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inside crystals. The generated power spectra, as well as the fluctuation of the interaction energies, showed large
differences between hydrogen bond networks in the considered crystals. The analysis of intermolecular interac-
tions have been done base on the reactivity descriptors as well frontiers orbitals along trajectories. The main re-

sults showed that in adenine crystals the intermolecular interactions have three directions and fluctuate, while in
the thymine crystal have only two directions and are weak but stable. These results explain also on the difference
between adenine and thymine melting temperature.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Thymine and adenine as well as guanine and cytosine are nitrogen-
containing nucleobases. DNA can undergo structural changes, some-
times leading to mutations, due to a variety of environmental factors
which can either be chemical or physical in nature [1-3]. It should be
stressed some chemical factors include interaction with small molecules
or enzymes leading to uncoiling of DNA or breaking of hydrogen bonds
(HBs) [4,5]. From this point of view the HBs are the most important in-
teractions in nature. The HBs build the structure of DNA by means of a
lock and key mechanism [6-9]. Only complementary nucleobases may
build the DNA structure.

Nowadays, theoretical chemistry pushes possibilities of molecular
modelling to its limits. A lot of new studies use density functional theory
(DFT) calculations as a base for ab initio molecular dynamics (MD)
[46-49]. Sophisticated types of MD simulations can provide an insight
into hydrogen bond (HB) mechanics in many areas of research, for ex-
ample solvation of protein ligands (e.g. biotin, a ligand of avidin) [46].
Applications go as far as the hydrogen bond is present in the structure,
from HBs in crystals of tropolone [49] to intramolecular HBs in polymers
[47]. Recently, the sophisticated concepts have been propose for dealing
the several effects such as: Davydov coupling [50-53], Fermi resonances
[50-52], strong anharmonicty [50,51], coupling between hydrogen
bond protons and the electrons on the m-electronic systems [54].

* Corresponding author.
E-mail address: brela@chemia.uj.edu.pl (M.Z. Brela).

https://doi.org/10.1016/j.saa.2020.118398

In this work, we have focused on the intermolecular interactions in
crystals of two nucleobases: adenine and thymine. Adenine (6-
aminopurine) is a derivative of purine and possesses pyrimidine-
imidazole ring. The core aromatic structure is the same as in Guanine
molecule. Thymine (5-methyluracil) as well as uracil is a derivative of
pyrimidine. The spectroscopic features of both studied molecules have
been extensively examined by various experimental techniques
[10-12]. Many of spectroscopic analyses have been supported by theo-
retical methods [13,14]. The previous studies have been mainly focused
on the gas phase, solutions as well as dimer interactions [15-17]. It
should be noted that quantum mechanical methods have been used to
analyse hydrogen bonds in the A-T dimer, e.g., the Bader theory, the En-
ergy Decomposition Analysis (EDA) [18].

The considered a posteriori methodology has been presented several
times in literature. Firstly, molecular dynamics has been used as a col-
lection of states for quantization of nuclear motions [19,20]. After that
the advantage of this approach has been elucidated by the analysis of in-
teraction between polymer chains in crystals. It should be stressed that
considered methodology turned out to be a valuable technique for anal-
ysis the strong hydrogen bonds [21] as well as weak dynamic interac-
tions [22]. The pronounced ascendancy of a posteriori methodology is
a possibility of full parallelization in High Performance Computing
infrastructure.

In this paper, we used several snapshot from Molecular Dynamics
(MD) trajectory for details analysis of interaction between selected mol-
ecules and surrounding cluster. The dynamics of hydrogen bond net-
work has been analysed by the deformation density analysis along
molecular dynamics trajectory. In the end the most interesting
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structures have been chose for further analysis by Extended Transition
State (ETS) decomposition scheme [23,24].

2. Computational details

The ab initio molecular dynamics (AIMD) simulations were per-
formed for the crystals of adenine and thymine. The adenine as well as
thymine belongs to the most common P2,/c [25,26]. Studied systems
have different lattice parameters of unit cells: adenine: a = 7.891 A,
b =22242 A c =7448 A, 3 = 113.193°, = y = 90° thymine: a =
12.889A, b =6.852 A, c = 6.784 A, B = 104.92°, o = y = 90°. The
supercell approach has been used for the hydrogen bond analysis. The
unit cell has been triple-sized along the all directions. The studied
systems contain 108 molecules. Figs. 1 and 2 illustrate considered
supercells.

The MD simulations were carried out using the Born-Oppenheimer
approach in the Quickstep scheme [27,28]. Temperature was set to
300 K and MD time step was 1 fs. The total simulation time was c.a.
100 ps for each studied system (100,000 steps). The BLYP functional
was used as the exchange-correlation functional with the Grimme's dis-
persion correction (D3) [29-31]. Periodic Boundary Conditions (PBC)
were used for approximating crystal field. A mix of DZVP basis sets
and plane waves (cutoff = 450 Ry) was used. The trajectory was visual-
ized and analysed by the VMD software [32] and many tools were cre-
ated for performed analyses.

The interactions between molecules in the crystals were analysed in
the adenine and thymine clusters inside the supercells. This methodol-
ogy has been also used for analysis of the guanine and cytosine clusters
[33]. Snapshot structures of the trajectory were extracted every 1000
steps (equivalent to 1 ps), yielding 100 distinct structures to represent
variety of possible conformers. For each structure, obtained from the
MD simulations, a 27 core molecules have been extracted. The hydrogen
bond interaction dynamics has been analysed inside extracted cluster,
between central molecule and the 26 surrounding molecules.

Power spectrum and atomic power spectra were obtained from Fou-
rier transformations (FT) of the autocorrelation function of atom posi-
tions. FT was done using CPMD additional scripts [45]. The FT has

been done for each atom separately, then the spectra have been to
atom have been summed to functional groups. The power spectra
have been generated with the prefactor of corresponding to the high
temperature (harmonic) limit.

3. Experimental

The IR spectra in the 3500-550 cm ™! region were measured by
using a Thermo Scientific FT-IR Nicolet iS5 Spectrometer using the
ATR technique. The spectral resolution was 0.5 cm~", and 500 scans
were accumulated. The experimental data has been collected in the Or-
ganic Chemistry Department, Jagiellonian University.

4. Results and discussion
4.1. Spectroscopic features of adenine and thymine

The experimental and theoretical spectra of adenine and thymine
have been shown in Fig. 3. The both analysed crystals have the same
crystal point group (P2,/c). However, the hydrogen bonds formed by
molecules are slightly different. This effect is evidenced in the IR spectra.
Especially the rich high frequency region indicates the hydrogen bond
network.

Let us discuss the both crystals sequentially. The experimental spec-
trum of adenine crystal shows a wide band between 2000 cm~! and
2950 cm™!, the two maxima are located at 2690 cm~' and
2790 cm~ . The half-width of this band has been assigned as ca.
500 cm™!. Further, the next band occurs between 2900 cm ™' and
3350 cm™ !, with a maximum at 3110 cm™ . It should be pointed out
that the last band has also a large half width as ca. 400 cm™".

The thymine crystal has completely different IR spectrum than ade-
nine crystal. The high frequency region has one broad band. It appears
between 2600 cm~! and 3300 cm™!, with maximum located at
3050 cm ™. The two additional maxima are located at 2920 cm™' and
3170 cm™ . The both maxima are slightly shifted to the higher frequen-
cies. The comparison of thymine crystals relative intensities shows the
reasonably good agreement with experimental data.

d

Fig. 1. Panels a), b) and c) show the view along x, y and z axes, respectively for the adenine supercell. Panels d) and e) present the alternately located adenine molecules in the crystal.
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Fig. 2. Panels a), b) and c) show the view along x, y and z axes, respectively for the thymine supercell.

4.2. Simulations of the N—H and C—H stretching band shapes function gave us possibility to extract the features of specific modes.

Let us compare the theoretically simulated spectra and observed inter-

The hydrogen bond network studies require the analysis of the band actions in adenine as well as thymine, we will focus mainly on the

components directly related to intermolecular interactions. The calcula- high frequency region. Fig. 4 and Fig. 5 present the decomposition of
tion of Fourier transform from the atom position autocorrelation the power spectra presented in Fig. 3 into selected group domains.
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Fig. 3. Experimental (dotted lines) and calculated (solid lines) IR spectra of the adenine
and thymine crystals. Red colour corresponds to thymine and black to adenine. Fig. 4. Decomposition of the adenine power spectrum into group domains.
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Fig. 5. Decomposition of the thymine power spectrum into group domains.
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Fig. 6. Decomposition of the thymine power spectrum into atom domains.

Table. 1
ETS Analysis for the interaction between selected molecule and serenaded cluster of 26
molecules. Using ADF package. Energies in kcal/mol.

System Snapshots  AEpaui  AEesar  AEleric  AEom AE ool

Adenine 64 ps 15887 —87.37 7150  —20411 —132.61
85 ps 9103 —53.11 3792  —14290 —104.98

Thymine 64 ps 3125  —950 2175 —61.83  —40.08
85 ps 2882  —869 2013 —61.06  —40.94

2 Total bonding energy: AE;ora = AEpauii + AEesstar + AEom; PSteric
interaction:AEgeeric = AEpqyii + AEeisear.

Firstly, we focus on the adenine crystal, the power spectra have been
presented in Fig. 4. The main components that have been analysed cor-
respond to the movement of two groups involved in the hydrogen bond
interactions: NH and NH, and two additional CH groups (1 and 2). The
NH band has two maxima at 2820 cm™! and 2915 cm ™! and ranges be-
tween 2500 cm~ 'and 3250 cm ™. The stretching band of the NH, starts
at 3000 cm™! and finishes at 3500 cm™!, with two maxima at
3160 cm~ ! and 3330 cm™'. The CH(1) and CH(2) bands have two
maxima's at 3130 cm™' and 3210 cm™'. Both bands start at
3050 cm ™" and finish at 3250 cm™ .

The thymine power spectrum decomposed into CH, CHs, CO(1), CO
(2),NH(1) and NH(2) is presented in Fig. 5. Mainly CH and CO(2) are in-
volved in the hydrogen bond. The maxima of CH and CO(2) modes are
located at 3150 cm™! and 1605 cm™, respectively. The rest of the
modes are involved only in weak interactions which may change dy-
namically the strength of it. The maximum of the CO(1) band is located
at 1640 cm™'. The NH(1) and NH(2) bands are quite similar and range
between 2950 cm ™! and 3400 cm ™!, with maximum at 3220 cm ™~ .. The
NH(1)band has additional convexity around 3100 cm™'. The atomic
components presented in Figure 6 show the C—H band in the high fre-
quency region.

4.3. Analysis of hydrogen bond network in guanine and cytosine crystals

Fig. 7 shows the partitioning used for the further analysis. The study
of the charge flow has been done between central molecule and 26 mol-
ecules surrounding it. The deformation densities depicted in the Fig. 9
have been calculated as the difference of the selected 27 molecules den-
sity and the sum of fragments density. Adequately, the deformation
density is a difference between density of the whole cluster and a sum
of fragment densities. This concept gives us the possibility to visualize
the charge transfer between fragments and introduce the energy be-
tween fragments. The energies are collected in Table 1.

The estimation of charge flow is presented in Fig. 9. The values ob-
served for thymine crystal range between —35 kcal/mol and — 25 kcal/
mol which is typical for the room temperature of simulation. We ob-
served only small differences in the interaction energy which suggests

Fig. 7. The selected cluster of 27 molecules of adenine (panel a) and thymine (panel b). The green colour shows the carefully chosen of the central molecule. Further, the interaction is
discussed between marked molecule and the 26 surrounding molecules.
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Fig. 8. Values of interaction energies between one selected and 26 surrounding molecules
along the trajectory. Light green and light red marks the snapshots depicted in Figs. 9 and
10 for adenine and thymine, respectively.

64 ps

the stable but week interactions between molecules. Different situation is
observed in the adenine results. Interaction energy spans between
—72 kcal/mol and —35 kcal/mol. The large fluctuations imply that the hy-
drogen bond network has changed during the simulation.

In Fig. 9. the deformation densities of two selected snapshots are
presented. We chose the snapshots after 64 ps because the interaction
energy of thymine and adenine are completely different. In contrast to
previous situation the snapshots after 85 ps which reflect similar inter-
action energy have been selected. The snapshots are marked in Fig. 8.

The adenine deformation densities for both snapshots are depicted
in Fig. 9. Each adenine molecule forms six hydrogen bonds. Half of
them are related with acceptor character of nitrogen, one is created by
the NH group and two by NH, group. This is quite complicated hydro-
gen bond network, where hydrogen bonds are directed in three side
of molecules. Each direction represents the configuration of two conju-
gated hydrogen bonds, please see bottom part of Fig. 9. The flexibility of
NH, group as well as the arrangement of the hydrogen bond network
explains the large fluctuations of observed interaction energies.

Fig. 10 presents the deformation densities analysis of adenine. The
adenine hydrogen bond network are dominated by chains formed by
C-H=O=C interactions. The other interactions formed by CHs play

85ps

Fig. 9. Analysis of deformation densities for the cluster of 27 molecules of Adenine. The blue colour shows the accumulation of the electron density, the red colour the depletion. Panel
a) shows the structure after 64 ps of simulation, while Panel b) after 85 ps. Panels c) and d) present the magnification of deformation density around considered molecule in both

snapshots, respectively.
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85ps

64 ps

Fig. 10. Analysis of deformation densities, Ap for the cluster of 27 molecules of Thymine. The blue colour shows the accumulation of the electron density, the red colour the depletion. Panel
a) shows the structure after 64 ps of simulation, while Panel b) after 85 ps. Panels c) and d) present the magnification of deformation density around considered molecule in both

snapshots, respectively.

only minor role in the interaction network present in the adenine
crystal.

In the end of this point we look a bit more precisely on the electronic
structure of central molecules of adenine and thymine and its change dur-
ing simulation. We analyse the dual descriptor [34-36] () which com-
bine the nucleophilic f*(r) and electrophilic f~(r) Fukui functions as f*
(r) =f*(r) — f~(r). Dual descriptor gives us information on the acceptor
and donor of hydrogen bonds [37]. Further, the frontier orbitals have been
depicted for selected structures (Fig. 11 and Fig. 12). The molecular elec-
trostatic potential is the last but not the least elucidated descriptor.

Fig. 11 shows the above descriptors for adenine molecules. The
analysed geometries are cut from selected snapshots. The dual descrip-
tor shows the electron transfer during the simulations. The panel
a) reflects the structure with stronger interaction than panel b). The
main difference can be seen in the NH; group. The panel a) presents
the NH, group that is sensitive for electrophilic attack while panel
b) shows the hidden NH, group. The frontier orbitals, especially
HOMOs, are in line with this observation. The right panel presents the
structure where HOMO is located also in the NH, group. The molecular
electrostatic potential also shows the fluctuations between selected
structures. The positive charge around hydrogen in the NH, is relocated.

The thymine structures do not reflect any specific fluctuations. The
descriptors do not change much during the simulations, please compare
with Fig. 12. Only dual descriptor elucidates the small change around
CH5 group.

4.4. The analysis of ETS components of the hydrogen bond interaction

Table 1 affords the ETS analysis of the hydrogen bonds component.
The results have been obtained based on the Amsterdam Density Func-
tional (ADF) program version 2013.01 [38] in which the ETS scheme
[39-41] was implemented. This part calculations have been made
using the Becke—Perdew exchange-correlation functional [29] and
TZP basis set.

Firstly, let us introduce the partitioning scheme. The single molecule
and 26 surrounding molecules are the considered fragments. The peri-
odic boundary conditions are neglected in these calculations, wherefore

calculated interaction energy cannot be compared with the energy from
the previous subsections.

The interaction energy between studied fragments has been
analysed with the ETS bond energy decomposition scheme [39-41]. In
this approach, the overall bonding energy is decomposed, as shown in
Eq. (1):

AEtotal = AEl’auli + AEelstat + AEorb (1)

The AE. . term is the electrostatic interaction between the frozen
charge distributions of two distorted monomers (fragments) as they
are brought together. AEp,,; is the repulsive interaction between occu-
pied orbitals on the two monomers. We allow the virtual orbitals on
both monomers in the dimeric structure to participate in the bonding,
leading to the orbital stabilization term AE,,,,. Participation of the virtual
orbitals gives rise to a change in the density Ap. It is convenient to com-
bine AE.sq and AEpgy; into the steric interaction energy as shown in
Eq. (2):

AEsteric = AEl’auli + AEelstat (2)

The decomposition energy results for two selected points from tra-
jectory (64 ps and 85 ps) have been collected in Table 1. The total bond-
ing energy for adenine ranges between —104.98 kcal/mol to
—132.61 kcal/mol. The orbital interaction term changes from
—204.11 kcal/mol after 64 ps to —142.90 kcal/mol after 85 ps. The re-
lated deformation densities have been shown in Fig. 9. The marketable
difference between considered points has been observed also in the
Paul component, c.a. 67.84 kcal/mol. While Electrostatic component
varied between —53.11 kcal/mol (85 ps) and — 87.37 kcal/mol (64 ps).

The ETS analysis of interaction in the thymine cluster shows only
small changes in the total interaction energy as well as energy compo-
nents. Fig. 10 depicts the deformation densities of considered cluster,
which reflects the orbital contribution. The exposed C—H 0 hydrogen
bonds have been also elucidated in the power spectrum analysis. The
C—H band has been slightly shifted into low frequency region.
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Fig. 11. Analysis of electron structure molecules of Adenine after 64 ps (left panel) of simulations and 85 ps (right panel). Panels a) and b) present dual descriptor (1) = f*(r) — f~(r), The
blue colour shows the accumulation of the electron density, the red colour the depletion. Panels c) and d) show the HOMOs, while panels e) and f) depict LUMOs. Panels g) and h) present
the Molecular Electrostatic Potentials (MEPs); colour-coded at electron-density isosurface (p = 0.003 a.u.). The colour scale is shown in the bottom-right corner of the figure.

The interaction energy for adenine range fluctuates significantly,
while values for thymine are comparable during simulations. The
discussed results are in line with the previously discussed values, see
Fig. 8. It should be pointed out that the bigger electrostatic energy

term for the adenine crystal (10 times bigger than for thymine) influ-
ences the stability of this crystal. The melting temperature of the ade-
nine crystal is between 633 K and 638 K, while for the thymine crystal
is ca. 590 K.



8 M.Z. Brela et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 237 (2020) 118398

a) b)

Fig. 12. Analysis of electron structure molecules of Thymine after 64 ps (left panel) of simulations and 85 ps (right panel). Panels a) and b) present dual descriptor f2(r) = f+(r) — f~(r),
The blue colour shows the accumulation of the electron density, the red colour the depletion. Panels ¢) and d) show the HOMOs, while panels e) and f) depict LUMOs. Panels g) and
h) present the Molecular Electrostatic Potentials (MEPs); colour-coded at electron-density isosurface (p = 0.003 a.u.). The colour scale is shown in the bottom-right corner of the figure.

5. Conclusions calculated IR spectra with the experimental ones. The molecular dy-
namics simulations have been done for supercells of the studied crys-

In this article we compared hydrogen bond networks in adenine and tals. The spectroscopic features of calculated bands are in the good
thymine crystals. Used methodology was evaluated by comparing agreements with experimental data. Based on this evaluation of the
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chosen theoretical model, the discussion on the intermolecular interac-
tion has been performed. However, the calculated widths of the bands
in the high frequency regions have been slightly underestimated,
which has been discussed several times before [42-44].

Further, we analysed the decomposed power spectra in terms of do-
mains: chemical groups and kinds of atoms. The results show the big
difference between adenine and thymine. The thymine spectra have
fewer bands in the high frequency region than adenine crystals. The
analysis of positions and intensities of stretching bands show the differ-
ence of strengths of hydrogen bonds. The characteristic of adenine spec-
tra reflects stronger hydrogen bond network in this case than in the
thymine crystal.

In this work we also performed the analysis of intermolecular inter-
actions. The cluster of 27 molecules has been chosen for this analysis.
The time courses of the interaction energies show that the intermolecu-
lar interaction is more stabilized in the adenine crystal than in the thy-
mine crystal. The analysis of the deformation densities as well as the
electronic descriptors along trajectories showed that in adenine crystals
the intermolecular interactions have three directions and fluctuate,
while in the adenine crystal have only two directions and are stable.
These results explain also the difference in the melting temperature of
studied systems. The adenine, that has stronger hydrogen bonds, has
also higher melting temperature than thymine.

Further, our previous work elucidated, that the charge transfer plays
a major role in the comparison of the guanine and cytosine crystals [33].
In contrast, comparison of adenine and thymine expose the electrostatic
contribution impact on the interaction presented in the studied crystals.
In the end, it should be stressed that the BOMD simulations give us pos-
sibility to discuss the stability of system as well as the influence of ther-
mal modes. Moreover, reactivity descriptors based on electronic energy
or electron density, such as frontiers orbitals or Fukui functions may be
easily determinate. Their fluctuation brings us information about influ-
ence of thermal modes on the electronic structure. However this meth-
odology is still pioneering and has some weakness e.g., analysed
structures from trajectory are not stationary points.
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