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Abstract: This paper has reported some theoretical results for the geometry optimization in ground state
(S0) and the first excited state (S1), the frontier molecular orbitals, the global chemical reactivity descriptor,
the excited states, the absorption and emission spectra in gas phase and aqueous solution of protonated
Adenosine diphosphate molecule. Also, the excited state intramolecular proton transfer process was reported
between O37-H38---N13 bonds. Then, the results obtained have been compared with the experimental data
reported and, therefore, available in literature. All calculations were carried out using density functional
theory and time-dependent density functional theory method with B3LYP functional with 6-311+G (d, p)
basis set. As well as, the solvent effects were investigated using Polarizable Continuum Model. As a
conclusion, it has been indicated that the theoretical results obtained in this work are all in well agreement
with experimental counterparts taken from literature.
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Highlights

*  ADP molecule has been investigated as theoretical in gas phase and aqueous solution.

. The first ten excited states of ADP molecule have been calculated using DFT and TD-DFT.

*  HOMO, LUMO and HOMO-LUMO energy gap have been calculated in details.

. Chemical hardness, electronic chemical potential, electronegativity, electrophilicity investigated

*  Absorption and emission spectra of ADP molecule has been calculated theoretical in gas phase and
aqueous solution.

1. Introduction emerged that some phosphate compounds contain

Adenosine diphosphate (ADP) is an important
organic compound that is essential to the flow of
energy in living cells. In addition, it plays a central
role in fundamental biological reactions catalyzed
by some enzymes such as ATPases and kinases [1].
It is formed by three important structural
components that a sugar attached to adenine and
two phosphate groups. The high energy phosphate
bonds of ADP molecule have attracted a worldwide
attention due to many theoretical [2-6] and
experimental [7-12] studies due to their importance
in energy storage and energy transfer in biological
systems. However, a clear statement has not yet
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energy more than ordinary ester phosphates. We
hope that this uncertainty can contribute to
examining the excited states of ADP molecule in
both gas phase and aqueous solution.

The process of absorption of biomolecules such as
ADP may has some important causes such as
mutations and bond breaks, and these processes can
lead to photo chemical and photo physical events.
These photo-induced processes can be explained by
examining the excited states of molecules [13]. To
understand and interpret the static and dynamic

behaviors of biomolecules in excited states,
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molecules in excited states should be examined as
both experimentally and theoretically [14-19].
Especially, studies on molecules in gas phase gives
detailed information about electronic structure of
molecule in excited states. However, it may still be
a need for the results obtained to be checked by
taking environmental conditions into account,
Because many of the biological processes are
known to occur in vivo and in vitro [20]. The
studies for molecules in aqueous solution show
influence of excited state and structural features
[21]. ADP molecule is a fragment from ATP in as
negative radical and we have add H atom twice to
be protonated, this state after protonation process
can change the all properties of ADP molecules.
Experimentally, it cannot be determined where the
proton was attached; however it can be determined
using quantum chemical calculations. In these
calculations, density functional theory (DFT)
method has been broadly used in physics,
chemistry, biology and materials science. DFT
method successfully predicts structure and
properties of ground state. In addition, TD-DFT
method is successfully used to calculated excited
states of molecules.

Due to the biological significance of ADP
molecule, many quantum mechanical studies were
carried out for understanding
Particularly, the associative and dissociative
mechanisms molecule in hydrolysis process have
been investigated with DFT and HF methods [6, 22,
23]. These mechanisms have also been studied in
the presence of Mg ions bound to negatively
charged oxygens at phosphate group [24]. The
interaction of ADP molecule with various metals
such as Al+3 has been studied by using NMR
spectra experimentally and theoretically [25, 26].
The photoelectron spectra and infrared multiple
photon dissociation spectra as well as free
hydration energies of doubly deprotonated ADP
dianions have been obtained in gas phase [27-29].
In addition, fragmentation patterns of ADP anions
and dianions have been obtained experimentally
[30]. The XRD study of molecule has been studied
by several groups [31, 32]. As a result of these
studies, it has been observed that the structure of
ADP molecule presents some adenine bent towards
some phosphate group, as i have obtained with this

reactions.

work. Also, the absorption and luminescence

spectra of ADP molecule obtained experimentally
were wanted to be examined by courtesy of X-ray
spectroscopy. However, spectra could not be
obtained due to the decomposition of the molecule
in temperature transitions [33].

In presented study, ADP molecule neutralized by
adding one hydrogen atom was reported the ground
state structure and excited states both in gas phase
and in aqueous solution. As well as, the frontier
molecular orbitals, the Global chemical reactivity
descriptor, absorption and emission spectra,
electronic transition energies and corresponding
oscillation strengths of electronically excited states
for ADP molecule were reported using time
dependent density functional theory (TDDFT) and
polarizable continuum model (PCM-TDDFT)
methods. It has been given by combining the
obtained theoretical results with experimental data
reported in literature. Such studies will be helpful
for theoretical modeling of ionic compounds and
thus will contribute to reducing differences between
experimental x-ray spectra and theoretical studies
[34]. Another important use of such a study will
contribute to mass spectrometry studies for
molecular weight and ordering of charged bio
molecules [35].

2. Computational Method

All calculations have been carried out by Gaussian
09 package program [36]. Density functional
theory (DFT) has been used to optimize the ground
state electronic structure of ADP molecules, and
Time dependent density functional theory
(TDDFT) has been used to optimize the excited
state structure. The TDDFT method has been
verified to be a very useful tool to effectively
describe the excited states. All calculations have
been performed using Becke’s three-parameters
hybrid exchange functional with Lee—Yang—Parr
gradient-corrected correlation (B3LYP functional)
and B3LYP / 6-31+G (d,p) basis set [37, 38]. The
Polarizable Continuum Model (PCM) has been
used to examine the effect of the solution on the
molecule. PCM has been already shown to provide
a reliable treatment for biological molecules [39].

3. Results and discussion

3.1. Optimized geometric structures
The optimized structures of the protonated ADP
molecule have been obtained using the
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DFT/B3LYP method for the ground state and
TDDFT/B3LYP method for the excite state. The
optimized geometrical structures and parameters
are shown in Figure 1 and listed in Table 1,
respectively. The results obtained have shown that
the structure of ADP molecule has been look like a
u-shape by bending towards the phosphate group of
the adenine base. The structure of the molecule
obtained theoretically shows a well agreement with

obtained structure in the XRD study. The obtained
ground state geometry parameters of ADP molecule
have been compared with XRD results [40]. As
listed in Table 1, the results have been found to be
quite well agreement with the ground state
structures in both gas phase and aqueous solution
conditions. However, the structures in the excited
state have not been compared because of absence of
experimental data.

ADP Gas Phase Sy

ADP Gas Phase S;

ADP Aqueous Solution Sg

ADP Aqueous Solution S;

Figure 1. Optimized geometric structures in the ground state (So) and the first excited state (S) for the

ADP molecule in gas phase and aqueous solution.

The lengths of O37-H38 and H38-N13 bonds of the
gas phase molecule obtained in the ground state
have been calculated to be 1.00 A and 1.79 A,
respectively. The ground state structure lengths of

the same bonds in aqueous solution have been
calculated as 1.01 A and 1.73 A and given in Table
1. These results can show that the proton transfer
process can occur. If the ground state and excited

33



Turkish Comp Theo Chem (TC&TC), 6(1), (2022), 31-41

Yavuz Ekincioglu

state structures in both environments are compared
carefully, one can see intramolecular proton
transfer or hydrogen atom displacement. Also,
after proton transfer proses, the P25-O37 bond
length shortens from 1.574 A (Sp) to 1.517 A (Sy)

in gas phase and from 1.571A (Sp) to 1.504 A (S;)
in aqueous solution. However, the N13-C11 bond
length stretches from 1.316 A (So) to 1.406 A (S:)
in gas phase and from 1.318 A (So) to 1.423 A (S))
in aqueous solution.

Table 1 Selected theoretical and XRD geometrical parameters (bond lengths in A, Dihedral Angles
and bond angles in degrees) by the DFT/B3LYP/6-31+G (d,p) for the ADP molecule in gas phase
and Aqueous Solution

Bond Length A XRD Gas phase Gas phase Aqueous Aqueous
[40] (So) (S1) solution (So) solution (S1)
N18-C15 1.34 1.343 1.334 1.34274 1.31392
N18-C17 1.34 1.344 1.356 1.35082 1.36975
C16-N10 1.38 1.393 1.34687 1.39126 1.39985
C14-C17 1.41 1.411 1.40557 1.41353 1.41107
C14-N13 1.40 1.391 1.41619 1.39146 1.39571
C2-01 1.39 1.419 1.41827 1.42269 1.42609
C2-C3 1.54 1.537 1.53282 1.53332 1.53145
C3-030 1.40 1.411 1.41372 1.41754 1.41964
C4-08 1.41 1.42695 1.42730 1.42314 1.42433
C32-024 1.44 1.44988 1.43824 1.45806 1.43835
024-P25 1.59 1.60630 1.62824 1.59152 1.61643
P25-037 1.53 1.574 1.51740 1.57183 1.50460
P25-026 1.50 1.490 1.50307 1.49374 1.51845
P25-027 1.65 1.624 1.68744 1.64180 1.69186
P28-029 1.52 1.473 1.47664 1.47985 1.48628
P28-039 1.57 1.582 1.58727 1.59461 1.59431
N13-Cl11 1.38 1.31661 1.40661 1.31880 1.42373
Bond Angles (°)

C15-N19-C16 108 111.61 114.31048 111.60730 114.42095
N19-C16-N10 124 127.71 125.38535 127.79033 126.25508
C14-C16-N10 104 105.64 109.90169 105.74704 108.92301
Cl6-Cl14-C17 118 116.25 116.05711 116.66949 116.01123
C14-N13-Cl11 103 104.15 102.26086 104.36137 103.34031
C2-N10-C11 124 127.33 122.47130 127.70140 125.40432
C2-01-C35 108 112.14 112.30510 111.66457 111.80979
08-C4-C35 109 109.45 109.77026 109.38410 109.47966
C3-C4-C35 103 103.86 103.25431 103.83362 103.57615
01-C35-C4 108 106.87 105.80431 106.82882 106.28787
026-P25-037 118.6 114.60 122.95329 114.12974 121.82637
027-P25- 037 108.5 108.13 106.73519 107.32326 108.43626
027-P25- 026 109.1 111.29 107.04266 110.12240 105.82772
P25-027-P28 130.6 129.28 128.16134 128.43378 128.46656
039-P28- 029 117.9 118.04 115.94217 113.60920 113.81233
039-P28-027 103.9 104.03 105.79997 105.36065 105.72332
029-P28-027 113.5 111.27 115.03330 113.05390 114.15639
041-P28-027 103.4 102.50 98.50969 99.06392 100.14702
C32-024-P25 123.2 123.17 121.88382 124.18251 123.80948
Dihedral Angles (°)

C4-C35-C32-024 57 51.06 55.00175 53.86332 57.09252
C35-C32-024-P25 148 166.24 159.00677 167.34074 178.04348
C32-024-P25-037 -179 -173.46 -171.64773 -177.40538 -178.04141

3.2. Frontier molecular orbitals (FMOs)
and Global chemical reactivity
descriptor

The frontier molecular orbitals (FMOs) of
ADP molecular have been calculated using
DFT/B3LYP/6-31+G (d,p) method.  The
molecular orbitals structures in both gas phase
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and solution form have been shown in figure 2.
The FMOs are comprised of (HOMO) highest
occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO).
The HOMO-LUMO Gap energy is the
difference in energy between the HOMO and
the LUMO. The FMOs are important
parameters in describing the chemical
reactivity and interaction of molecule. Also, it
can provide insights in nature of the

electronically excited state. = The global
chemical reactivity descriptor for example
ionization potential (I), electron affinity (A),
chemical hardness (1), chemical softness (S),
electronic chemical potential (u), global
electrophilicity index (w) are used to predict
the reactivity and stability of molecules. These
descriptors have been calculated using
equations (1), (2), (3) and (4), respectively.

| AEgup=4.11ev |

| %7

| Exomo = —8.87 eV |

,;’?’

| ELumo = —4.75 eV |

I

| AEgp=4.10ev |

| .

L

| Evomo = —8.85 eV | 4’?{0
s

Gas Phase

Aqueous Solution

Figure 2. The molecular orbitals and energies for the HOMO and LUMO of the ADP

molecule in gas phase and aqueous solution
The obtained gas phase HOMO and LUMO
energies are —8.87¢V  and —-4.76¢eV
respectively, and the energy gap between them
is found to be 4.11 eV. Whereas, the obtained
aqueous  solution HOMO and LUMO
energies are -8.85 eV and -4.75eV,
respectively, and the energy gap between them
is found to be 4.10 eV. Since the large energy
gap of molecule has higher stability and lower
chemical reactivity, the molecule can be
concluded to be quite stable.

The global chemical reactivity descriptor for
example ionization potential (I), electron
affinity (A), chemical hardness (n), chemical
softness (S), electronic chemical potential (p),
global electrophilicity index (w) have been
used to predict the reactivity and stability of

the molecule. These descriptors have been
calculated using the following equations.

1
n=201-4) (1)
1
=3 1 2
p=—3 (+4) 3)
_
0= ©
I and A are single electron ionization potential
(I =—Egomo) and electron affinity (A =

— ELymo) of the molecule, respectively. The
global chemical reactivity descriptors have
been listed in table 2.

The results have shown that ADP molecule in
both gas phase and aqueous solution
conditions is kinetically stable with the
hardness values. The chemical softness, the
chemical potential and the electrophilicity
index values have shown that the molecule in
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both  environments chemical

strength and stability.

POSSEsses

3.3. Excited states

The excited states of molecule have been
calculated using TDDFT method for gas phase
and PCM-TDDFT method for aqueous
solution. The results obtained for gas phase
and aqueous solution have been presented in
table 3 and 4, respectively. According to
results obtained in gas phase and aqueous

solution calculations, in the Franck—Condon
region the first excited state corresponds to the
transition from the highest energy occupied
molecular orbital to the lowest energy
molecular  orbital. This  transition
corresponding to maximum oscillator strength
has been calculated at 258.55 nm. The second
excited state corresponds to HOMO-
1—LUMO transition and oscillator strength
(0.0095).

Table 2. The global chemical reactivity descriptors for ADP molecule in gas
phase and aqueous solution.

Chemical Reactivity Descriptor  Gas Phase (eV)  Aqueous Solution (eV)
Electron affinity (A) 4.76 4.75
Ionization energy (I) 8.87 8.85
Chemical hardness (1) 2.055 2.05
Chemical softness (S) 0.486618 0.487804
Electronic chemical potential (p) -6.815 -6.8
Global electrophilicity index (®) 11.30 11.27

Table 3 The vertical excitation energies, wavelength, oscillator strengths and major

contributions for ADP molecule in gas phase.

Excited Vertical excitation Wavelengths  Oscillator Major

states energies (eV) (nm) strengths contributions

S1 4.795 258.55 0.1752 HOMO—LUMO (87%)

S2 4.878 254.12 0.0095 H-1-LUMO (89%)

Ss 5.110 242.62 0.0039 HOMO—L+1(74%)
HOMO—L+2 (15%)

S4 5.219 237.55 0.0239 H-2—LUMO (16%)
HOMO—L+1(24%)
HOMO—L+2 (53%)

Ss 5.452 227.39 0.001 H-1-L+2 (92%)

Se 5.510 224.97 0.0128 HOMO—L+3 (84%)

S7 5.887 210.58 0.0341 H-6—>LUMO(14%)
HOMO—L+4 (55%)

Ss 5.908 209.85 0.0126 H-6—LUMO (45%)
H-1-L+1(20%)
HOMO—L+4 (11%)

So 5.940 208.705 0.0151 H-1-L+1 (62%)

S10 5.953 208.26 0.1108 H-3—-LUMO (15%)
H-2—-LUMO (43%)
H-1-L+1(12%)
HOMO—L+4 (11%)

According to the data obtained in aqueous solution ~ percentage. Similar to the gas phase, the second

calculations, the first excited state corresponds to
the transition from HOMO to LUMO. The energy,
wavelength and oscillator strength have been
determined to be 4.801 eV, 258.19 nm and 0.2462,
respectively.  The major contribution for this
HOMO—LUMO transition is taken place with 90

excited state for solution corresponds to HOMO-
1—-LUMO transition. The energy, wavelength and
oscillator strength have been to be 5.078 eV, 244.14
nm and 0.0008, respectively. The major
contribution for this with 93
percentage. For the other transitions, the energy,

transition 1is
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wavelength, oscillator strength and major
contribution values have been presented in table 3
and table 4.

34. Absorption and emission spectra

As shown in the figure 3, the absorption spectrum
of ADP in both environments has a very similar
pattern and two intense spectral regions.
Comparison of the results for both environments

has shown that HOMO—LUMO transition

dominating spectra is very little affected by the
solvent. The excitation energies are 4.79 eV
(258.55 nm) for gas phase and 4.80 eV (258.19 nm)
for aqueous solution. The second peaks have been
observed at 5.95 eV (208.26 nm) for gas phase and
5.94 eV (208.53 nm) for aqueous solution. These
transitions corresponds to HOMO-2—LUMO

transitions.

Table 4 The vertical excitation energies, wavelength, oscillator strengths and major
contributions for ADP molecule in aqueous solution.

Excited Vertical excitation Wavelengths  Oscillator Major
states energies (eV) (nm) strengths contributions
S1 4.801 258.19 0.2462 HOMO—LUMO (90%)
S 5.078 244.14 0.0008 H-1-LUMO (93%)
S3 5.124 241.94 0.0481 H-2—LUMO (15%)
HOMO—L+1 (74%)
S4 5.435 228.09 0.0087 HOMO—L+2 (93%)
Ss 5.582 222.08 0.0026 H-1-L+1 (96%)
Se 5.869 211.25 0.0309 HOMO—L+3 (14%)
HOMO—L+4 (74%)
S7 5.881 210.80 0.0093 HOMO—L+3 (80%)
HOMO->L+4 (13%)
Ss 5.945 208.53 0.1777 H-4—LUMO (14%)
H-2—LUMO (65%)
So 5.996 206.77 0.0058 HOMO—L+5 (86%)
S1o 6.055 204.75 0.0035 H-6—-LUMO (82%)
2,00E+04 -
1,80E+04
1,60E+04 -
1,40E+04 -
51
g 1,20E+04 - ——Gas Phase
-g 1,00E+04 - —Aqueous Solution
% 8,00E+03
6,00E+03 -
4,00E+03
2,00E+03
0,00E+00 T T T |
150 200 250 300 350
Wavelength (nm)

Figure 3. Absorption spectra of the ADP molecule in gas phase and aqueous solution
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Figure 4. Fluorescence (emission) spectra of the ADP molecule in gas phase and

aqueous solution.

The ADP molecule exhibits three peaks in both
environments as shown in the figure 4. The first
peak of ADP in aqueous solution has been observed
at 3.12 eV (396.81 nm) which is associated with
HOMO—LUMO transition. The second peak has
been observed at 4.69 eV (263.85 nm). This peak
corresponds to a HOMO-7—LUMO transition.
Finally, the third peak was observed at 4.23 eV
(29278 nm) and corresponds to HOMO-
2—LUMO transition. The maximum fluorescence
band in ethanol has been obtained at 365 nm in
literature [41]. The first peak in gas phase has been
observed at 4.20 eV (294.83 nm) which associates
with HOMO-6—LUMO transition.
important transition was observed at 2.47 eV
(501.29 nm). This transition has been attributed to
HOMO—LUMO. Finally, the third peak has been
observed at 3.69 eV (335.88 nm) and attributed to
HOMO-4—LUMO transition. In aqueous solution,
the emission spectrum has been observed that is
significantly blue shifted according to gas phase
emission spectrum.

The second

4. Conclusion

In this work, ADP molecule in gas phase and
aqueous solution form have been investigated and
its prominent properties, such as Structural,
Frontier molecular orbitals, exited states, global
chemical reactivity descriptor, absorption and
emission spectra, have been determined using DFT
and PCM/TD-DFT methods. Theoretically
calculated three-dimensional chemical structure has

shown well agreement with XRD results. Also, the
bond length and bond angles obtained for both
environments have been found in quite well
consistent of XRD results. After ADP molecule is
excited, we have realized that a hydrogen atom
transfer or a proton transfer occurs between O37-
H38:-*N13 bonds. The molecular orbital analysis
has shown that ADP molecule is quite kinetically
stable. The calculations for the excited states have
shown that it is dominated by HOMO LUMO
transition and energy values for gas phase and
aqueous solution have been found to be 4.795 eV
and 4.801 eV, respectively. We have found that
although the absorption spectrum has not much
affected in aqueous solution, it has a significant
effect on the emission spectrum. We can clearly
say that the theoretical studies are important to
better understand the specific origins of the minor
Also, it can

studies

bands observed in experiments.
contribute to mass spectroscopy
molecular weight and ordering of charged bio
molecules.

for

Acknowledgements

Authors kindly would like to thank, Selguk
University, Department of Physic, Selguk
University, High Technology Research and

Application Center for supplying Infra structure
and SULTAN Center

38



Turkish Comp Theo Chem (TC&TC), 6(1), (2022), 31-41

Yavuz Ekincioglu

References

(1]

(2]

(4]

(6]

(8]

(9]

[10]

[11]

D.D. Hackney, When Is Weaker Better?
Design of an ADP Sensor with Weak ADP
Affinity, but Still Selective against ATP,
Journal of the American Chemical Society
(2010) 353-354.

D.M. Hayes, G.L. Kenyon, P.A. Kollman,
Theoretical calculations of the hydrolysis
energies of some" high-energy" molecules. 2.
A survey of some biologically important
hydrolytic reactions, Journal of the American
Chemical Society 100 (14) (1978) 4331-4340.

P. Hansia, N. Guruprasad, S. Vishveshwara,
Ab initio studies on the tri-and diphosphate
fragments of adenosine triphosphate,
Biophysical chemistry 119 (2) (2006) 127-
136.

M. O'keeffe, B. Domenges , G.V. Gibbs, Ab
orbital
phosphates: comparison with silicates, The
Journal of Physical Chemistry 89(11) (1985)
2304-2309.

initio molecular calculations on

V.G. Machado V.G, Nome F, Energy-rich
phosphate compounds, Quimica Nova 22(3)
(1999) 351-357.

M.J. Hwang, P.Y. Chu, J.C. Chen, I. Chao,
Conformational analysis of
pyrophosphate model species: Diphosphate,
methyl diphosphate, and triphosphate, Journal
of computational chemistry 20(16) (1999)
1702-1715.

three

H.M. Kalckar, The Nature of Energetic
Coupling in Biological Syntheses, Chemical
Reviews 28(1) (1941) 71-178.

P. Oesper P, Sources of the high energy content
in energy-rich phosphates, Archives of
biochemistry 27(2) (1950) 255-270.

R.E. Alving, K. Laki, Energy and electron
orbitals in adenosine phosphates, Journal of
theoretical Biology 34(2) (1972) 199-214.

M.L. Atkinson, R.K. Morton, Free energy and
the biosynthesis of phosphates, Comparative
biochemistry 2 (2012) 1.

B. Pullman, A. Pullman, Electronic structure
of energy-rich phosphates, Radiation Research
Supplement 2 (1960) 160-181.

[12]

[14]

[16]

[17]

[18]

[19]

[20]

K. Laki, M. Seel, J. Ladik, (1977)
Conformation of triphosphate and lysine-
triphosphate-arginine complex, Journal of
theoretical biology 67(3) (1977) 489-498.

T. Gustavsson, R. Improta, D. Markovitsi,
NA/RNA: building blocks of life under UV
irradiation, The Journal of Physical Chemistry
Letters 1(13) (2010) 2025-2030.

L. Serrano-Andres, M. Merchan, Are the five
natural DNA/RNA base monomers a good

choice  from  natural selection?: A
photochemical  perspective, Journal of
Photochemistry and  Photobiology C:

Photochemistry Reviews 10(1) (2009) 21-32.

C. Ma, C.C.W. Cheng, C.T.L. Chan, R.C.T.
Chan, W.M. Kwok, Remarkable effects of
solvent and substitution on the photo-dynamics
of cytosine: a femtosecond broadband time-
resolved fluorescence and transient absorption
study, Physical Chemistry Chemical Physics
17(29) (2015) 19045-19057.

I. Conti, M. Bonfanti, A. Nenov, I. Rivalta, M.
Garavelli, Photo-Active Biological Molecular
Materials: From Photoinduced Dynamics to
Transient Electronic Spectroscopies,
Challenges and Advances in Computational
Chemistry and Physics QM/MM Studies of
Light-responsive Biological Systems Springer
(2020) 77-142.

K. Kleinermanns, D. Nachtigallova, M.S. de
Vries, Excited state dynamics of DNA bases,

International Reviews in Physical Chemistry
32(2) (2013) 308-342.

R. Improta, F. Santoro, L. Blancafort,
Quantum mechanical studies on the
photophysics and the photochemistry of
nucleic acids and nucleobases, American
Chemical Society Chemical Reviews 116(6)
(2016) 3540-3593.

D. Tuna, A.L. Sobolewski, W. Domcke,

Mechanisms  of  ultrafast  excited-state
deactivation in adenosine, The Journal of

Physical Chemistry A 118(1) (2014) 122-127.

R. Improta, V. Barone, Excited states behavior
of nucleobases in solution: insights from
computational studies. Photoinduced

39



[21]

[22]

(24]

[25]

[26]

(28]

Turkish Comp Theo Chem (TC&TC), 6(1), (2022), 31-41

Yavuz Ekincioglu

Phenomena in Nucleic Acids I Springer (2014)
329-357.

M.K. Shukla, J. Leszczynski, Comprehensive
evaluation of medium and long range
correlated density functionals in TD-DFT
investigation of DNA bases and base pairs: gas
phase and water solution study, Molecular
Physics 108(21-23) (2010) 3131-3146.

C.B. Harrison, K. Schulten, Quantum and
classical dynamics simulations of ATP
hydrolysis in solution, Journal of Chemical
Theory and Computation 8(7) (2012) 2328-
2335.

Y. Yang, Q. Cui, The hydrolysis activity of
adenosine triphosphate in myosin: a theoretical
analysis of anomeric effects and the nature of
the transition state, The Journal of Physical
Chemistry A 113(45) (2009) 12439-12446.

H. Sigel, Metal ion-assisted stacking
interactions and the facilitated hydrolysis of
nucleoside Di-and triphosphates, Journal of
Inorganic Biochemistry 67(1-4) (1997) 290-

290.

Y. Lian, H. Jiang, J. Feng, X. Wang, X. Hou,
P. Deng, Direct and simultancous
quantification of ATP, ADP and AMP by 1H
and 31P Nuclear Magnetic Resonance
spectroscopy, Talanta 150 (2016) 485-492.

P. Cardiano, C. Foti, F. Giacobello, O. Giuffre,
S. Sammartano, Study of Al3+ interaction with
AMP, ADP and ATP in aqueous solution,
Biophysical chemistry 234 (2018) 42-50.

A.T. Blades, Y. Ho, P. Kebarle, Free Energies
of Hydration in the Gas Phase of Some
Phosphate Singly and Doubly Charged
Anions:(HO)  2PO2-(Orthophosphate),(HO)
O2POPO2 (OH) 2-(Diphosphate), Ribose 5-
Phosphate, Adenosine 5 ‘-Phosphate, and
Adenosine 5 ‘-Diphosphate, The Journal of
Physical Chemistry 100(6) (1996) 2443-2446.

A.T. Blades, Y. Ho, P. Kebarle, Hydration in
the Gas Phase of the Orthophosphate
Anion,(HO) 2PO2-, and the Conversion of the
Orthophosphate to the Metaphosphate, PO3-,
Ion, Journal of the American Chemical Society
118(1) (1996) 196-201.

[29]

[30]

[31]

[33]

[34]

[35]

F. Schinle, P.E. Crider, M. Vonderach, P.
Weis, O. Hampe, M.M. Kappes, Spectroscopic
and theoretical investigations of adenosine 5'-
diphosphate and adenosine 5'-triphosphate
dianions in the gas phase, Physical Chemistry
Chemical Physics 15(18) (2013) 6640-6650.

R.M. Burke, J.K. Pearce, W.E. Boxford, A.
Bruckmann, C.E. Dessent, Stabilization of
Excess Charge in Isolated Adenosine 5 °-
Triphosphate and Adenosine 5 ‘-Diphosphate
Multiply and Singly Charged Anions, The
Journal of Physical Chemistry A 109(43)
(2005) 9775-9785.

R. Cini, C. Pifferi, Dalton Transactions,
Supramolecular networks hydrogen
bonding and stacking interactions for
adenosine 5'-diphosphate. Synthesis and
crystal structure of diaqua (2, 2: 6', 2 "-
terpyridine)  copper  (I)[adenosine  5'-
diphosphato (3-)](2, 2"+ 6', 2 "-terpyridine)
cuprate (II) adenosine 5'-diphosphate (1-)
hexadecahydrate and density functional
geometry optimization analysis of copper (I)-
and (IT)-pyrophosphate
Journal of the Chemical Society, Dalton
Transactions (5) (1999) 699-710.

via

zinc complexes,

O. Kennard, N.W. Isaacs, W.D.S. Motherwell,
J.C. Coppola, D.L. Wampler, A.T. Larson,
D.G. Watson, The crystal and molecular
structure  of triphosphate,
Proceedings of the Royal Society of London.
A. Mathematical and Physical
325(1562) (1971) 401-436.

adenosine

Sciences

E. Dieguez, J.M. Cabrera, F. Agullo-Lopez,
Optical absorption and luminescence induced
by x rays in KDP, DKDP, and ADP, The
Journal of chemical physics 81(8) (1984)
3369-3374.

J. Gao, K. Kuczera, B. Tidor, M. Karplus,
Hidden thermodynamics of mutant proteins: a
molecular  dynamics analysis,
244(4908) (1989) 1069-1072.

Science

D.R. Phillips, J.A. McCloskey, A
comprehensive study of the low energy
collision-induced dissociation of dinucleoside
monophosphates, International journal of mass
spectrometry and ion processes 128(1-2)
(1993) 61-82.

40



Turkish Comp Theo Chem (TC&TC), 6(1), (2022), 31-41

Yavuz Ekincioglu

[36] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E.
Scuseria, M.A. Robb, J.R. Cheeseman, D.J.
Fox , Gaussian 09, Revision D. 01, Gaussian
Wallingford, CT, USA (2009).

[37] A.D. Becke AD, Correlation energy of an
inhomogeneous electron gas: A coordinate-
space model, The Journal of chemical physics
88(2) (1988) 1053-1062.

[38] A.D. Becke, Density-functional exchange-
energy approximation with correct asymptotic
behavior, Physical review A 38(6) (1988)
3098.

[39] B. Mennucci, Polarizable continuum model,
Wiley Interdisciplinary Reviews:
Computational Molecular Science 2(3) (2012)
386-404.

[40] D.A. Adamiak, W. Saenger, Structure of the
monopotassium  salt of adenosine 5'-
diphosphate dihydrate, KADP. 2H20, Acta
Crystallographica  Section B:  Structural
Crystallography and Crystal Chemistry 36(11)
(1980) 2585-2589.

[41] E.P. Gibson, J.H. Turnbull, Luminescence
characteristics of adenosine and its phosphates,
Journal of Photochemistry 11(5) (1979) 313-
319.



