces changes in the
purine ring structure and induces glycosyl conformations of
the corresponding nucleosides due to restricted rotation
around this bond [11]. It seems quite clear that the replace-
ment of a C-H group by a nitrogen atom produces a number
of possibilities for both proton and metal coordination.

The chemical, physicochemical and biological properties
of 8-azapurines have been comprehensively reviewed by
Albert [8]. Both 8-azapurines and their nucleosides have
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been widely studied as potential antimetabolites [12] and as
model systems for elucidating the mechanisms of action of
natural nucleosides and their analogues in various enzyme
systems [13]. Considerable interest attaches to the finding
that various analogues of 8-azaxanthine display interesting
properties as antagonists of adenosine receptors [14]. Mo-
lecular orbital calculations have demonstrated that the sub-
stitution of C-H by N in position 8 of the purine ring causes
a pronounced electron density withdrawal from this posi-
tion, N8 bearing a rather small negative charge [15—18].
Furthermore, metal coordination to N3 has been observed
in 8-azapurines [5] but it is not in purines.

Nubel and Pfleiderer [19] first reported the synthesis and
properties of 8-azaxanthine and its various N-methyl deriv-
atives. Prototropic tautomerism of 8-azatheophylline (1,3-
dimethyl-8-azaxanthine) was subsequently investigated by
Labbe et al. [20] by means of '*C and >N NMR spectros-
copy, with results pointing to predominance (80 %) of the
N8-H form in dimethylsulfoxide (DMSO) solution, the sole
form found for the parent neutral monohydrate of 8-
azaxanthine, and other 8-azapurines, in the crystalline state
[21]. Although the synthesis and physicochemical proper-
ties of 8-azapurines were long ago extensively reviewed by
Albert [8], very little attention appears to have been directed
to the fact that a number of these exhibit intrinsic fluores-
cence [22, 23]. 8-azaxanthine, the product of enzymatic
deamination of the known cytotoxic agent 8-azaguanine
[24] and an inhibitor of several key enzymes involved in
purine metabolism [25-27] reveals strong intrinsic fluores-
cence in weakly acid medium, potentially useful in enzymo-
logical studies. The room-temperature fluorescence
emission properties of 8-azatheophylline (1,3-dimethyl-8-
azaxanthine) and 8-azacaffeine (1,3,7-trimethyl-8-azaxan-
thine) have been recently studied [28]. The spectral studies
of macromolecular complexes with fluorescent ligands un-
dergoing ground state tautomerism have been shown to
provide information on hydrogen bonding patterns within
the binding site [29, 30] and its possible changes.

The aim of the present work is to investigate the elec-
tronic structure, optical absorption, emission properties and
the hydrogen bonded interactions of §-azaxanthine, 8-
azatheophylline (1,3-dimethyl-8-azaxanthine) tautomers
and 8-azacaffeine (1,3,7-trimethyl-8-azaxanthine). The op-
tical properties involve both occupied and unoccupied
states. The time-dependent density functional theory (TD-
DFT) [31, 32] and configuration interaction singles (CIS)
[33] are the most popular quantum chemical methods used
to calculate the excited state properties of medium-sized
molecules. TD-DFT is a reliable method for the excited state
computation [34] that provides accurate results. To the best
of our knowledge there are no theoretical studies available
on absorption, emission spectra and the hydrogen bonded
interactions of 8-aza analogues of xanthine, theophylline
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tautomers and 8-azacaffeine. Hence, as a first part of the
work, the absorption and emission properties have been
studied by employing TD-DFT and CIS methods. As a
second part of the work, the hydrogen bonded interactions
have been analyzed for the ground state by interacting water
molecule with all possible donor and acceptor sites of the
molecules at MP2 and B3LYP level of theory using 6-311+
+G(d,p) basis set. In order to complete the first hydration
shell, seven water molecules are placed at different hydro-
gen bond donor and acceptor sites of the molecule and
hence two to six water molecules are not included in the
present investigation.

A detailed molecular understanding of the energetic and
geometric changes in the azacompounds would be a prereq-
uisite in assessing their biological activity. The strong fluo-
rescence should be useful for the studies of protein-ligand
interactions. The interactions with water are particularly
important because of water being universal solvent and its
abundance in biological systems. The present theoretical
study will also provide information about structural and
other basic properties such as conformational stability, fron-
tier molecular orbitals and dipole moment. The hydrogen
bonding patterns of the complexes have been analyzed using
the topological parameters calculated using AIM analysis
based on Bader’s atoms in molecules theory [35]. NBO
analysis [36] has been performed to investigate the charge
transfer interaction between the orbitals.

Computational details

The ground state geometries of isolated and hydrated com-
plexes have been studied using the Becke’s three parameter
exact exchange functional (B3) [37] combined with gradient-
corrected correlation functional of Lee-Yang-Parr (LYP) [38]
of density functional theory, implementing 6-311++G(d,p)
basis set. Harmonic vibrational frequencies are calculated at
the same level of theory to characterize the stationary points.
In order to achieve rigorous energy comparison, single point
energy calculation has been performed at Meller-Plesset per-
turbation theory (MP2) [39] for the geometries optimized at
B3LYP level of theory. The excited state geometry of isolated
8-azaxanthine, 8-azatheophylline tautomers and 8-azacaffeine
are optimized at TD-B3LYP/6-311++G(d,p) [31, 32] and CIS/
6-311++G(d,p) [33] level of theory. With the optimized
ground and excited state geometries, the absorption and emis-
sion spectrum are calculated using TD-DFT method at
B3LYP/6-311++G(d,p) level of theory. The ground, excited
state optimization and spectral calculations are carried out in
gas phase and in methanol, acetonitrile and water medium
using Tomasi’s [40] polarized continuum model (PCM) in
self-consistent reaction field (SCRF) theory to compare with
the available experimental results. In the PCM method, the
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solute molecule is lying inside a cavity representing a solvent
medium defined in terms of structureless material characterized
by its dielectric constant, radius, density and molecular volume.
Interaction energies have been corrected for the basis set super-
position errors (BSSE), using the counterpoise method of Boys
and Bernardi [41] for the hydrated complexes using B3LYP
method with the 6-311++G(d,p) basis set. Topological analysis
has been carried out using Morphy 98 software [42] for the
optimized geometries. NBO analysis has been performed by
using NBO 3.1 program at B3LYP level of theory. All the
calculations have been carried out using the Gaussian 03W
computational package [43].

Results and discussion
Structures and energies

The optimized molecular structures of 8-aza analogues of
xanthine, theophylline and caffeine are depicted in Fig. 1.
The two experimentally detectable protomeric forms of 8-
azaxanthine and 8-azatheophylline are considered for the
present study. For convenience, the optimized tautomers of
8-azaxanthine are labeled as AXI1, AX2 and 8-
azatheophylline as AT1 and AT2 and 8-azacaffeine as AC.
The selected structural parameters of isolated 8-azaxanthine
tautomers are summarized in Table 1. For 8-azatheophylline
tautomers and 8-azacaffeine, the parameters are displayed as
supplementary material in Tables S1 and S2. It has been
observed that the structural parameters are significantly
affected by the substitution of methyl group at 1, 3 and 7
position of 8-azaxanthine. Further, the calculated ground
state geometrical parameters of AT1 tautomer are compara-
ble with the available experimental data [21]. It can be
observed that the N7 protonated optimized geometry of 8-
azatheophylline (AT2) is in good agreement with the avail-
able X-ray diffraction data obtained for 1,3-dimethyl-8-
azaxanthine monohydrate. As there is no experimental data
available for AC, a comparison of bond angles in the tri-
azole ring of AC with the available experimental data of
different azapurines have been made [21] and the deviations
is trivial ranging from 0.1-0.4°.

The total energies calculated using MP2/6-311++G(d,p)
and B3LYP/6-311++G(d,p) level of theory summarized in
Table 2 shows that at all applied levels, the N8 protonated
tautomer of 8-azaxanthine (AX1) and 8-azatheophylline
(AT1) are the global minimum on the potential energy
surface, which are in agreement with the earlier studies on
the solid state [20, 21]. The order of stability of two proto-
meric forms of §-azaxanthine is AX1 >AX2 and that of 8-
azatheophylline is AT1>AT2 calculated at MP2/6-311++G
(d,p) and B3LYP/6-311++G(d,p) level of theory. The solute-
solvent interactions are taken into account by applying

SCREF theory. The results indicate that the solvent does not
alter the stability of the tautomers however, a significant
change in energy could be predicted in the solvent phase. It
is important to understand the energetic changes caused by
the substitution of nitrogen in the place of imidazole C-H of
xanthine and theophylline. Previous studies on xanthine
[44] at MP2/6-31G** level of theory suggested that N7-H
prototropic tautomer to be more stable than N9-H by 8.35
kcal mol ', Further, among theophylline tautomers studied
by Smith et al. [45] the lowest energy tautomer is the N7-H
form, while the N9-H tautomer is 9 kcal mol ' higher in
energy. Thus the substitution of nitrogen for C-H of xan-
thine and theophylline decreases the energy difference be-
tween the most stable tautomers.

Absorption properties

The spectral studies of isolated §-azaxanthine, 8-azatheophylline
tautomers and 8-azacaffeine have been performed using TD-
DFTat B3LYP/6-311++G(d,p) level of theory in gas and solvent
phases. The calculated absorption energy, corresponding oscil-
lator strength and orbital coefficients together with the experi-
mental values of Medza et al. [28] are summarized in Table 3 for
gas phase (e=1) and in methanol (e=32.63) medium. To obtain
the nature and energy of the singlet-singlet electronic transition,
the predictions of the first 10 excited states are performed within
the TD-DFT formalism. The absorption energies with oscillator
strength greater than 0.01 are considered throughout the discus-
sion. It has been observed that for all the studied molecules, the
absorption wavelength calculated in gas phase and in solvent
phases (methanol, acetonitrile and water) is nearly similar and
the maximum variation is only around 0.16 eV. As the polar
environment does not influence the absorption spectrum and
oscillator strength of 8-aza compounds, the absorption spec-
trum calculated in methanol medium has been discussed in
detail.

The TD-DFT results show that for all the isolated com-
plexes, the lowest energy transition is due to the excitation
of electron from highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO). The absorption intensity is directly related with
the dimensionless oscillator strength and the dominant ab-
sorption bands are the transitions with higher oscillator
strength value. The absorption energies calculated at TD-
B3LYP/6-311++G(d,p) level of theory in gas phase and
methanol medium are plotted with respect to oscillator
strength and shown in Fig. 2. The curves corresponding to
acetonitrile and water are given as supplementary informa-
tion in Fig. S1. The absorption spectra agree well with the
previous experimental values [28].

In methanol, the absorption spectrum of AX1 and AX2
has two peaks with the dominant absorption band of AX1
observed at 4.86 eV (255 nm), which is associated with the
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HHOMO)—L (LUMO) transition. The second intense band
is observed around 5.68 eV (218 nm) which corresponds to H-
2—L transition. The absorption spectrum of AX2 possesses
one intense peak at 4.67 eV (267 nm), associated with H—L
transition and one less intense peak around 5.81 eV (216 nm)
related with H-3—L transition. The absorption maxima (Aax)
of AT1 and AT2 exhibit a red shift of about 10 nm compared
with the A,,x of AX1 and AX2. Thus the substitution at 1st
and 3rd position of 8-azaxanthine with an electron - donating
group increases the absorption energy. It is also interesting to
note that the N7 protonated tautomers in 8-azaxanthine and 8-
azatheophylline exhibit a red shift compared to N8 protonated
tautomers. The absorption maxima (A.c) of AC are also
found to exhibit a red shift of about 9 nm compared with the
Amax 0f AX2. Further, AC has the same spectral features as
those of the N7 protonated AT2 tautomer. Replacement of the
hydrogen atom at position 7 by a methyl group does not
influence the spectrum appreciably.

@ Springer

Emission properties

The excited state geometry of AX1, AX2, AT1, AT2 and AC
have been optimized by using the TD-B3LYP and singly
excited configuration interaction (CIS) methods with the 6-
311++G(d,p) basis set in gas and solvent phases. Along with
the available experimental results, the calculated emission
wavelength and the corresponding oscillator strength calcu-
lated at TD-B3LYP/6-311++G(d,p) level of theory are sum-
marized in Table 4 for gas phase and methanol. 8-
azaxanthine is virtually non-fluorescent in neutral aqueous
medium, but below pH 6 it begins to emit, with strong fluores-
cence, centered at about 420 nm. By contrast when 8-
azaxanthine is dissolved in anhydrous methanol, acidified with
1mM acetic acid, the fluorescence maximum was shifted to 335
nm [46]. 8-azatheophylline is a highly fluorescent compound,
with Aj.x~353 nm and 8-azacaffeine is only weakly fluorescent
in aqueous medium with A.,,,~350 nm. Its fluorescence
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Table 1 Selected geometrical parameters (bond length in A, angle in
degrees) of AX1 and AX2 calculated at B3LYP/6-311++G(d,p) and
TD-B3LYP/6-311++G(d,p) level of theory in gas phase®

Parameters AX1 AX2

Ground Excited Ground Excited

state state state state
N3-C2 1.389 1.378 1.388 1.402
N3-C4 1.372 1.382 1.372 1.368
N3-H10 1.010 1.010 1.010 1.014
N1-C2 1.401 1.403 1.406 1.357
N1-Coé 1.412 1.391 1.406 1.463
NI-H12 1.013 1.011 1.013 1.012
C2-011 1.210 1.212 1.210 1.228
C4-C5 1.407 1.424 1.376 1.420
C4-N9 1.326 1.305 1.353 1.335
C5-Co6 1.462 1.381 1.448 1.425
C5-N7 1.336 1.367 1.359 1.346
C6-013 1.208 1.315 1.214 1.228
N7-N8 1.314 1.352 1.336 1.460
N7-H14 - - 1.011 1.009
N9-N8 1.010 1.363 - -
N8-H14 1.345 1.005 1.313 1.309
C2-N3-C4 121.0 122.1 121.0 121.7
C2-N3-H10 117.0 116.7 117.4 116.3
N3-C2-N1 114.6 114.7 114.4 116.7
N3-C2-011 122.9 124.2 123.4 118.3
C4-N3-H10 122.0 121.2 121.6 122.0
N3-C4-C5 122.4 121.4 121.8 119.5
N3-C4-N9 127.8 127.8 128.2 128.3
C2-N1-C6 130.6 126.1 130.0 127.9
C2-N1-H12 113.9 114.6 114.0 116.2
N1-C2-0O11 122.5 121.1 122.2 125.0
C6-N1-H12 115.5 119.4 115.9 115.9
N1-C6-C5 110.0 117.5 109.7 110.3
N1-C6-013 121.7 114.5 122.8 120.0
C5-C4-N9 109.8 110.8 110.0 112.2
C4-C5-Co6 121.4 118.3 123.0 123.9
C4-C5-N7 108.2 108.4 103.1 101.9
C4-N9-N8 101.6 102.3 107.5 109.5
C6-C5-N7 130.4 1333 133.8 134.1
C5-C6-013 128.3 128.1 127.5 129.7
C5-N7-N8 102.9 101.2 110.9 110.8
N7-N8-N9 117.5 117.3 108.4 105.5
N7-N8-H14 121.6 121.7 - -
N9-N§-H14 120.9 121.0 - -
C5-N7-H14 - - 128.9 128.9
N8-N7-H14 - - 120.2 120.0

*For labeling of atoms see Fig. |

Table 2 Total energy E,, (Hartree) and ground state dipole moment
U, (Debye) of isolated 8-azaxanthine, 8-azatheophylline and 8-
azacaffeine calculated at MP2/6-311++G(d, p) and B3LYP/6-311++G
(d, p) level of theory in gas and solvent phases

Medium System  MP2/6-311 B3LYP/6-311
++G(d,p) ++G(d,p)
Eot Hm Eiot Hm
Gas (e=1) AX1 —577.1281 424 —578.6099  3.98
AX2  —577.1248 1.68 —578.6064 126
ATI 6555095 3.75 —657.2464  3.59
AT2 —655.5076 071 —657.2438  0.29
AC —694.7050  1.66 —696.5685 1.29
Methanol AX1 ~577.1664 595 —578.6494 5.77
(6=32.63) AX2 5771635 224 -578.6461 1.73
AT1 —655.5330 547 6572707 5.37
AT2 ~655.5307 1.52 6572677 1.04
AC —694.7192  2.07 —696.5837 1.65
Acetonitrile AX1  —577.1665 597 —578.6496 5.79
(e=36.64) AX2  —577.1636 225 —578.6462 1.74
AT —655.5330 547 —657.2708 5.37
AT2 6555307 1.52  —657.2678 1.04
AC —694.7191  2.08 —696.5837 1.65
Water (6=78.39)  AXI1 —577.1678  6.03 —578.6509 5.85
AX2  -577.1650 225 —578.6476 1.74
AT 6555341 5.54 —657.2718 5.44
AT2 —655.5317  1.56 —657.2688 1.09
AC —694.7198  2.09 —696.5845 1.67

excitation spectrum is slightly red shifted relative to its UV
absorption spectrum possibly due to cage effect [47].

For 8-azaxanthine, 8-azatheophylline tautomers and 8-
azacaffeine, the emission energies calculated at TD-
B3LYP/6-311++G(d,p) level of theory in gas phase and in
methanol medium are plotted with respect to oscillator
strength and is shown in Fig. 3. The curves corresponding
to acetonitrile and water are given as supplementary infor-
mation in Fig. S2. It has been observed that the emission
spectra calculated for AX1, AX2, AT1, AT2 and AC in
solvent phase are nearly identical and are found to be
different from the gas phase. Significant deviations have
been observed for AT2 in water and AC in acetonitrile
compared to methanol. Further, it has been observed that
the emission wavelength calculated through TD-B3LYP
method in solvent phase are in agreement with the experi-
mental values [28, 46] where, excitation spectra are red-
shifted relative to absorption in methanol and acetonitrile
medium. The emission energies calculated at gas phase for
AX1 exhibit two peaks, the maximum peak is observed at
4.60 eV (279 nm) associated with H—L transition and
second peak at 5.56 eV (255 nm) corresponding to H-
1—L transition. For AX2, the emission spectrum is
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Table 3 Available experimental

values and computed absorption System  Gas(e=1) Methanol(e=32.63)
energy A (in nm and in eV) and
oscillator strengths f (in a.u.) of Orbital Absorption  Oscillator  Orbital Expt® Absorption  Oscillator
isolated 8-azaxanthine. 8- transitions energy(L) strength transitions energy(L) strength
azatheophylline and 8: —— flau) —— f(au)
azacaffeine calculated at TD- nm eV nm eV
B3LYP/6-311++G(d,p)//B3LYP/
6-311++G(d,p) level of theory in AX1 H->L(0.654) 255 471 0.11 H->L(0.654) 263 255 486 0.11
gas and methanol medium H-2->L(0.611) 217 550 0.04 H-2->L(0.615) 218 5.68  0.05
H->L+1(0.471) 200 593 0.05
AX2 H->L(0.643) 268 452 0.10 H->L(0.644) 263 267 4.67 0.10
H-3->L(0.603) 214 558 0.05 H-3->L(0.608) 216 5.81 0.06
H->L+2(0.424) 202 5.89 0.04
AT1 H->L(0.657) 266 4.68 0.11 H->L(0.657) 271 265 479 0.11
H-2->L(0.644) 233 535 0.04 H-2->1(0.644) 233 548 0.04
H->L+2(0.531) 205 6.11 0.10
AT2 H->L(0.646) 278 446 0.11 H->L(0.646) 271 277 456  0.11
H-2->L(0.645) 230 540 0.05 H-2->L(0.646) 230 5.54 0.05
H->L+2(0.497) 207 6.00 0.06
AC H->L(0.647) 277 454  0.11 H->L(0.647) 280 276 459 0.10
H-2->L(0.631) 228 5.56 0.06 H-2->1(0.630) 227  5.64 0.06
H-4->1(0.427) 208 6.09 0.03

*Taken from ref [28]

observed at 4.88 eV (320 nm) and 7.41 eV (238 nm) associ-
ated with H—L and H-2—L transition. The N8 protonated 8-
azaxanthine tautomer AX1 exhibits sharp intense peak than
N7 protonated AX2 tautomer. For AT1, two emission peaks
are observed similar to AX1 and AX2, with maximum emis-
sion observed around 6.12 eV (291 nm) and 6.92 eV (266 nm)
associated with H—L and H-1—L transitions, respectively. In
AT2, the maximum peak is observed at 4.74 eV (334 nm)
corresponding to H—L transition and second peak at 6.92 eV
(256 nm) associated with H-2—L transition. The substitution
of methyl group for hydrogen at 1st and 3rd position of 8-
azaxanthine has resulted in the shift of intense spectra to
higher wavelengths indicating the influence of methyl group
over the substitution. Further, as noted for 8-azaxanthine
tautomers, N8 protonated AT1 tautomer exhibits sharp intense
peak than N7 protonated AT2 tautomer. The substitution of

methyl group at triazole nitrogen N7 in AC does not influence
the emission spectra significantly.

As shown in Fig. 3, the emission spectrum calculated in
methanol medium for 8-azaxanthine exhibits three peaks, with
the emission maximum (A,,,) of AX1 and AX2 at 4.00 eV
(307 nm) and 3.85 eV (317 nm), respectively which is associ-
ated with H—L transition. In comparison with 8-azaxanthine,
the Apax of 8-azatheophylline is red shifted by about 20 nm
(AT1) and 11 nm (AT?2). This is in accordance with the previ-
ously postulated phototautomeric behavior of 8-azaxanthine
[46]. The substitution of methyl group at 1st and 3rd positions
of 8-azaxanthine influences the spectral properties however, no
significant change has been noted due to protomerization. The
observed emission spectra results in highly intense peak in
solvent medium than gas phase indicating the solvent depen-
dency of the observed spectra. As observed for AT1 and AT2,

Fig. 2 The absorption spectra of 0.124 Gas Phase 0.12 Methanol
AX1, AX2, AT1, AT2 and AC in —— AX1 —
gas and methanol medium 3 0104 3 o101 AX2
computed at TD-B3LYP/6-311+ 8 s 2?
+G(d,p)/B3LYP/6-3114++G(d,p) £ 008 E 008 .
level of theory 2 g

£ 0.064 £ 0.06-

S S

E 004 8 0.041

© 0.02 o 0.024

0.00 0.00
4.0 6.5

Absorption Energy (eV)
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Table 4 Available experimental values and computed emission energy A (in eV and in nm) and oscillator strengths f (in a.u.) of isolated 8-
azaxanthine, 8-azatheophylline and 8-azacaffeine calculated at TD-B3LYP/6-311++G(d,p) level of theory in gas and methanol medium

System  Gas(e=1) Methanol(e=32.63)
Orbital transitions ~ Emission energy()) Oscillator Orbital transitions ~ Expt ~ Emission energy(A) Oscillator
strength f(a.u.) strength f(a.u.)
nm eV nm eV
AX1 H->L1(0.668) 279 4.60 0.12 H->L(0.680) 335* 307 4.00 0.09
H-1->L(0.665) 255 5.56 0.04 H-2->L(0.607) 234 5.21 0.05
H->L+1(0.523) 212 5.76 0.05
AX2 H->L(0.693) 320 4.88 0.09 H->L(0.693) 335" 317 3.85 0.10
H-2->1(0.672) 238 7.41 0.06 H-2->L(0.666) 234 5.18 0.05
H->L+1(0.522) 213 5.66 0.05
AT1 H->L(0.686) 291 6.12 0.11 H->L(0.697) 353> 327 3.78 0.09
H-1->L(0.683) 266 6.92 0.05 H-2->L(0.679) 256 4.82 0.05
H->L+1(0.457) 218 5.69 0.04
AT2 H->L(0.695) 334 4.74 0.10 H->L(0.695) 353> 328 3.75 0.11
H-2->L(0.686) 256 6.92 0.06 H-2->L(0.679) 249 4.88 0.05
H->L+2(0.563) 217 5.61 0.04
AC H->L(0.676) 339 4.73 0.10 H->L(0.632) 350° 336 3.69 0.11
H-2->L(0.690) 250 7.36 0.06 H-1->L(0.645) 247 5.03 0.06
H->L+3(0.450) 219 5.65 0.04

 Taken from ref [46]
® Taken from ref [28]

the emission spectrum of AC is also red shifted by about 19 nm
relative to 8-azaxanthine AX2 and 10 nm relative to AT2 as a
result of the methyl substitution. The observed emission in AC
is also observed to be solvent dependent. The emission energies
calculated for acetonitrile does not show a larger variation
compared to methanol however, the observed spectrum is
found to be close to the experimental observations [28]. Fur-
ther, the neutral aqueous medium influences the spectrum
appreciably resulting in additional transitions that could be
observed for AX1, AT1, AT2 and AC.

The emission energies calculated at TD-B3LYP//6-311++G
(d,p)//CIS/6-311++G(d,p) level of theory for gas and solvent
phases show a larger variation compared to TD-DFT level of

theory (see Table S3 and Fig. S3). A number of orbital tran-
sitions could be observed in acetonitrile and water medium
compared to methanol. It is to be noted that the emission energy
calculated at TD-B3LYP/6-311++G(d,p) level of theory closely
agrees with the experimental values [28, 46] compared to CIS/
6-311++G(d,p) level of theory.

Frontier molecular orbitals

The density plot of the HOMO and LUMO of 8-azaxanthine, 8-
azatheophylline tautomers and 8-azacaffeine for the ground and
excited states in the gas phase calculated at B3LYP/6-311++G
(d,p) level of theory are shown in Fig. S4. The orbital diagrams

Fig. 3 The emission spectra of 012 Gas Phase 0.125 S
. — lethanol
AX1, AX2, AT1, AT2 and AC —— AX1
in gas and methanol medium ~ o104 _ 0.101 2)T(12
computed at TD-B3LYP /6-311 3 3 AT
++G(d,p) level of theory < 0084 S 0.084 o
K= : =
=) =)
S 006 g 006
@ @
2 004 £ 004
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are plotted with the contour value of 0.05 a.u. The plots of the
HOMO and LUMO of the studied molecules have the typical
m-molecular orbital characteristics and are slightly altered by
the substitution. From the molecular orbital analysis, it is in-
ferred that the lowest lying singlet-singlet absorption as well as
emission corresponds to the electronic transition of 7T — 7r*
type. The ground and excited state molecular orbital energies
have been calculated at the TD- B3LYP/ 6-311++G(d,p) level
of theory in the gas phase and are summarized in Table 5. The
calculated H-L energy gap for the ground state of isolated AX1
and AX2 in gas phase is found to be 5.37 and 5.10 eV,
respectively. It has been observed that the H-L energy gap
slightly decreases upon the substitution of methyl group in
the 8-azaxanthine molecule. The H—L energy gap of ATl
and AT2 is lesser than AX1 and AX2 by 17-20 eV. As
expected, the molecules with a small H—L energy gap possess
maximum absorption and emission wavelengths. Similar
observations could also be noted in the solvent phase. Among
8-azaxanthine tautomers AX1 and AX2, AX2 has a minimum
H-L energy gap of 5.10 eV and hence a maximum absorption
and emission wavelength of 268 nm (4.52 eV) and 320 nm
(4.88 V) in the gas phase. Similarly among 8-azatheophylline
tautomers, AT2 has a minimum energy gap (4.93 eV) with a
maximum absorption of 278 nm (4.46 eV) and emission of 334
nm (4.74 eV). Similar observations could be noted in methanol
where, AX2 has a minimum H—L energy gap of 5.11 eV and
hence a maximum absorption of 267 nm (4.67 eV) and emis-
sion of 317 nm (3.85 eV). Further, as noted in gas phase AT2 is
said to have a minimum band gap of 4.93 eV among 8-
azatheophylline tautomers and hence a maximum absorption
and emission wavelength of 277 nm (4.56 eV) and 328 nm
(3.75 eV), respectively. Further, it is interesting to note that the
absorption and emission energy calculated at the TD-B3LYP/6-
311++G(d,p) level of theory corresponding to the HOMO—-
LUMO transition is comparable with the energy gap value. The
same trend could be observed in acetonitrile and water medium.
The above results show that the substitutions alter the spatial
charge distribution of the frontier molecular orbitals, and hence
the spectral properties depend on the substitution.

Table 5 Ground state molecular orbital energies (Eonmo, Erumo) and
energy gap (AE in eV) of isolated 8-azaxanthine, 8-azatheophylline
and 8-azacaffeine molecules calculated at the B3LYP/6-311++G(d,p)
level of theory in gas and methanol medium

Molecule  Gas(e=1) Methanol(e=32.63)
Enomo  Erumo  AE Enomo  Erumo  AE
AXI1 -7.58 -2.21 5.37 -7.59 -2.22 5.37
AX2 -7.51 —2.41 5.10 -7.52 —2.41 5.11
ATl =7.15 -1.98 5.17 -7.18 -1.98 5.20
AT2 -7.07 —2.14 493 -7.09 —2.14 495
AC —6.89 -1.95 495 -6.91 -1.95 4.96
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Structures and energies of mono and heptahydrated
complexes

The two protomeric forms of 8-azaxanthine, 8-azatheophylline
and 8-azacaffeine molecules offer several possible donor and
acceptor sites to form hydrogen bonds. Therefore, to identify
the actual site for hydrogen bond formation, monomers of 8-aza
analogues have been allowed to interact with water molecules.
The hydrogen bonding capability of 8-azaxanthine includes
four hydrogen bond acceptors, two carbonyl oxygens of pyrim-
idine ring and two basic nitrogen of triazole group and in
addition, it possesses three donors, two N-H groups of pyrim-
idine ring and a good N-H hydrogen bond donor of triazole
group. 8-azatheophylline possesses a total of four sites that can
act as hydrogen bond acceptors. Two groups are the triazole
nitrogens and the remaining two groups are the carbonyl oxy-
gen atoms of urea and amide moiety. Also it possesses a good
N-H hydrogen bond donor of triazole group and two weak
donors of methyl hydrogens. 8-azacaffeine comprises four sites
that can act as hydrogen bond acceptors and three weak proton
donors of methyl group.

After optimization of monomers, initial configurations of
8-azaxanthine, 8-azatheophylline and 8-azacaffeine mono-
hydrates and heptahydrates are constructed with the water
molecule positioned in the vicinity of the most reactive sites
of their polar groups and are shown in Figs. S5-S9. Strong
hydrogen bonds are formed between azacomplexes and
water molecules. The optimized structures of monohydrated
AXI1 tautomer are labeled AX1...H,O(a), AX1...H,O(b),
AX1...H;0O(c), AX1...H,0(d), AX1...H,O(e) and AX1...
H,O (f). The stable monohydrates of other tautomers are
named in a similar manner. To complete the first hydration
shell, seven water molecules are placed on all possible sites
and the optimized complexes are named AX1...(H,0); and
AX2...(H,0), for 8-azaxanthine , AT1...(H,O); and AT2...
(H,0); for 8-azatheophylline and AC...(H,0); for 8-
azacaffeine. Studying all these complexes together at the
same level of theory allows us to analyze their relative
stability in terms of the properties of the binding sites.

The systems analyzed here are coupled through N-H...O,
O-H...N, O-H...O and C-H...O type hydrogen bonds. In a
large number of complexes, the C8-H site is involved in a
comparatively weak interaction with the water molecule. It is
to be noted that N-H...O, O-H...N and C-H...O bonds in the
majority of the heptahydrated complexes are found to be
stronger than monohydrated complexes. It is to be observed
that the X-H (X=N, O, C) bond length has been elongated
from its corresponding monomer in all the complexes upon
hydration. This elongation has resulted in a positive change in
bond length (ARx j;). The analysis reveals that the proton
donor N-H involved in the interaction is elongated between
values ranging from 0.0092-0.0172 A for monohydration, the
corresponding N-H...O bond in heptahydrated complexes
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vary between 0.0129-0.0560 A (Tables 7 and S4). This largest
elongation corresponds to the smallest N-H... O intermolec-
ular distance of 1.840 to 2.031 A (monohydration) and 1.581
to 1.929 A (heptahydration). Notably, the hydration at triazole
nitrogen N8 of AX1...H,O (d) results in a shorter bond length
upon monohydration and at triazole nitrogen N7 of AX2...
(H,0); upon heptahydration. Calculated bond angle shows
that the hydrogen bonds are almost linear. In general, hydro-
gen bond angle for strong hydrogen bond ranges from 170-
180° [48]. The shorter the distance and closer the angle to
180°, stronger is the hydrogen bond interaction. In the present
study, the intermolecular angle for N-H...O is found to be
much linear than other hydrogen bonds.

Interaction energy and relative stability

The interaction energy has been calculated after correcting the
basis set superposition error (BSSE) by the full counterpoise
procedure (CP) of Boys and Bernardi [41] using the equation:

Elm(COI"I") = EAB(AB) — [EA(AB) +EB(AB)],

where E5p(AB) is the energy of the complex, EA(AB) and
Eg(AB) are the energies of monomers A and B with the full
complex basis set by setting the appropriate nuclear charge to
zero, which is located at the same intermolecular configura-
tion as in the complex.

Among AX1 monohydrates, the highest interaction energy
(Table 6) has been predicted for AX1...H,O(b) which is
8.85 kcal mol ! at MP2/6-311++G(d,p) and 9.60 kcal mol '
at B3LYP/6-311++G(d,p) level of theory. The most effective
interaction of N8 protonated tautomer AX1 with the water
molecule takes place on the pyrimidine nitrogen N3-H side of
the molecule (Fig. S5) resulting in the strengthening of N-H...
O bonds (1.925 A) and hence a higher interaction energy
value. The order of stability among monohydrated AX1 tau-
tomer is AX1...H,O(b) > AX1...H,O(d) > AX1...H,O(a) >
AXI1...H,O(f) > AX1...H,0(c) > AX1...H,O(e) at MP2 and
AXI1...H,0O(b) > AX1...H,0(a) = AX1...H,O(f) > AX1...
H,0(d) > AX1...H,O(c) > AX1...H,O(e) at B3LYP level of
theory. However, the most and the least stable complexes
agree at both levels of theory.

Among the monohydrated AX2 tautomer, the search of
stable complexes also includes seven initial geometries that
reproduce all possible hydrogen bonds and the optimizations
converged to five stable monohydrates as presented in Fig. S6.
Five closed complexes, which act as a proton donor and accep-
tor simultaneously, are formed. The location of water is the as
same as that of the AX1 tautomer except AX2...H,O(e) which
differ in the character of the hydrogen bonds because of the
different location of the hydrogen atom relative to the nitrogen
in the triazole ring. An analysis of hydrogen bonds in N7
protonated AX2 monohydrates indicates the strengthening of
the interaction energy compared to monohydrates of other

complexes. This assumption agrees well with the values of
the interaction energy (Table 6). The complex AX2...H,O(e)
is associated with maximum interaction energy of 11.61 and
12.41 kcal mol ' at MP2/6-311++G(d,p) and B3LYP/6-311+
+G(d,p) level of theory, respectively. It is the largest interaction
energy revealed in the present study. The formation of strong
N7-H14...015 bond (1.865 A) is responsible for the stability of
the complex. The order of stability among monohydrated AX2
tautomer is AX2...H,O(e) > AX2...H,O(c) > AX2...H,O(b) >
AX2...H,0(a) > AX2...H,O(f) at MP2 and AX2...H,O(e) >
AX2...H,O(b) > AX2...H,O(c) > AX2...H,O(a) > AX2...
H,O(f) at B3LYP level of theory. The strength of the hydrogen
bond observed in AX2 tautomer is found to be stronger than
AX1 and hence a higher interaction energy.

The optimization of monohydrated AT1 tautomer has con-
verged to five stable monohydrates as presented in Fig. S7.
Significant changes are found in the geometry of the hydrogen
bonds and interaction energy of 8-azatheophylline-water com-
plex. The water molecule forms an open complex except
AT1...H,O(e) and AT1...H,O(f). The highest interaction en-
ergy has been predicted for AT1...H,O(d) of 7.66 and 7.53
keal mol ™" at MP2 and B3LYP level of theory, respectively
(Table 6). The highest interaction energy is due to the forma-
tion of strong N§-H14...021 bond. Furthermore, the complex
AT1...H,O(c) is said to possess the minimum interaction
energy among the monohydrates. Hence, the order of interac-
tion energy is AT1...H,O(d) > AT1...H,O(b) > AT1...H,O
(e) > AT1...H,O(f) > AT1...H,O(c) at both levels of theory.

In N7 protonated AT2 tautomer, all the 6 stable monohy-
drates (Figure S8) form a closed complex and it is prominent
that the location of the water molecule in these hydrates is
almost identical with the respective complexes of the AT1
tautomer. However, the monohydrates AT2...H,O(b) and
AT2...H,O(c) are stabilized by the secondary C—H...O bond
formed with the participation of the methyl group. The maxi-
mum interaction energy has been observed for AT2...H,O(e)
(11.48 keal mol™") at MP2/6-311++G(d,p) and 12.36 kcal
mol " at B3LYP/6-311++G(d,p) level of theory (Table 6).
The formation of two strong intermolecular hydrogen bonds
between the triazole nitrogen N7-H and water (N-H...O) and
carbonyl oxygen of amide moiety with water (O-H...O) results
in the stabilization of the above complex. Notice that this
complex is characterized by the shortest bond length equal to
1.859 and 1.888 A. The order of interaction energy is AT2...
H,0(e) > AT2...H,0(d) > AT2...H,O(c) > AT2...H,0O(b) >
AT2...H,0(a) > AT2...H,O(f) at both levels of theory. Hence,
it is to be noted that the N7 protonated tautomers of 8-
azaxanthine and 8-azatheophylline result in the highest inter-
action energy than N8 protonated tautomers. Further, it is
interesting to note that the N7 protonated forms result only
in closed complexes in 8-azaxanthine and 8-azatheophylline
tautomers. On comparison with available monohydrated N7-
H tautomer of theophylline studied by Balbuena et al. [49], the
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Table 6 Total energy Ey

(Hartree), BSSE corrected inter- Complex Etor Eint Hm

action energy Ei, (kcal mol ")

and ground state dipole moment MP2 B3LYP MP2 B3LYP MP2 B3LYP

Uy (Debye) of hydrated 8-

azaxanthine, 8-azatheophylline AXI1...(H,O)a —653.4178 —655.0821 -7.59 —8.22 4.30 4.10

and 8-azacaffeine complexes AX1...(H,0)b —-653.4201 —655.0843 -8.85 -9.60 3.57 3.47

;;‘fﬁ?ﬁif@?% 161 i ng(zi()d’ AXI....(H,0)e ~653.4177 ~655.0811 ~7.40 747 6.28 5.93

level of theory AX1...(H,0)d —653.4189 —655.0824 -8.03 ~7.84 7.06 6.73
AX1...(H,0)e —653.4133 —655.0769 —4.83 -4.77 5.66 5.62
AX1...(H,0)f —653.4177 —655.0808 -7.53 -8.22 3.93 5.36
AX1...(H,0), -1111.1763 -1113.9333 —64.32 —68.65 6.36 5.98
AX2...(H,0)a —653.4153 —655.0792 -8.03 -8.53 1.13 1.10
AX2...(H,O)b —653.4164 —655.0805 -8.66 -9.41 1.04 1.15
AX2...(H,0) —653.4172 —655.0801 -9.16 -9.10 3.49 2.87
AX2...(H,O)e —653.4211 —655.0852 -11.61 -12.41 2.49 2.40
AX2...(H,0)f —653.4144 —655.0786 ~7.47 -8.16 3.08 2.78
AX2...(H,0), -1111.1761 -1113.9319 —67.90 -71.66 2.35 2.13
AT1...(HO)b —731.7957 —733.7143 -5.65 -5.71 1.99 1.82
AT1...(H,O) —731.7931 —733.7119 -4.02 -3.97 3.50 3.07
AT1...(H,0)d ~731.7999 ~733.7182 ~7.66 -7.53 6.07 5.78
AT1...(H,O)e ~731.7955 ~733.7142 -5.52 -5.27 5.83 5.89
AT1...(H,0)f ~731.7942 ~733.7134 —4.89 -5.08 5.61 5.37
AT1...(H,0), —1189.5465 -1192.5514 ~54.63 -55.03 2.97 3.03
AT2...(H,0)a ~731.7931 -733.7113 -5.27 -5.27 2.39 1.99
AT2...(H,O)b ~731.7936 -733.7117 ~5.40 -5.52 1.86 1.98
AT2...(H,O)c ~731.7946 ~733.7125 -6.02 -5.84 2.74 2.36
AT2...(H,0)d -731.7975 ~733.7146 -7.91 -7.22 2.93 2.36
AT2...(H,O)e ~731.8038 ~733.7225 -11.48 -12.36 1.99 2.09
AT2...(H,0)f ~731.7917 ~733.7105 -4.52 -4.77 2.68 2.12
AT2...(H,0), -1189.5382 —1192.5493 -53.53 ~56.66 5.60 5.83
AC...(H,0)a ~770.9908 ~773.0362 ~5.40 ~5.40 2.68 224
AC...(H,O)b ~770.9909 ~773.0366 -5.58 -5.71 3.10 3.03
AC...(H,0)c ~770.9924 ~773.0376 —6.34 —6.34 3.82 3.45
AC...(H,0)d ~770.9919 ~773.0366 -6.09 -5.52 1.04 0.86
AC...(H,0)e ~770.9919 ~773.0373 —6.02 —6.02 1.03 135
AC...(H,0), ~1228.7202 -1231.8570 —43.86 —45.06 0.38 0.89

intermolecular interaction of triazole nitrogen N9 with water
of theophylline has resulted in the hydrogen bond distance of
1.68 A whereas in the present study, the same interaction is
observed to be 2.00 A. Hence, the replacement of C-H by
nitrogen in theophylline has resulted in the enhancement of
bond length.

In monohydrated AC, three closed complexes AC...H,O
(c), AC...H,O(e) and AC...H,O(f), and two open complexes
AC...H,O(a) and AC...H,O(b) are formed (Figure S9). The
molecular geometry of AC is not very sensitive to interactions
with water due to the presence of weak donors and hence a
lesser interaction energy. The highest interaction energy of
6.34 kcal mol ™' has been observed for AC...H,O(c) at MP2
and B3LYP level of theory and much larger variation has not
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been observed in the interaction energy values for the other
complexes (Table 6). The interaction energy order is AC...
H,0(c) > AC...H,0(d) > AC ...H,O(e) > AC ...H,O(b) >
AC...H,O(a) at MP2 and AC ...H,O(c) > AC ...H,O(e) >
AC ...H,O(b) > AC ...H,0(d) > AC ...H,O(a) at B3LYP
level of theory. A prior study on monohydrated caffeine [49]
has resulted in the interaction energy of 5.74, 5.06 and 6.21
keal mol ™! for the interaction of water with imidazole nitrogen
N9, carbonyl oxygen O11 and O13 of urea and amide moiety
at an intermolecular distance of 1.96, 1.95 and 1.91 A. The
interaction of carbonyl oxygen O13 of amide moiety with
water has resulted in the highest interaction energy value in
caffeine whereas, the interaction of triazole nitrogen N9 with
water is said to possess the highest value in 8-azacaffeine.
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Overall, the formation of strong N-H...O bond has resulted in
the highest interaction energy among the monohydrates and
hence it is the preferred site for hydrogen bonding.

The calculated interaction energies of heptahydrated com-
plexes summarized in Table 6 shows that the N7 protonated
AX2... (H,O); tautomer has the highest interaction energy of
67.90 kcal mol ™' at MP2/6-311++G(d,p) and 71.66 kcal
mol ! at B3LYP/6-311++G(d,p) level of theory. This appears
to be as a result of the variation in the strength of the hydrogen
bonds existing in the tautomers. On going from §-azaxanthine
to 8-azatheophylline tautomers, the interaction energy of
AT2... (H,0), is about 1-2 kcal mol™" higher than ATI...
(H,0); as observed for 8-azaxanthine. Further, 8-azacaffeine
is said to possess the least interaction energy value of 43.86
and 45.06 kcal mol " at both levels of theory compared to 8-
azaxanthine and 8-azatheophylline. Overall, the mono and
heptahydrated caffeine complexes have the lowest interaction
energy due to the presence of weak donors.

The energetic characteristics of the monohydrated complexes
for the ground state calculated at MP2/6-311++G(d,p) and
B3LYP/6-311++G(d,p) level of theory are displayed in Table 6.
The energy profiles associated with the tautomerization process-
es of monohydrated complexes are given in Fig. 4. The stability
of the tautomers is greatly affected by water. An analysis of the
total energies of the monohydrates reveals that these values
generally correlate well with the interaction energy between
the modified nucleobase and water. In majority of the monohy-
drated complexes, it is to be noted that the interaction of water
with the proton of triazole nitrogen decides the stability of the
tautomers. Therefore, we can assume that the relative stability of
the monohydrate depends on the tautomeric form of the triazole
ring and almost does not depend on proton transfer within the
substituted pyrimidine fragment. Inspection of the relative sta-
bility of the heptahydrated complexes given in Table 6 reveals
that the N8 protonated AX1...(H,O); tautomer is better hydrat-
ed than AX2...(H,O), at both approaches. Similiar results have
been obtained for 8-azatheophylline where, AT1...(H,0); is
found to be more stable than AT2...(H,O); upon hydration.
The order of stability of two protomeric forms of the hydrated
complexes is AX1...(H,0); > AX2...(H,0); and AT1...
(H,O); > AT2...(H,0); at MP2 and B3LYP level of theory,
respectively.

Dipole moment

The ground state dipole moment values of the isolated forms
of 8-azaxanthine, §-azatheophylline and 8-azacaffeine in
gas phase summarized in Table 2 shows that the most stable
tautomers protonated at triazole nitrogen N8 in 8-
azaxanthine and 8-azatheophylline possess the highest value
of dipole moment than N7 protonated tautomers. Further, it
is to be observed that the substitution of methyl group at
pyrimidine N1 and N3 of 8-azaxanthine decreases the dipole

moment values (8-azatheophylline). The effect is however
not significant in 8-azacaffeine. Further, dipole moments are
sensitive to the polarity of the medium. It is interesting to
note the enhancement of dipole moment values in the sol-
vent phase. The earlier studies also show that the dipole
moment would be enhanced during the formation of hydro-
gen bonds [50]. Interaction of water molecule introduces
significant changes in the dipole moment of the complexes
(Table 6).

Frontier molecular orbitals of hydrated complexes

The nature of the HOMO and the LUMO for the most and
the least stable monohydrated complexes corresponding to
the ground state are shown in Fig. S10 (supplementary
material) and for heptahydrated complexes in Fig. 5. It is
evident that the nature of the HOMO is similar for both
isolated and hydrated complexes. It must be noted that the
orbital contamination from the water molecule is not found
for the hydrated complexes. The examination of LUMOs for
the hydrated complexes reveals that the N8 protonated tau-
tomers have similar features which are different from those
of the LUMOs of N7 protonated tautomers of 8-azaxanthine
and 8-azatheophylline. The difference in the localization of
the LUMO appears responsible for the distinct type of the
structural deformation.

Hydrogen bond analysis

Each aza molecule links neighboring water molecules using
the following four intermolecular hydrogen bonds N-H...O,
O-H...N, O-H...O and C-H...O. These intermolecular hy-
drogen bonds can be detected and characterized using the
AIM theory [51, 52]. The AIM calculation yielded the value
of electron densities of monohydrated complexes to be
0.021 to 0.031 a.u. (N-H...0O), 0.011 to 0.026 a.u. (O-H...
N), 0.015 to 0.028 a.u. (O-H...O) and 0.007 to 0.012 a.u.
(C-H...O), markedly lower than the other conventional
bonds. For the heptahydrated complexes (Tables 7 and
S4), the value of electron density for conventional N-H...
0O, O-H...N, O-H...O and C-H...N are from 0.026 to 0.064
a.u., 0.018 to 0.030 a.u., 0.016 to 0.038 a.u. and 0.006 to
0.015 a.u., respectively. These results suggest the existence
of intermolecular hydrogen bonds in the two protomeric
forms of 8-azaxanthine, 8-azatheophylline and in 8-
azacaffeine as the topological criteria proposed by Koch
and Popelier [53] are fulfilled. These values are within the
range determined for hydrogen bonded complexes, which
typically varies from 0.002 to 0.34 a.u [53, 54]. Among the
monohydrated complexes, the structure with minimum bond
length is said to possess the higher value of electron density
and hence the higher stability in accordance with the relative
energy values. It is to be observed that the electron density
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Fig. 4 Energy profile for the i
monohydrated complexes: (i)

AXI1 (ii) AX2 (iii) AT1 (iv) AT2

(v) AC Relative energies in kcal

mol ! 3s

of conventional bonds is greater in heptahydrated com-
plexes than monohydration resulting in stronger bonds.
Overall, the electron density of N7 protonated tautomers is
higher than N8 protonated tautomers among the two proto-
meric forms of 8-azaxanthine and 8-azatheophylline. On the
basis of the calculated local potential energy density at
BCPs, the following ordering of the intermolecular hydro-
gen bonds according to increasing bond strength can be
proposed:

N-H..O>0-H..O>0-H..N>C-H...O.

In accordance with small electron densities, positive val-
ues of V?p at BCPs indicate that the nature of hydrogen
bonding in all the complexes is electrostatic. The hydrogen
bond length and laplacian of electron density also reveal an
inverse correlation. The curves corresponding to the corre-
lation fit are shown in Figs. S11 and S12 with a correlation

@ Springer

— P2 — P2

— B3LYP — BILYP

MP2
—BILYP

coefficient 0f 0.979 and 0.946 for electron density and 0.980
and 0.971 for laplacian of electron density with hydrogen
bond length for mono and heptahydrated complexes.
Comparison of NBO results with the isolated molecules
shows that the increase in occupancy of the o*(N-H) orbital
for monohydrated complexes lie in the range 0.010 to 0.024e,
and that of 0*(O-H) from 0.003 to 0.020e for O-H...N, 0.006 to
0.022¢ for O-H...O and ¢*(C-H) of 0.001 to 0.007¢ for C-H...
O type hydrogen bonds. For heptahydration, there is a larger
increase in occupancy of the antibonding orbitals of the conven-
tional bonds where o*(N-H) orbital lies from 0.020 to 0.083e,
0*(0-H) from 0.012 to 0.026¢ for O-H...N, 0.006 to 0.038e for
O-H...O and ¢*(C-H) of 0.001 to 0.007¢ for C-H...O type
hydrogen bonds (Tables 7 and S4). This can be related to the
elongation of the X-H bond. The charge is transferred between
the interacting orbitals and hence the X-H antibond occupation
values (X=N, O) of proton donor are found to be higher for all
the bonds. It is revealed that the reduction in lone pair electron



J Mol Model (2013) 19:1835-1851 1847

Fig. 5 Ground state HOMO
and LUMO orbitals of
heptahydrated AX1, AX2, ATI,
AT2 and AC complexes

AX1...(H,0);

AX2...(H,0);

ATL1...(H,0)7

AT2...(H,0);

AC...(H,0); LUMO
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density is indeed accompanied by a small increase in electron
density in the o* antibonding orbital. Specifically, the maxi-
mum elongation in bond length observed for N-H of N-H...O
bond is linearly correlated to the increase in occupation of the
o*(N-H) orbitals.

For each donor and acceptor, the stabilization energy E®
associated with hydrogen bonding between sites i and j is
given by the following equation,

where g, is the ith donor orbital occupancy, ¢; ¢; are the
diagonal elements (orbital energies) and F(i,j) are off diag-
onal elements associated with NBO Fock matrix. The E@
term corresponding to hydrogen bond interactions can be
considered as the total charge transfer energy. If the stabili-
zation energy between a donor bonding orbital and an
acceptor bonding orbital is large, there is a strong interaction
between the two bonds. Among the monohydrated com-
plexes, the strongest interaction existing between n(O15)
and 0*(N8-H14) of AXI...H,0(d), n(O15) and o*(N7-
H14) orbital of AX2...H,O(f) correspond to stabilization
energy of 14.36 and 11.77 kcal mol ', respectively. Further,
in AT1 and AT2, n(021) —c*(N8-H14) of AT1...H,0(d,e)
and n(021) —o*(N7-H14) of AT2...H,O(f) interactions
play an important role in stabilization of the complex resulting
in the stabilization energy of 13.70 and 12.48 kcal mol ',
respectively. Similarly, the lone pairs of the acceptor atoms
N8 in AC...H,O(c) offer their electron to 0*(024-H25) anti-
bond of 8-azacaffeine and thus they have a stabilization energy
of 8.07 kcal mol™". Hence it is to be observed that N-H...O
bonds surpass all other interactions in accordance with the
charge transfer effect. The stabilization energy presented in
Tables 7 and S4 for heptahydrated complexes reveal a maxi-
mum stabilization energy of 43.42 kcal mol™' for AX2...
(H,0);. The lone pairs of the acceptor atoms O30 in AX2...
(H,0); offer their electrons to the 6*(N7-H14) and thus they
have the highest value of stabilization energy. Similarly N7
protonated tautomer AT2...(H,O), possesses the highest stabi-
lization energy value of 31.98 kcal mol ' due to the existence of
strong interaction between n(024) and o*(N7-H14). However,
heptahydrated 8-azacaffeine AC...(H,O); possesses the lowest
value of stabilization energy compared to other complexes.

Conclusions

The TD-DFT and CIS calculations are performed to inves-
tigate the electronic structure and spectral properties of 8-
azaxanthine, 8-azatheophylline and 8-azacaffeine in gas and
solvent phases. Substitution has significant effect on the
properties of 8-azaxanthine. Among the two protomeric

forms of 8-azaxanthine and 8-azatheophylline, the N§ pro-
tonated tautomers are found to be more stable than the N7
protonated tautomers which are in agreement with the ear-
lier studies on the solid state. The substitutions alter the
spatial charge distribution of the frontier molecular orbitals,
and hence the spectral properties depend upon the substitu-
tion. The TD-DFT results show that for all the isolated
complexes, the lowest energy transition is due to the exci-
tation from HOMO to LUMO. The emission spectra calcu-
lated using TD-B3LYP method in solvent phase is in
accordance with the experimental values and the spectra
are red shifted relative to absorption. It is interesting to note
that the absorption and emission energy corresponding to
H—L transition is comparable with the energy gap value.
The molecules with a small H—L energy gap possess max-
imum absorption and emission wavelength.

Hydration has significant influence on the geometry and
stability of aza complexes. The mono and heptahydrated 8-
azaxanthine and 8-azatheophylline complexes protonated at
N7 results in higher interaction energy than N8 protonated
tautomers. The relative stability of the monohydrates
depends on the tautomeric form of the triazole ring and
almost does not depend on the proton transfer within the
substituted pyrimidine fragment. Dipole moments are sen-
sitive to the polarity of the medium and an enhancement has
been noted in the solvent phase. The electron density and its
Laplacian at BCPs correlate well with the hydrogen bond
length and augment the stability order. The maximum elon-
gation in bond length observed for N-H...O bond is linearly
correlated to the increase in occupation of the o*(N-H)
orbitals resulting in the highest value of stabilization energy.
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