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Preface

A virtual conference on computational science (VCCS-2017) was organized online
from 1% to 31 August 2017. This was the fifth virtual conference which was started in
2013. The month of August was chosen to commemorate the birth anniversary of
Erwin Schrédinger, the father of quantum mechanics, on 12 August.

There were 25 presentations for the virtual conference with 110 participants from
15 countries. A secured platform was used for virtual interactions of the participants.
After the virtual conference, there was a call for full papers to be considered for
publication in the conference proceedings. Manuscripts were received and they were
processed and reviewed as per the policy of De Gruyter.

This book is a collection of the eleven accepted manuscripts based on density
functional theory method. These manuscripts cover a range of topics from funda-
mental to applied science using computational methods. Chowdhury and Jana stu-
died the optical properties of monolayer BeC under an external electric field. Rhyman
et al. performed computations on the derivatives of Favipiravir as potential drugs for
Ebola virus. Giimiis and Giimiis investigated the structural and electronic properties
of a series of dicyano dibenzo[f,h]quinoxaline using different functionals and the
6-311+G(d,p) basis set. Mulwa and Dejeune synthesized and investigated y-Al,0s:
Ce>**Cu?* as a phosphor material. Dhar and Jana analyzed the optical properties of
defected germanene mono-layer. Gulati and Kakkar studied on the storage and
adsorption capacities of gases on metal-organic frameworks. Ouma and Meyer
probed the metastability of the boron-vacancy complex in silicon. Kavitha et al.
explored the molecular structure and vibrational spectra of 2-(4-bromophenyl)-3-
(4-hydroxyphenyl)1,3-thiazolidin-4-one and its selenium analogue. Kuznetsov stu-
died the complex formation between the core-modified ZnP(X), (X=P and S) without
any substituents or linkers and semiconductors Zn¢S¢ nanoparticles. Palafox ana-
lyzed the scaling procedures to improve wave numbers of vibrational spectra. Sekar
et al. reported on the substituent effects on linear and nonlinear optical properties of
fluorescent (E)-2-(4-halophenyl)-7-arylstyrylimidazo[1,2-a]pyridine.

I hope that these chapters will add to literature and they will be useful references.

To conclude, VCCS-2017 was a successful event and I would like to thank all those
who have contributed. I would also like to thank the Organising and International
Advisory committee members, the participants and the reviewers.

Prof. Ponnadurai Ramasami

https://doi.org/10.1515/9783110568196-201
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Suman Chowdhury and Debnarayan Jana
1 Optical properties of monolayer BeC under
an external electric field: A DFT approach

Abstract: BeC, a two-dimensional hypercoordinated nanostructure carbon compound,
has been the focus of the nanoworld because of its high value of dynamical stability,
in-plane stiffness, carrier mobility and the existence of band gap. In this work, we have
explored the electronic and the optical properties of this material under the influence
of static external perpendicular electric field within the framework of density
functional theory. Under the influence of a uniform electric field, the band gap changes
within the meV range. The electron energy loss function study reveals that this material
has optical band gaps which remain constant irrespective of the applied electric field
strength. The optical property also exhibits interesting features when the applied field
strength is within 0.4-0.5 V/A. We have also tried to explain the optical data from the
respective band structures and thus paving the way to understand qualitatively the
signature of the optical anisotropy from the birefringence study.

Keywords: electronic properties, optical properties, density functional theory

1.1 Introduction

The era of two-dimensional (2D) materials has started through the experimental
discovery of graphene in 2004 [1-5]. It has attracted the scientific community because
of its unusual and exotic properties. For an example, the charge carriers in graphene
move at a very high speed due to its linear dispersion relation at the K point on the
Brillouin zone (BZ). So, it is natural to think of using pure graphene in the electronic
industry. But because of its zero band gap at the Fermi energy, its use in electronic
industry as a switch is restricted. So, opening of band gap with suitable order of
magnitude in graphene has been an important key issue in the study of 2D materials.
Various possible ways have been predicted to open band gap in graphene: by B-N
doping [6-9], by chemical functionalization [10-12] and by applying strain [13].
Topological defects like Stone—Wales defects and local defects like voids can also
alter the electronic structure of graphene significantly [14-16].

It is now clear that pristine graphene can no longer be used as a switch. One has to
break the sublattice symmetry in a controllable manner. In all the previously men-

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Chowdhury, S., Jana, D. Optical properties of monolayer BeC under an external electric field: A DFT
approach Physical Sciences Reviews [Online] 2018, 3. DOI: 10.1515/psr-2017-0162

https://doi.org/10.1515/9783110568196-001
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tioned ways, opening up of band gaps occur but rather in an uncontrollable way.
Applying a tunable external electric field can be an effective viable way to control this
band gap opening problem in graphene. Here again the problem with graphene is that,
its sublattice symmetry is not broken due to the application of an external electric field.
It is due to its intrinsic planarity in the structure. After few years of the discovery of
graphene, a new 2D material has been predicted which is the graphene analog of 2D
silicon, named as silicene [17-21]. Later, it has been experimentally realized [22] on
silver (Ag) surface. Silicene possesses similar properties of that of graphene apart from
the fact that it has an intrinsic buckling in the structure. Kamal et al. [23] have studied
the electronic and optical properties of a transverse external static electric field on
silicene. Their studies have also been corroborated by other groups [24-26].

Carbon being the backbone of organic and biochemistry, in most cases, the carbon
atoms are found to be hypercoordinated. So, the search for materials having hyper-
coordinated carbon atoms is very crucial for the development of these two fields [27-29].
After the suggestion put forward by Hoffmann etal. [30] that electronically planar
tetracoordinated carbon could be stabilized, several hypercoordinated carbon com-
pounds have been identified both theoretically and experimentally [31-33]. In order to
stabilize the hypercoordinated carbon, beryllium has been found to be an ideal ligand
[34]. Many planar hypercoordinated carbons have been found to be beryllium stabilized
[35-37]. Recently, some 2D nanomaterials have been proposed such as Be,C and BesC,
with quasi-planar hexa- as well as pentacoordinated carbons [38, 39].

Very recently, a new 2D material (BeC) has been predicted by Liu et al. [40] which
is composed of beryllium (Be) and carbon (C) that are found to be semiconducting in
its pristine form. They have used global particle-swarm optimization method to find
its dynamical stability (up to 2000 K), in-plane stiffness (145.54 N/m), carrier mobility
(~10*cm?V~1s71) and indirect band gap of 1.01 eV. These data make BeC a suitable
candidate in electronics and photoelectronics industry. Motivated by the huge poten-
tial of BeC, here we have studied the electronic and optical properties of BeC under
the influence of a uniform transverse static external electric field through first
principles density functional theory (DFT).

1.2 Computational details

All the calculations have been performed within the framework of DFT [41-43], using
generalized gradient approximation (GGA) according to Perdew-Burke-Ernzerhof
(PBE) [44] parametrization which is implemented in the SIESTA [45-47] code. Well-
tested Troullier—Martins [48] norm conserving pseudopotentials have been adopted in
a fully separable form of Kleinman and Bylander for all the elements. Double {
polarized basis set is employed throughout the calculation. The sampling of the BZ
has been done using a 10 x 10 x 1 Monkhorst—Pack (MP) [49] of k points. But the PDOS
calculation has been performed by using 60x 60 x1 MP of k points. A 300 Ry mesh
cutoff has been used for the expansion of the reciprocal space of the total charge

printed on 2/13/2023 1:15 AMvia . All use subject to https://ww. ebsco. confterms-of-use



EBSCChost -

1.2 Computational details =— 3

density. During the iteration process, the diagonalization method is used. All the
doped structures are optimized by minimizing the forces on each atom below
0.02 eVA ! using the standard conjugate-gradient (CG) technique. The criteria of
convergence for the energy of the self-consistent field is set to be 10~> eV. All the
systems are simulated with a 15 A of vacuum perpendicular to the 2D surface to avoid
the artificial interaction between the images. The static external electric field has been
applied perpendicular to the plane of the sample. In Figure 1.1, we have depicted the
top and side views of the monolayer BeC structure under the influence of an externally
applied static perpendicular electric field. Besides, the optical properties have also
been studied and an attempt has been made to interpret the result from the respective
band structures. The imaginary part of the dielectric function ¢(w) in the long
wavelength limit (g — 0), which denotes the real transition between the occupied
and unoccupied electronic states, is calculated from first-order time-dependent per-
turbation theory [7, 19, 20, 50, 51]:

2e’m c Y Rerme v
:EZ|<¢k|u'r|¢k>| 6(Ex — Ex — w)

kyv,c

€ (CU)

o o
. O ° . Q@ o
o °8332° O
QG ]
Q@ 0@ o
o

C
o © o

Bond C-C, C-B; C»C3 C3-B; BB, BB

000 00@o0o@o O

Length(d) 1.39 179 139 179 231 2.31

Figure 1.1: (Left panel) Top view and side view of the monolayer BeC structure. The red and blue balls,
respectively, denote the carbon and the beryllium atoms. The unit cell is denoted by the green-
colored box. The bonds and the corresponding bond lengths are also shown.

where Q is the unit cell volume, ¢, is the free space permittivity, w is the photon
frequency and yf, iy are the wave function of the conduction band (CB) and the
valence band (VB) respectively. u and r represent, respectively, the polarization and
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the position vector of the electromagnetic (EM) field. The real part of the dielectric
function (¢;(w)) can be obtained from ¢, (w) by using Kramers—Kronig relation [52, 53].
The complex refractive index (N) is related to the complex dielectric function by the
relation N = y/e(w). From this relation, the real (n(w)) and the imaginary (k(w)) parts
of the complex refractive index can be extracted to be:

n(w) _ (@"’ €1>2; k(w) _ (\/m_ 61)2

2

The electron energy loss function (EELF) (L(w)), which is a measure of collective
excitation of plasma, is calculated by the relation

1.3 Results and discussion

1.3.1 Electronic properties

The pristine system has been reported to be an intrinsic semiconductor with an
indirect band gap of 1.01 eV [40]. In Figure 1.2, we have illustrated the band structure
that we have obtained and also that is depicted in Ref. [40] and partial density of
states (PDOS) of pristine BeC that we have simulated. It is quite much clear from the
figure that the valence band maxima (VBM) and the conduction band minima (CBM)
lie along the same k point (here I) in our calculation. This eventually renders the
band gap of this intrinsically semiconducting material direct. We believe that
the direct nature of the band gap originates from the significantly large difference
of the lattice constants with our structure and that of Ref. [40]. From the PDOS, it
can be observed that the C — 2p, orbitals contribute maximum. C — 2s and Be — 2s

: 0.8
\ 0.7 Be-2s _
2 \ 06} Be-2p,
| — g L C-2s ——
% 1 ur-structure E 0.5 C-2py —
~ 0 «n 0.4r¢ C-2p,
o 1 g 03f C-2p,
9 Q 0.2 ¢
\ 0.1F \
-3 L o
-4 -3 -2 -1
r Y S r E-Ep(eV)

Figure 1.2: (Left panel) Comparison of GGA-PBE band structure of our simulated pristine BeC to that
shown in Ref. [40]. (Right panel) PDOS of pristine BeC that we have obtained.
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orbitals contribute least because they are the core states. It can also be inferred that
the three orbitals Be — 2py, C — 2p, and C — 2p, hybridize. Now, in order to use this
material in the electronic industry, we need to tune the band gap by some external
influences. In this work, we have tried to investigate the change in band gap under
the application of a static uniform external electric field. In Figure 1.3, we have
presented the variation of the intrinsic band gap with external electric field. Here,
we have considered the magnitude of the electric field from 0.1 to 0.9 V/A. From the
figure, it can be observed that the band gap initially increases up to 0.5 V/A, but then
it starts decreasing. The band gap is seen to vary within 60 meV. So, the band gap can
be tuned within the meV range by applying static external perpendicular electric
field. In Figure 1.4 and Figure 1.5, we have depicted, respectively, the band structure
and the PDOS for four different field strengths. From Figure 1.4, it is clear that the
nature of the band gap does not change upon applying external electric field. This is
due to the fact that as BeC has planar structure (see Figure 1.1), so its inversion
symmetry remains preserved upon application of an external electric field [24]. All
the band gaps are seen to be direct and also the nature of the PDOS does not change.
After applying electric field, here also the C — 2p, orbitals contribute maximum and
the three orbitals Be — 2py, C — 2p, and C — 2p, are seen to be hybridized.

0.96

0.95 h

0.94 b
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Band Gap (Eg) ineVv

0.91 - i

09 h

0.89

0.0 01 0.2 03 04 05 06 0.7 0.8 09
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Figure 1.3: Variation of band gap with varying strengths of external electric field.

1.3.2 Optical properties

1.3.2.1 Dielectric properties

The dielectric functions are related to the electronic band structure of the material. ¢ is
related to the amount of stored energy within the medium and ¢, is related to the
dissipation of the energy within the medium. ¢;(0) is known as the static dielectric
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Figure 1.5: Partial DOS for four different electric field strengths.
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constant (SDC) which is related to the material’s behavior at low or constant frequency.
The characteristic frequency at which the real part of the dielectric function vanishes
(e1(wp) = 0) is known as plasma frequency (PF). At these frequencies, ¢;(w) changes
from negative to positive. This behavior corresponds to the collective excitations of the
electrons.

In Figures 1.6 and 1.7, we have depicted the frequency-dependent imaginary
(e2(w)) and real (e;(w)) parts of the dielectric function for different applied electric
field strengths. In Table 1.1 and Table 1.2, we have shown, respectively, the SDC and
PF for parallel and perpendicular polarizations. From both the figures and the tables,
the most interesting feature can be observed between the applied electric fields of 0.4
and 0.5 V/A. For both the polarizations, there is a sudden jump in the optical activity
that can be noted. For parallel polarization, the value of the SDC changes from 7.50 to
11.55. Then, it increases continuously up to the range we have considered, i.e.,
0.9 V/A. This same trend is observed for perpendicular polarization. Here, the SDC
changes from 1.85 to 2.41. As we know, the low- and the high-energy regime is
dominated, respectively, for parallel and perpendicular polarizations. So the changes

16 T T T T 3.5

0.0 g0
r e p— 31 03—— Perpendicular
12+ 0.5 —— 05—
0.7 — 254 07—
10 | Parallel 5
& 8¢t s
6l .
4l 1
2t 0.5
0 0

0 2 4 6 8 10 12 14
Energy in eV Energy in eV

Figure 1.6: Frequency-dependent imaginary part of the dielectric function for different applied
electric field strengths for (left panel) parallel and (right panel) perpendicular polarization.
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Figure 1.7: Frequency-dependent real part of the dielectric function for different applied electric field
strengths for (left panel) parallel and (right panel) perpendicular polarization.
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Table 1.1: Static dielectric constant (SDC) and plasma frequencies (PF) for
different applied electric field strengths for parallel polarization.

Applied field SDC (parallel) PF (parallel) in eV
inV/A
0.0 7.45 2.36,2.42,4.32,4.69,5.46,

6.52,6.94,8.11,8.27,

8.48,9.30,9.67

0.1 7.45 2.34,2.42,4.34,4.73,5.49,
6.11,6.17,6.50,6.94,8.09,

8.24,8.47,9.30,9.68

0.2 7.46 2.36,2.42,4.34,4.72,5.47,
6.11,6.17,6.49,6.93,8.09,

8.24,8.47,9.31,9.69

0.3 7.47 2.34,2.42,4.32,4.72,5.46,
6.12,6.20,6.49,6.92,8.08,

8.24,8.45,9.33,9.67

0.4 7.50 2.33,2.41,4.31,4.73,5.43,
6.12,6.22,6.57,6.91,8.10,

8.22,8.42,9.31,9.68

0.5 11.55 2.31,2.42,4.28,4.74,5.35,
6.68,6.80,8.51,8.66,8.95,

9.27

0.6 11.82 2.31,2.41,4.28,4.44,4.50,
4.74,5.27,6.68,6.80,8.51,

8.67,8.92,9.27

0.7 12.39 2.33,2.42,4.53,4.74,5.26,
8.52,8.75,8.88,9.23

0.8 11.21 2.33,2.43,4.30,4.74,5.46,
6.65,6.80,8.94,9.28

0.9 12.95 2.35,2.41,4.57,4.73,5.22,
8.51,9.17

in SDC for perpendicular polarization are not as large as that of parallel polarization.
From Table 1.1 and Table 1.2, it can be noted that with increasing electric field
strength, the number of PF increases at the low-energy regime and decreases in the
high-energy regime for parallel polarization. However, an opposite trend is found for
perpendicular polarization, where the number of PF decreases at the low-energy
regime and increases in the high-energy regime with increasing electric field
strength. This indicates that in the low-energy sector, the electronic excitation is
more for parallel polarization. This is the actual physical reason why the parallel
polarization dominates the low-energy regime. The opposite trend is observed for
perpendicular polarization which proves its dominant nature in the high-energy
regime. In Tables 1.3 and 1.4, we have tried to interpret the optical data from the
band structure, respectively, for parallel and perpendicular polarizations. We have
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Table 1.2: Static dielectric constant (SDC) and plasma frequencies (PFs) for different
applied electric field strength for perpendicular polarization.

Applied field SDC (perpendicular) PF (perpendicular) in eV
in V/A
0.0 1.86 11.59,11.75,16.49,
17.26
0.1 1.85 11.60,11.75,16.51,
17.36
0.2 1.85 11.60,11.75,16.51,
17.37
0.3 1.85 11.60,11.75,16.51,
17.37
0.4 1.85 11.60,11.75,16.51,
17.38
0.5 2.41 10.73,10.89,11.04,

11.24,11.54,11.85,

15.19,15.55,16.44,18.02

0.6 2.46 10.74,10.88,10.97,
11.25,11.56,11,88,

15.55,16.39,17.95

0.7 2.55 10.91,11.25,11.48,11.88
15.02,15.29,15.33,15.47,

16.11,17.94

0.8 2.35 10.66,10.91,11.52,11.84,
15.27,15.56,16.21,16.31

16.47,18.05

0.9 2.64 11.08,11.85,12.81,12.92,
13.60,13.80,13.86,13.98,14.80,15.39,

15.64,15.88,18.07

also listed the energy at the VB (Eyg) and at the CB (Ecp) for each transition. For each
electric field strength, we have considered the highest peak in the ¢;(w) data and tried
to identify the corresponding transition from the band structure only at the high
symmetry points at the BZ. Because transitions at the high symmetry points are more
probable than the other points at the BZ for 2D materials. From Table 1.3, it can be
seen that all the transitions occur at the Y point of the BZ. So, for parallel polarization,
the highest peak corresponds to a single transition at the high symmetric Y point of
the BZ. Looking carefully into the energy range, it is obvious that all the transitions
occur mainly from the top of the VB to the bottom of the CB. Mostly, the 7 bands are
situated in this energy regime. So, all these transitions correspond to 77 to 1" type of
transitions. The situation becomes more interesting if we look into Table 1.4. Here, for
perpendicular polarization, the highest peak corresponds to multiple transitions.
Here all the high symmetric points contribute in the transition process. Moreover, if
we look into the energy range, we can observe that some transitions occur from the
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Table 1.3: Identification of the highest transition of ¢, for parallel polarization
from band structure. Eyg and Ecp are, respectively, the energy at the VB and
the CB between which the transition occurs.

Applied Highest peak BZ point Eyg(eV) Ecg(eV)
field (V/A) position of ¢,

(parallel) in eV
0.0 2.02 Y -1.32 0.74
0.1 2.02 Y -1.32 0.74
0.2 2.02 Y -1.31 0.74
0.3 2.02 Y -1.56 0.49
0.4 2.02 Y -1.56 0.49
0.5 2.01 Y -1.51 0.53
0.6 2.00 Y -1.69 0.33
0.7 2.01 Y -1.65 0.38
0.8 2.01 Y -1.32 0.73
0.9 2.03 Y -1.62 0.41

deep of the VB to the bottom of the CB. As the o bonds are stronger than the 77 bonds,
so these type of transitions correspond to o to 71* type of transitions. There exist other
transitions occurring from top of the VB to the deep of the CB. These type of transi-
tions correspond to 77 to o* type of transitions. As the high-energy region is affected in
perpendicular polarization, o band is associated in these kinds of transitions. In
Figure 1.8, we have shown two band structures for each polarization. In the left panel
of Figure 1.8, we have depicted the m bands which are associated with the Cy,,
electrons and shown the transition correspond to the 2.02 eV peak in the correspond-
ing ¢, data for parallel polarization under the applied electric field of 0.1 V/A. We
know that different orbitals can contribute to one particular band. Now, in the left
panel of Figure 1.8, we have taken into consideration the contribution of C,,, orbitals
denoted by the blue thick lines. Whereas, in the right panel of Figure 1.8, we have
depicted both the 7 and the ¢ bands (here contributions of different orbitals are not
taken into consideration) and shown the respective transition corresponding to the
10.09 eV peak in the corresponding ¢, data for perpendicular polarization under the
applied electric field of 0.1 V/A.

1.3.2.2 Electron energy loss function (EELF)

The EELF describes the energy loss of fast-moving electrons in a material. In
Figure 1.9, we have shown the EELF for both parallel and perpendicular polariza-
tions. The peaks in L(w) reveal collective excitations of the electrons correspond-
ing to PF, i.e., dip in the dielectric function. Actually, these peaks indicate the
point of transitions of electrons from semiconducting to dielectric. From Figure
1.9, we can estimate the optical band gap of BeC, i.e., up to that point in the
energy axis where no excitations of electrons can be observed. Here it can be
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Table 1.4: Identification of the highest transition of ¢, for perpendicular
polarization from band structure.

Applied field (V/A) Highest peak Bz Eys(eV) Ecg(eV)
position of ¢, point
(perpendicular) in eV

0.0 10.09 r —8.48 1.52
—7.28 2.76

S —7.24 2.85

—6.06 4.10

r —8.48 1.52

0.1 10.09 r —8.48 1.52
Y -7.29 2.74

-1.32 8.82

S —7.24 2.88

—6.06 4.10

r —8.48 1.52

0.2 10.10 r —8.48 1.53
—6.27 3.88

Y -7.29 2.74

-1.31 8.83

S —7.24 2.89

—6.05 4.09

r —8.48 1.53

—6.27 3.88

0.3 10.10 r -8.73 1.28
—6.51 3.63

Y —7.53 2.48

-1.56 8.59

S —7.49 2.64

—6.30 3.82

r —8.73 1.28

—6.51 3.63

0.4 10.10 r —8.72 1.28
—7.53 2.48

—2.42 7.77

-1.56 8.61

S —7.48 2.64

—6.29 3.80

r —8.72 1.28

0.5 10.07 r —8.67 134
Y —7.47 2.52

S —7.43 2.69

—6.24 3.79

r —8.67 1.34

(continued)
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Table 1.4 (continued)

Applied field (V/A) Highest peak  BZ Evs(eV) Ecs(eV)
position of ¢, point
(perpendicular) in eV

0.6 10.07 r —8.85 1.15
—6.36 3.61

Y —7.66 2.32

—7.66 2.47

S —7.61 2.49

—6.42 3.54

r —8.85 1.15

—6.36 3.61

0.7 10.10 r —8.81 1.22
Y —7.63 2.39

—2.49 7.65

—1.65 8.51

S —7.57 2.52

r —8.81 1.22

0.8 10.11 r —8.49 1.52
Y —7.30 2.75

—7.30 2.76

—-1.32 8.83

S -7.25 2.89

—6.06 411

r —8.49 1.52

0.9 10.09 r —8.80 1.28
Y —7.62 2.41

—2.48 7.66

-1.62 8.46

S —7.56 2.48

r —8.80 1.28

advocated that irrespective of the applied electric field, the optical band gap
remains the same for both the polarizations. For parallel polarization, the optical
band gap is seen to extend up to ~ 2 eV, whereas for perpendicular polarization,

it is extended upto ~ 5 eV.

1.3.2.3 Refractive index: Birefringence characteristics

A material is said to possess birefringence characteristics if the velocity is different in
different polarization directions. It can be determined from the real part of the

refractive index (n(w)) from the following expression:

An(w)
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Figure 1.8: (Left panel)  band in case of parallel polarization when 0.1V/A is applied. The transition
corresponding to 2.02 eV peak in the ¢, data is shown in red-colored arrow. (Right panel) The
transition corresponding to 10.10 eV peak in the ¢, data is shown in red-colored arrow for perpen-
dicular polarization under the applied electric field of 0.1 V/A.

4 3
33 .%'? — 25} Perpendicular
303 Parallel 0.0 —
N 2t 0.1 ——
2.5} 8:; - g.g o
- 2y 1= 15 07 ——
15} 1}
1 L
0.5 0.5}
0 — 0 - - T —
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Energyin eV Energy in eV

Figure 1.9: (Left panel) EELF for parallel and (right panel) perpendicular polarizations.

where n.(w) and n,(w) are the refractive indices when the electric field of the EM
wave is directed parallel and perpendicular to the c-axis, respectively.

In Figure 1.10, we have illustrated the real part of the refractive index for
both parallel and perpendicular polarizations. From the figure, the signature of
optical anisotropy can be observed. In order to further understand the optical
anisotropy of BeC, in Figure 1.11, we have shown the birefringence properties of
BeC as a function of the energy of the incident EM wave for each externally
applied electric field. It should be brought to notice that An(0)<0, i.e., BeC
possesses negative static birefringence. In Figure 1.11, we can see that up to
5 eV, the value of An is indeed negative except at an extremely narrow window
of energy (2.36-2.46 eV). This means that the value of the refractive index for
the ordinary ray is more than that of the extraordinary ray. But after ~ 5 eV, it
goes above the positive x-axis. This suggests that after ~ 5 eV, the extraordinary
ray dominates over the ordinary ray. The refractive index is highest in that
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Figure 1.10: (Left panel) Real part of the refractive index for parallel and (right panel) perpendicular
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direction where the density of ions is the highest. From Figure 1.10, it can be
inferred that in BeC, the velocity of light is greatest when it polarizes along the
direction of the electrons in the lattice because of its interaction with the loosely
bound 71 electrons. However, the velocity decreases when the polarization is
perpendicular because in perpendicular polarization, the EM wave interacts with
the strongly bound o electrons of the BeC lattice.

1.4 Conclusions

The electronic and optical properties of tetracoordinated carbon compound BeC has
been studied within the realm of DFT. The nature of the band gap has been found to
be direct in contrary to that has been reported in Ref. [40]. From our study, it has
been revealed that there are modifications in the band gap up to 60 meV with
varying external electric field. The optical property study shows interesting features
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between the electric field range of 0.4 and 0.5 V/A. Within this range, a sudden
jump of optical activity has been found. The number of PF suddenly increases
within this electric field range. We have also tried to interpret the optical data
from the band structure. From the band structure, it has been observed that for
parallel polarization, the transitions are mostly 7 to " transitions. And all the
transitions occur at the Y point of the BZ. However, for perpendicular polarization,
for each external electric field strength, the highest point in the ¢, data corresponds
to multiple transitions. It has been noticed that in this case all the BZ points
contribute in the optical transition. From the EELF study, it has been noticed that
the optical band gaps are same for both the polarizations irrespective of the applied
electric field strength. The value of the optical band gap is ~ 2 eV and ~ 5 eV for
parallel and perpendicular polarizations, respectively. The calculation involving
the birefringence property of this material indicates that the static value of the
birefringence is negative for each electric field strength. The velocity of the EM wave
has been noticed to be higher when the polarization is parallel, whereas it
decreases for perpendicular polarization.

Acknowledgment: The authors would like to acknowledge Mr. Arnab Majumdar, Prof.
C-S Liu and Prof. X-J Ye for fruitful discussions.
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2 Theoretical investigation of the derivatives of
favipiravir (T-705) as potential drugs for Ebola virus

Abstract: Density functional theory (DFT) method was used to compute the structural
and vibrational parameters of favipiravir (T-705) in the gas phase. The functional used
was B3LYP in conjuction with the 6-311++G(d,p) basis set. We also computed these
parameters for unsubstituted T-705 and derivatives of T-705 by substituting fluorine by
chlorine, bromine and the cyanide group. There is a good comparison between the
computed and experimental parameters for T-705 and therefore, the predicted data
should be reliable for the other compounds for which experimental data is not avail-
able. We extended our DFT study to include molecular docking involving the Ebola
virus viral protein 35 (VP35). The docking results indicate that the T-705 and its chlorine
and bromine analogues have comparable free energy of binding with VP35.
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2.1 Introduction

In 1975, Ebola was first identified in the Democratic Republic of Congo formerly known
as Zaire [1]. Ebola viruses are known to be the most lethal pathogens against mankind
[2]. The reappearance of the Ebola outbreak was officially notified on 22 March 2014 in
Guinea [3]. Although this outbreak was declared over by World Health Organisation
(WHO) in 14 January 2016 [4], on the same day, one case was reported by the Ministry of
Health in Sierra Leone [1]. So far, over 28 500 people are infected and more than 11 300
persons died due to Ebola [1]. Ebola causes economic, society and emotional distur-
bances and affect international air travel [5, 6]. The early symptoms of Ebola infections
are fever, diarrhea and vomiting, ultimately leading to haemorrhagic symptoms [7].
Transmission of Ebola occurs through contact with virus contaminated body fluids,
materials contaminated with these fluids and infected bats or animals [8].

This brief overview of Ebola over almost 40 years is frightening but challenging.
Therefore, Ebola has aroused the interest of scientists to find an effective drug for the
treatment of this disease [9]. This is more important because viruses are known to
undergo antigenic changes leading to the disease becoming acute [10]. There are several
potential drugs that have been tested against Ebola [11]. However, to date the perfor-
mance of Ebola drugs is still being questioned [12]. One of the drugs which has been
cited to act against Ebola is T-705 favipiravir and its related compounds [13]. There is
also a detailed review of T-705 and its related compounds as broad spectrum inhibitors
of RNA-viral infections [14]. T-705 was first prepared by Furuta et al. [15] and Shi et al.
[16] reported a modified procedure with four steps to improve the yield and reduce the
cost of the production of T-705.

The elegant comment, in 2013, by De Clercq on antivirals: past, present and future,
opens the avenue for antiviral therapy [17]. Comments by the same author on dancing
with chemical formula on antivirals lead to several potential compounds which can be
tested and used efficiently [18, 19]. It is also reported that halogen effect should be
considered in drug design [20]. We have been tempted by these reports [17-20] and a
recent contribution by some of us [21] to undertake a systematic theoretical study of
unsubstituted T-705 and substituting fluorine of T-705 by other halogens namely
chlorine and bromine and the cyanide group. We investigated these compounds in
terms of their structural and spectroscopic parameters using density functional theory
(DFT) method. We also complemented the study using molecular dynamics.

2.2 Methodology
2.2.1 Ab initio
All DFT computations were performed with the Gaussian 09 suite of programs [22]

running on Gridchem [23-25]. The DFT method was used to optimize T-705 and
its derivatives. The functional used was B3LYP and the basis set for all atoms was
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6-311++G(d,p). Frequency computations based on the same geometry optimization
method (tight criteria) were used to confirm the nature of the stationary points. The
electronic energies, geometrical parameters, atomic charges, energy of the highest
occupied molecular orbital (HOMO), energy of the lowest unoccupied molecular orbital
(LUMO), uncorrected harmonic wavenumbers and infra-red intensities were computed.

2.3 Docking

2.3.1 Protein structure

The starting structure of Ebola virus viral protein 35 (VP35) was obtained from PDB
(PDB id: 4IBG) [26]. All heteroatoms and water molecules were removed from the
VP35. Polar hydrogen atoms, Kollman-Amber united atom partial charges and solva-
tion parameters were added by utilizing AutoDockTools [27].

2.3.2 Ligand structure

The initial structure of 1D6 was obtained from the ligand of VP35 (PDB id: 4IBG) [26]
while the coordinates for T-705, T705-Br, T705-Cl, T1105 and T1106 were generated using
Hyperchem 7.0 [28]. All ligands were retained with polar hydrogen atoms. Gasteiger
charges and torsional angles were added by utilizing AutoDockTools [27]. Figure 2.1
shows the chemical structure of all the above-mentioned ligands including T-705-CN.

2.3.3 Molecular docking simulation

Grid maps of 60 x 60 x 60 points with 0.375 A spacing generated by AutoGrid3 were
centered at the ligand binding site in the VP35 crystal structure. The docking was
performed employing Lamarckian genetic algorithm with pseudo-Solis and Wets
local search with population size of 50 and energy evaluation of 2,500,000; root
mean square tolerance of 1.0 A and 100 docking runs by AutoDock 3.0 [27]. The ligand
conformation with lowest free energy of binding in the most populated cluster was
selected for comparison.

2.4 Results and discussion

The energetic and some molecular parameters of the compounds studied in the gas
phase in the Cs symmetry are collected in Table 2.1. It is worth to note that the
compounds have large dipole moment and this is an essential criteria for drug-receptor
interaction [29].

The theoretical and experimental geometrical parameters of T-705 are summar-
ized in Table 2.2. The structural parameters of the optimized structures of all
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Figure 2.1: The chemical structure of (a) 1D6 (PDB id 4IBG), (b) T-705, (c) T-705-Br, (d) T-705-Cl,
(e) T-1105, (f) T-1106 and (g) T-705-CN.

compounds studied are summarized Tables S1a-Sle (available from the correspond-
ing author). In general, there is a good agreement between the predicted and experi-
mental parameters for T-705 and therefore, the predicted data for the other
compounds should be reliable. These structural parameters will be useful when
these compounds are synthesized and characterized.

To clarify the vibrational frequencies, it is essential to examine the geometry of
the compound. A very small change in the geometry can potentially cause substantial
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Table 2.1: Energetic and relevant parameters of the compounds studied in Cg symmetry.

T-1105 T-705 T-705-Cl T-705-Br T-705-CN
AG (Hartree) -508.343851 -607.623509 -967.977882 -3081.89912 -600.608953
Dipole moment 4.616 3.240 3.347 3.399 2.752
(Debye)
Thermal total energy 73.0 68.3 67.6 67.4 73.0
(kcal/mol)
Heat capacity (kcal/ 30.5 33.4 34.5 34.9 36.6
mol.K)
Entropy (cal/mol.K) 87.7 92.0 95.0 98.0 97.2
Vibrational energy 71.2 66.6 65.8 65.6 71.2
(kcal/mol)
Zero point vibrational 68.0 62.9 61.8 61.4 66.9
energy (kcal/mol)
Rotational constant
(GHz)
A 2.398 1.830 1.690 1.631 1.680
B 1.291 0.959 0.688 0.442 0.719
C 0.839 0.629 0.489 0.348 0.504

variations in their frequencies. Regarding the computations, the largest difference
between the experimental and calculated bond lengths (angle/torsion) is 0.17 A for
02-H2 (2.6° for C3-02-H2/1.4° for N3-C4-C5-F1). Generally, it is expected that the bond
distances calculated by electron correlated methods are longer than the experimental
distance. This situation is clearly observed in Table 2.2 especially where hydrogen is
present. The observed difference in OH bond distances is not due to the theoretical
shortcomings since experimental results are also subject to variations owing to
insufficient data to calculate the equilibrium structure and which are sometimes
averaged over zero point vibrational motion. In X-ray structure the error in the
position of the hydrogen atoms is such that their bonding parameters greatly vary
compared to the non-hydrogen atoms. Intra- or intermolecular hydrogen bonding is
also an important factor in the crystalline state of compound which usually leads to
shortening of the OH bond. This compound is planar and has an intramolecular 09—
H10...012 hydrogen bond as H10-012: 1.880 A, 09-012: 2.591 A and 09-H10-012: 144°
[30]. These experimental values have been supported by theoretical results and
calculated as about 1.723 A, 2.610 A and 147°, respectively. In general, the computed
parameters are in excellent agreement with the reported experimental data. The root
mean square deviation (RMSD)/mean absolute deviation (MAD) values between the
experimental and calculated bond lengths, bond angles and torsional are 0.081 A/
0.049 A, 0.966°/0.795°, and 0.779°/0.706° respectively. The difference in values
noticed in the present study may be due to the fact that the experimental results
were obtained at solid phase and the molecular rotations were restricted, while the
theoretical results were obtained in the gas phase.
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Table 2.2: Structural parameters, root mean square deviation and mean absolute deviation of T-705
computed using the B3LYP/6-311++G(d,p) method in the gas phase.

H1A H1B

JH4

Bond lengths (A) Experimental [30] Computed Bond angles (°) Experimental Computed
C1-01 1.244 1.237 N2-C5-F1 116.8 117.6
C1-N1 1.318 1.346 N2-C5-C4 123.3 123.0
C1-C2 1.481 1.491 F1-C5-C4 119.9 119.4
C2-N2 1.335 1.341 C1-N1-H1A 120.0 119.1
C2-C3 1.397 1.416 C1-N1-H1B 120.0 120.0
C3-02 1.328 1.327 H1A-N1-H1B 120.0 120.9
C3-N3 1.340 1.338 C5-N2-C2 116.3 1171
C4-N3 1.306 1.323 C4-N3-C3 117.0 117.9
C4-C5 1.390 1.399 C3-02-H2 109.5 106.9
C4-H4 0.930 1.085  Dihedral angles (°) Experimental Computed
C5-N2 1.295 1.302 01-C1-C2-N2 179.2 180.0
C5-F1 1.339 1.344 N1-C1-C2-N2 -0.4 0.0
N1-H1A 0.860 1.007 01-C1-C2-C3 -0.7 0.0
N1-H1B 0.860 1.009 N1-C1-C2-C3 179.7 180.0
02-H2 0.820 0.990 N2-C2-C3-02 179.1 180.0
Bond angles (°) Experimental Computed C1-C2-C3-02 -1.0 0.0
01-C1-N1 1231 123.5 N2-C2-C3-N3 -1.0 0.0
01-C1-C2 119.7 120.5 C1-C2-C3-N3 178.9 180.0
N1-C1-C2 117.3 116.0 N3-C4-C5-N2 -0.9 0.0
N2-C2-C3 121.4 120.9 N3-C4-C5-F1 178.6 180.0
N2-C2-C1 118.0 118.6 F1-C5-N2-C2 -179.3 -180.0
€3-C2-C1 120.7 120.6 C4-C5-N2-C2 0.2 0.0
02-C3-N3 115.6 116.8 C3-C2-N2-C5 0.7 0.0
02-C3-C2 123.5 122.7 C1-C2-N2-C5 -179.2 -180.0
N3-C3-C2 120.8 120.5 C5-C4-N3-C3 0.6 0.0
N3-C4-C5 121.2 120.7 02-C3-N3-C4 -179.8 -180.0
N3-C4-H4 119.4 118.4 C2-C3-N3-C4 0.3 0.0
C5-C4-H4 119.4 120.9

RMSD of bond length 0.081A MAD of bond length 0.049 A,

RMSD of bond angle 0.966° MAD of bond angle 0.795°,

RMSD of torsional angle 0.779° MAD of torsional 0.706°

angle
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2.5 Vibrational studies

All the theoretical wavenumbers for T-705, along with corresponding vibrational assign-
ments and intensities are given in Table 2.3. The simulated vibrational spectra are
depicted in Figure 2.2. All the computed wavenumbers presented in this paper are
obtained within the harmonic approximation. The theoretical wavenumbers of all the
compounds studied are also collected in Tables Sla-Sle. This allows describing the
vibrational motion in terms of independent vibrational modes, each of which is governed
by a simple one-dimensional harmonic potential. The compound consists of 15 atoms,
having 39 normal vibrational modes, and it belongs to the point group Cs. The 39 modes
of vibrations account for the irreducible representations I'y = 27A’ + 12A” of the C; point
group. The assignments of vibrational modes for the investigated symmetry have been
provided by VEDA 4. The following are some of the important vibrational motions that
were predicted: NH,, OH, CH, C = O, C-O, CF, CC, CN and ring vibrations.

Table 2.3: Computed wavenumbers (cm™) of T-705 in the gas phase.

Mode Assignments?® B3LYP/6-311++G(d,p)
PED (= 10 %)° ve [ [
A A va(NHy) (99) 3717 98.04 7.51
v, A ve(NH,) (99) 3582  70.74 18.99
V3 A v(OH) (99) 3326 412.71 12.87
Vg A v(CH) (100) 3177 7.61 30.09
Vs A v(C = 0) (75) + 8(NH,) (10) + 8(0OH) (10) 1718 407.70 12.65
Ve A Vring (66) + 8(NH,) (20) + d8(0OH) (10) 1618 79.82 17.61
vy A Vring (67) + 5(OH) (20) + 5(NH,) (10) 1611 9.21 9.03
Vg A 8(NH,) (85) + Vring (10) 1594 164.73 13.49
Vo A Viing (59) + v(CO) (21) + v(CN) (14) 1487 125.34 0.34
V1o A d(0H) (59) + Vring 30) 1465 546.75 0.14
Vip A v(CC) (56) + 8(0OH) (20) + d(NH) (15) 1429 89.60 80.82
Vi A v(CO) (52) + 8(CH) (41) 1369 0.54 15.77
Vis A 8(CH) (71) + Vying (15) 1341 17.87 1.35
Vig A v(CF) (52) + 8(CH) (33) + 3(0H) (10) 1277 110.66 6.83
Vis A Vring 93) 1233 149.06 2.23
Vig A O(NH,) (35) + Vring (32) + 8(CH) (27) 1131 21.45 1.88
Viz A V(CN) (63)) + Viing (20) 1092 6.60 12.79
Vig A Oring (75) + 8(NH,) (20) 987 28.43 24.06
Vio A Y(CH) (94) 936 9.19 0.10
Vo A’ Oring (80) + 8(NH,) (13) 828 38.85 7.13
Vo1 A"’ y(OH) (96) 823 104.27 0.37
Vaz A" Y(CC) (70) + Yring (16) 796 12.23 1.63
Vas A Y(CN) (48) + Yying (45) 749 0.00 1.44
Vau A Oring 91) 706 15.10 20.21

(continued)
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Table 2.3 (continued)

Mode Assignments?® B3LYP/6-311++G(d,p)
PED (> 10 %)® ve I? Ig?
Vs A’ Oring 92) 667 44.52 1.42
Ve A" y(NH,) (92) 628 0.23 1.62
Va7 A Yring (60) + Y(NH,) (32) 579 3.56 0.06
Vg A 6(CC) (52) + Oring (40) 573 0.53 2.18
Voo A’ Oring 95) 498 1.95 20.35
V30 A Yring (80) + y(CH) (12) 472 49.31 0.05
V31 A’ 8(C =0) (58) + 6(CO) (33) 442 1.73 11.17
V33 A 8(CF) (48) + 8(CN) (37) 404 5.55 6.57
Vi3 A" Yring (75) + Y(NH,) (18) 395 0.55 7.90
V34 A" y(NH,) (95) 364 178.53 0.46
Vss A 3(C0) (57) + 8(CC) (35) 352 7.22 1.45
V3g A 8(CN) (78) + 3(CF) (10) 215 13.17 15.47
V37 A" Y(CF) (80) + Yring(11) 171 0.02 4.24
Vg A" Y(CO) (72) + Yring (10) + Y(C = 0) (10) 130 0.01 2237
Ve A” y(C = 0) (81) + y(CO) (11) 88 3.01  28.79

v, d and y denote stretching, in plane bending and out of plane bending, respectively.
#T-705 in the C; symmetry. bPED data are taken from VEDA4. “Raw frequency. d,r and Ig: Calculated
infrared (km/mol) and Raman (A/amu) intensities.

For the present compound, the high wavenumber region contains characteristic
wavenumbers of the amine NH,, OH and CH stretchings. The carbonyl stretch of the
compound is computed at 1718 cm™* as both Raman and IR active band. These
computations indicate that all the raw values for stretching vibrations will be within
the expected range, together with scaling factor. Also, these raw values are consistent
with previously reported data [31-33]. Similarly, C = O, C-O, CF, CC, CN and ring
vibrations are found in the expected range and are in good agreement with the
literature values [31-33]. The ring, C-O, CC, CN, CF stretching and NH,, CH, OH and
ring in plane bending modes dominate the regions of 1600~700 cm™, while the CH,
OH, CC and CN out of plane bending modes are seen in the 900-700 cm . The CN, CF,
C =0, C-0 and C-C in plane and NH,, CF, C = O, C-O and ring out of plane bending
vibrations are seen in the low frequency region. Vibrational modes in the low
wavenumber region of the spectrum contain contributions of several internal coor-
dinates and their assignment is a reduction approximation to one of two of the
internal coordinates. All other vibrations are collected in Table 2.3.

2.6 Electronic spectrum

The UV-Vis spectra, electronic transitions, vertical excitation energies, absorbances
and oscillator strengths of the compounds were calculated with the time-dependent
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Figure 2.2: Theoretical (a) IR and (b) Raman spectra of T-705.

density functional theory (TD-DFT) [34] using the gas-phase optimized geometries.
The simulated UV spectra of the compounds were shown in Figure 2.3. The major
molecular characteristics of the electronic spectrum are collected in Table 2.4.

From UV spectra, the absorption bands were centered at 301.38, 293.52, 286.17,
284.40 and 275.43 nm in the gas phase for Br-, Cl-, F-, CN- and H-compound,
respectively. For with CN-compound, HOMO-LUMO translation is close to T-705.
According to periodic table from H to Br, it is suitable due to ordering atoms via
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Figure 2.3: Simulated UV spectra of the compounds.

Table 2.4: Calculated wavelength, excitation energy and oscillator strength of the

compounds.
Compound A (nm) E (eV) f Major
contribution
T-705-Br 322.9 3.84 0.0031 H-1>L (99%)
301.4 4.11 0.1663 H>L (92%)
267.5 4.64 0.0010 H-2->L (36%)
T-705-Cl 321.2 3.86 0.0031 H-1>L (99%)
293.5 4.22 0.1965 H>L (92%)
266.1 4.66 0.0010 H-3>L (96%)
T-705 318.7 3.89 0.0027 H-1>L (98%)
286.2 4.33 0.2267 H->L (90%)
265.9 4.66 0.0011 H-3>L (96%)
T-705-CN 325.3 3.81 0.0032 H-1>L (99%)
284.4 4.36 0.2113 H->L (90%)
271.6 4.56 0.0002 H-1>L-1 (95%)
T-1105 328.0 3.78 0.0035 H-1>L (99%)
275.4 4.50 0.2191 H->L (90%)
264.5 4.69 0.0008 H-3->L (96%)

electro-negativity. As can be observed from Table 2.4, for T-705, the contribution to
charge transition in 286.2 nm results from the HOMO to the LUMO with 90%. The
largest contribution for 318.7 nm is assigned to H-1->L transition with 98%. H-3->L
transition with 96% is computed at 265.9 nm.
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The energy gaps between HOMO and LUMO are largely responsible for the
chemical and spectroscopic properties of the molecules [35]. The energy values of
HOMO and LUMO levels are presented in Table 2.5.

Table 2.5: HOMO and LUMO energy values (eV) of the compounds studied.

Parameters T-1105 T-705 T-705-Cl T-705-Br T-705-CN
LUMO -2.51 -2.85 -2.82 -2.82 -3.14
HOMO -7.23 -7.37 -7.30 -7.24 -7.81
Gap 4.7 4.5 4.5 4.4 4.7

The density plot of the HOMO and LUMO of T-705 shown in Figure 2.4. These
diagrams were plotted with a contour value of 0.02. It can be observed from Figure
2.4 that HOMO is delocalized on all atoms while LUMO is delocalized on all the atoms
except on fluorine atom and OH group. The HOMO-LUMO gap is 4.5 eV which is
sufficiently large to meet the viability criterion suggested by Hoffmann et al. [36].

HOMO (-7.37 eV) LUMO (-2.85 eV)

Figure 2.4: HOMO and LUMO of T-705.

2.7 Molecular docking

In addition to the DFT study, we supplemented this research work with molecular
docking studies (Figure 2.5) relevant to drug-target interactions. The docking results
indicate that 1D6 has the most favourable free energy of binding compared to other
compounds (Table 2.6). It is also noted that the substitution of fluorine atom in T-705
by bromine atom in T-705-Br, chlorine atom in T-705-Cl and hydrogen atom in T-1105
does not improve the binding energy with VP35. Docked conformation shows that
smaller compounds with pyrazine ring (T-705, T-705-Br, T-705-Cl and T-1105) were
docked at deeper but relatively smaller pocket of VP35. The larger compounds are
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Figure 2.5: The docked conformation of (a) 1D6 (PDB id 4IBG; red stick), (b) T-705 (yellow stick),
(c) T-705-Br (green stick), (d) T-705-Cl (blue stick), (e) T-1105 (purple stick), and (f) T-1106 (grey stick)
in the binding pocket of Ebola virus VP35 (surface representation).

Table 2.6: Estimated free energy of binding for ligands docked into Ebola virus
viral protein 35 (VP35).

Ligand Free energy of binding (FEB; kcal/mol)
1D6 -6.50
T-705 -4.71
T-705-Br —4.78
T-705-Cl -4.89
T-1105 -4.59
T-1106 -5.46

bound at the same ligand binding site of VP35 (IFN inhibitory domain; IID). This
docking simulation shows that in order to occupy the binding site of VP35 IID with a
better binding affinity, the compound should consist of the essential benzene rings
and pyrrolidinone scaffold as suggested by the recent study [14, 26, 27, 39].

2.8 Conclusions

This combined ab initio and docking study targeted unsubstituted T-705, T-705 and
substituted T-705. Ab initio method based on DFT was used to predict the structural
and spectroscopic parameters. The computed data compare favourably with litera-
ture for T-705 while the literature for the other compounds is limited. Therefore, the
reported information for should be reliable for future investigations. The molecular
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docking indicates that the compounds studied have comparable free energy of
binding with VP35 although this is less when compared with 1D6 and T-1106.

Acknowledgements: The authors acknowledge the facilities from their respective
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3 Potential thermally activated delayed
fluorescence properties of a series
of 2,3-dicyanopyrazine based compounds

Abstract: 2,3-Dicyanopyrazine based acceptor was combined with a series of well
studied donors to obtain donor-acceptor type potential thermally activated delayed
fluorescence emitters. Their structural and electronic properties were computed
theoretically at the level of density functional theory and time dependent density
functional theory with the application of two different hybrid functionals and various
basis sets. Almost all of the designed structures were computed to have the potential
of being TADF compounds since they possess very narrow singlet-triplet gaps.
Indeed, acridine-pyrazine (9) derivative was calculated to be the best candidate for
the purpose among them.

Keywords: TADF, Dicyanopyrazine, donor-acceptor, DFT, TDDFT

3.1 Introduction

Light is a physical quantity that is emitted by a luminous body. An incident on the eye
causes the sensation of sight through nerves. However, only a tiny proportion of the
whole electromagnetic spectrum is visible to the human eyes. Although human capabil-
ities for perception of light are highly elevated, only a very narrow range of the electro-
magnetic spectrum, which extends from the deepest violet (400 nm) to the deepest
red (750 nm), can be seen by human. According to the wavelength and frequency,
the color of light changes. The emission of wavelengths corresponding to the visible
region requires a minimum excitation energy ranging between 1.8 and 3.1 eV [1].

There are two possible practical phenomenon to create light, namely incandes-
cence and luminescence. Heated to a high enough temperature, a material starts
glowing. The process of incandescence is emittion of light from heat energy. When
atoms or molecules are heated, they release some of their thermal vibrations as
electromagnetic radiation in the form of incandescent light. This is the most common
type of light obtained from the sun. The sun provides almost all of the heat, light, and

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Gimds, A., Giimiis, S. Potential thermally activated delayed fluorescence properties of a series of
2,3-dicyanopyrazine based compounds. Physical Sciences Reviews [Online] 2018, 3. DOI: 10.1515/
psr-2017-0197
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other forms of energy that are necessary for life on our planet by the process of
incandescence. Luminescence, on the other hand, is cool emission caused by the
movement of electrons within a substance from more energetic states to less energetic
states and hence it is a process of giving off light without generating heat. This can be
caused by absorption of photons, chemical or biochemical reactions, activity of suba-
tomic particles, radiation, or stress on a crystal. The wavelength of light emitted is a
characteristic of luminescent substance and not of the incident radiation [2, 3].

Fluorescence was experimentally demonstrated in 1852 that certain substances
absorb the light of a narrow spectral region (e. g., blue light) and instantaneously
emit light in another spectral region not present in the incident light (e. g., yellow
light). Thus, fluorescence is the property of some atoms and molecules to absorb light
at a particular wavelength and to subsequently emit light of longer wavelength after a
brief interval, which is called the fluorescence lifetime [4]. Following excitation via
ultraviolet or visible radiation, excited electrons release their excess energy in the
form of photons, thereby making a back transition to the ground state (singlet state),
emitting excitation energy as fluorescence. During these transitions the multiplicity
of the system is conserved. On the other hand, phosphorescence is delayed lumines-
cence which involves forbidden energy state transitions [1]. A triplet-singlet transi-
tion is much less probable than a single-singlet transition, thus, phosphorescence
takes place in a longer time scale [5]. A simplified Jablonski diagram illustrating
fluorescence and phosphorescence is shown in Figure 3.1. Reinhoudt’s empirical rule
states that the intersystem crossing (ISC) process will be effective when Ae(S;-T,) is
lower than 0.6 eV for all type of ligands [6].

Sy ISC

Energy
m

- -cccccccccccccaa
eccccccaaa

So

Figure 3.1: Illustration of fluorescence and phosphorescence. (E, F and P stand for Excitation,
Fluorescence and Phosphorescence, respectively).

Light-emitting devices (LEDs) have been pronounced for almost 50 years, but until a
decade ago, they were used as indicator lamps in electronic equipment. After this
initiation, LED technology flourished due to its high efficiency, high reliability,
rugged construction, durability, and the fact that it is toxic metals free. The search
for brighter LEDs resulted in widening of application area such as; lighting, traffic
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lighting, indicators, electronic billboards, headlamps for motor vehicles, flashlights,
searchlights, cameras, store signs, destination signs on vehicles, general illumina-
tion, visual display, decorative purposes, etc. As better performance LED investiga-
tions go on the newest applications includes the use of organic materials.

The name OLED comes from the initials of Organic Light Emitting Diode. OLED is
internationally recognized as unique light source that possesses the potential to
replace conventional lighting source. It is a display device that sandwiches carbon-
based (as the name implies) films between two charged electrodes, a metallic cathode
and a transparent anode, usually being glass [7]. The organic films consist of a hole-
injection layer, a hole-transport layer, an emissive layer and an electron-transport
layer [8]. These organic arrays produce brighter light and utilize less energy [9-11].

OLED technology was invented by Eastman Kodak in the early 1980s. It is
beginning to replace LCD technology in handheld devices such as PDAs and cellular
phones because the technology is brighter, thinner, faster and lighter than LCDs, use
less power, offer higher contrast and are cheaper to manufacture [12].

In an OLED, with the application of an electric field, electrons are transported
through the lowest unoccupied molecular orbital (LUMO), while holes are trans-
ported through the highest occupied molecular orbital (HOMO) toward the emissive
layer and recombine on the emitter molecules so as to form triplet or singlet excitons.
When voltage is applied to the OLED cell, the injected positive and negative charges
recombine in the emissive layer and create electro luminescent light. Unlike LCDs,
which require backlighting, OLED displays are emissive devices — they emit light
rather than modulate transmitted or reflected light [1].

In this work, we have constructed a series of dicyano dibenzo[f,h]quinoxaline
(Figure 3.2) compounds and investigated the structural and electronic properties
theoretically at the level of density functional theory. These D-A type compounds
may be potential candidates for organic solar cell applications or organic light
emitting diodes or fluorescent organic materials.

Figure 3.2: Structure of the parent compound (dibenzo[f,h]quinoxaline-2,3-dicarbonitrile).

3.2 Method of calculation

The three-dimensional ground state (S,) geometries of all compounds were geo-
metry optimized using DFT [13] with the Gaussian 09W [14] package program and
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the hybrid functional B3LYP and MO06-2X. B3LYP is composed of Becke’s three
parameter exchange functional (B3) [15] and the nonlocal correlation functional by
Lee, Yang, and Parr (LYP) [16]. On the other hand, M06-2X is a set of four meta-
hybrid GGA DFT functionals. They are constructed with empirical fitting of their
parameters, but constraining to the uniform electron gas [17]. The suite has a very
good response under dispersion forces, improving one of the biggest deficiencies
in DFT methods. The s6 scaling factor on Grimme’s long range dispersion correc-
tion is 0.20, 0.25 and 0.06 for MO6-L, MO6 and M06-2X respectively. Compare it
with the values of 1.05 for B3LYP or 0.70 for PBEO [18-20]. The basis set used for all
atoms was 6—311 + G(d,p) for geometry optimizations.

For each compound, vibrational analyses were carried out using the same
basis set employed in the corresponding geometry optimizations. The frequency
analysis of none of the compounds yielded any imaginary frequencies, indicating
that the structure of each molecule corresponds to at least a local minimum
on the potential energy surface. The normal mode analysis was performed for
3N-6 vibrational degrees of freedom, with N being the number of atoms in the
molecule.

The low-lying triplet (T) and singlet excited states (S) of the compounds were
relaxed to obtain their minimum energy geometries using the TD-DFT. The vertical
excitation energies and oscillator strengths were obtained for the lowest triplet and
singlet transitions at the optimized ground state equilibrium geometries by using TD-
DFT with a series of hybrid functionals and basis sets [21]. Optimized ground state
structures were utilized to obtain the electronic absorption spectra, including max-
imum absorption wavelengths, oscillator strengths, and main configuration assign-
ment by using TD-DFT. Although there exists some exceptions, information in the
literature suggest that the analysis of the excitation energies with PBEO, wB97XD and
CAM-B3LYP functionals predict the best agreement with the experimental data [22].
Therefore, for TD-DFT computations B3LYP/6-31G(d,p), B3LYP/6-311 + G(d,p),
B3LYP/cc-PVTZ and CAM-B3LYP/6-311 + G(d,p) methods have been applied and
the results have been compared.

3.3 Results and discussion

The demand for economically viable for large-scale power generation based on envir-
onmentally green materials with limitless availability and variety has forced people to
search for novel ideas and applications. Organic semiconductor materials are cheaper
alternatives to inorganic counterparts like Si. Organic photovoltaics can have extre-
mely high optical absorption coefficients which provide potential for the production of
very thin solar cells; therefore, they can be fabricated as thin flexible devices.

For fluorescent molecules, the radiative exciton fraction is typically assumed to
be 0.25 [23, 24]. But, this value could be increased upto 1.0 by the introduction of
phosphorescent emitters [25-27]. However, due to the need for rare metals like
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iridium or platinum, which facilitate efficient spin-orbit coupling, it is very likely that
the cost for the production of an OLED device will increase [28—30]. The classical limit
of external quantum efficiency of OLEDs using fluorescent and phosphorescent
emitters is 5% and 20 %, respectively. Recently, the conversion of non-radiative
triplets to radiative singlets has been a promising concept to enhance device effi-
ciency over these limits [31].

Recently, TADF emitters have drawn much attention and many novel compounds
with this behaviour have been synthesized [32-36]. By design modification, it is
possible to spatially separate the HOMO and LUMO, causing a decrease of the energy
gap AEst between the lowest excited singlet (S;) and triplet (T;) state. According to
Boltzmann statistics, this results in efficient conversion of triplet to singlet excitons by
reverse intersystem crossing (RISC), which is a thermally activated mechanism.
Because the emission originates due to decay from the S,; state, this mechanism is
sometimes called singlet harvesting [34]. It is thus possible to enhance the fluorescence
efficiency of OLEDs by an increase of the radiative exciton fraction. Therewith, OLEDs
with external quantum efficiency data far beyond the classical limit and comparable to
devices using phosphorescent emitters have been reported [36].

In other words, a small AEsy value means that there is a small overlap integral
between the wave functions of the ground and excited states of a luminescent mole-
cule, thus minimizing electron—electron repulsion between the electron orbitals in the
triplet state [32]. In this context, the ground state of the molecule is equivalent to HOMO
level, and the excited state is in turn equivalent to LUMO. One useful strategy to
minimize the overlap between the wave functions is to localize the electron densities
of the HOMO and LUMO states on donor and acceptor moieties, respectively [33].
Additional steric separation that is achieved by introducing a spiro junction or bulky
substituents between the acceptor and donor units also helps this effect [33].

With all these information from the literature in hand, we have designed a series
of Donor-Acceptor (D-A) type dicyano dibenzo[f,h]quinoxaline derivatives in order to
suggest potential TADF emitters (Figure 3.2). The parent compound (dicyano dibenzo
[f,h]quinoxaline) was synthesized from benzil [37] and used as a presursor to obtain
novel pyrazinoporphyrazines. The importance of dicyanopyrazine derivatives has
been mentioned mainly in the chemical industry, food, agricultural and medicinal
chemistry [38]. In this work, the pyrazine fused phenanthrene moiety with two cyano
groups attached (dicyano dibenzo[f,h]quinoxaline) (1) was the acceptor, benzene (2),
thiophene (3), thiophene oligomers (3a-3c), anthracene (4), pyrene (5), triphenyla-
mine (6), carbazole (7), phenoxazine (8), and dihydroacridine (9) were donor com-
partments (Figure 3.3).

The parent compound (1) is the phenanthrene derivative of dicyanopyrazine and its
crystals were prepared [37, 39]. The compound exhibited high decompositon point at
248-365°C and could be purified by sublimation. The absorption maxima was com-
puted to be 328 nm, which is very close to the experimetal data of 318 nm in dimethyl-
formamide [40]. According to the literature; phenanthrene derivative (1) did not show
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Figure 3.3: Structures of potential TADF compounds.

any field effect transistors (FET) characteristics indicated that some electron-accepting
properties were necessary for producing the active conducting channel [39].

The idea of the present study emerged from the extensive spectroscopic investi-
gations of the parent pyrazine compound performed in the literature [37, 39, 40].
Containig a well acceptor moiety in its structure, combination of 1 with donor units
may produce potential TADF compounds.

3.3.1 Semiconductor properties

The electronic structure of all organic semiconductors is based on the conjugation of
mi-electrons. A conjugated organic system consists of alternating between single and
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double carbon-carbon bonds. Single bonds are known as o-bonds and are associated
with localized electrons, while double bonds are composed of one o-bond and one
n-bond. The m-electrons are mobile and can jump between carbon atoms due to the
mutual overlap of pi orbitals along the conjugation path, which causes the wave
functions to delocalize over the conjugated skeleton. The empty n-bands are called
the LUMO and mi-bands filled with electrons are called the HOMO. The band gap (AE)
of semiconductor materials ranges from 0.5 to 4.0 eV [41].

Frontier molecular orbital energies of the compounds were computed at the level
of B3LYP/6-311 + G(d,p) and the results are given in Table 3.1. All computed band gap
(AE) values have been found to be below 4 eV. As expected, the combination of donor
units with acceptors is expected to reduce the inter-frontier molecular orbital energy
gap of a compound due to extension of the conjugation path. The parent compound
(1) had a band gap of 3.87 eV which was ennarrowed by the attachment of donor
units. Therefore, all the compounds carry the potential of usage as semiconducting
materials. The narrowest band gaps among all have been obtained for compounds
3¢, 8 and 9.

Table 3.1: Results of computations (All data are in eV).

Compound DFT TD-DFT (AEsy)
B3LYP/6-311+(d,p) B3LYP CAM-B3LYP
HOMO LUMO AE  6-31(d,p) 6-311+(d,p) cc-pvtz  6-311+(d,p)
1 -6.79 -2.92 3.87 0.25 0.22 0.21 0.53
-6.39 -2.86 3.53 0.18 0.17 0.18 0.41
3 -6.16 -2.91 3.25 0.12 0.05 0.06 0.47
3a -5.66 -2.90 2.76 0.11 0.07 0.08 0.72
3b -5.09 -2.92 2.17 0.11 0.06 0.07 0.76
3b_Me -5.11 -2.91 2.20 0.07 0.06 0.06 0.30
3¢ -4.81 -2.93 1.88 0.08 0.02 0.04 1.02
4 -5.48 -2.89 2.59 0.03 0.03 0.03 0.95
4_Me -5.49 -2.79 2.70 0 0 0 0.03
5 -5.67 -2.84 2.83 0.06 0.04 0.04 0.21
6 -5.21 -2.71 2.50 0.16 0.14 0.15 0.41
7 -5.74 -3.01 2.73 0.18 0.16 0.16 0.38
8 -5.03 -3.14 1.89 0.04 0.04 0.04 0.21
9 -5.20 -3.13 2.07 0 0 0 0.01

The geometry optimized structure and 3D-frontier molecular orbital energy schemes
of the compounds are given in Figures 3.4-3.8. The schemes for HOMO and LUMO
give information about the reactivity of the compounds. HOMO provides basicity,
while LUMO shows the Lewis acidity property of the corresponding system. Thus,

printed on 2/13/2023 1:15 AMvia . All use subject to https://ww. ebsco. confterms-of-use



EBSCChost -

40 —— 3 Fluorescence properties of 2,3-dicyanopyrazine based compounds

investigation into frontier molecular orbitals is very important. It is also important to
know which atoms contribute to these orbitals because the reactivity centers are
determined by these schemes. For the compounds to be potential candidates for
TADF, it is critical to possess separate HOMO and LUMO to give small exchange
energies. Steric hindrance which results in twisting between donor and acceptor
units can successfully achieve this purpose [42—44]. The HOMOs of D-A structures are
predominantly distributed on the donor moieties (Figures 3.4-3.8), whereas the
LUMOs are localized over the acceptor core, and are composed of highly electron-
withdrawing cyano units together with the pyrazine. This offers clear spatial separa-
tion of the HOMO and LUMO because of the large dihedral angles (ca. 25-90°)
between the donor units and the cyano-containing phenanthrene pyrazine core.
The HOMO and LUMO orbitals are distributed clearly on the donor and acceptor
parts of the system, respectively.

The phenanthrene pyrazine compound (1) is rigid planar structure with full
conjugated fused rings and the cyano groups. Thus, HOMO and LUMO are both
distributed over the structure. In order to be able to achieve succesful separation of
the frontier molecular orbitals benzene (2) and thiophene (3) substitution were done
on each side of the phenantherene moiety of the parent compound (Figure 3.4).

1 2 3
[ ] @
I ] L &
e [
9 .“. >a
.JJ. s *a % »
*a @
GSG s We +d 2a 2 AJ“JJ“J‘
2 oo a4 e FE T
s I W “ P ‘J @ 4 -2
A ol ' '3 . o 4 e,
FX] >3 i | N
4 @ + 9
DA 38° 26°
°_° °q' s
D ~ *
LUMO b ‘ J' [P>e) ‘J ,' - ‘J
=Y ] o o
» J 5 ‘-.‘Paa"u‘ ,4.14.4(,
@9 Q9 9 @ 2 e @l L0
D 4 @9 > i
+ @ - |
e 0 e o
e » ) L) L
L] ] - e o)
o A\ 4 A A
. . - o

Figure 3.4: Ground State Geometry (GSG), Dihedral Angle (DA), HOMO and LUMO of 1-3.
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Although geometry optimized structures of 2 and 3 resulted in a tilted structures from
planarity with dihedrals 38° and 24°, respectively, still well separated HOMO and
LUMO could not be observed. HOMO and LUMO energy levels have not changed
enough for the duo, to possess better semiconducting ability, either.

The potential OLED applications of oligomeric thiophene systems have been
investigated in the literature recently [45]. Therefore, we aimed to separate HOMO-
LUMO distribution together with possible narrowing of the interfrontier molecular
orbital energy gap due to extension of the conjugation by lengthening the thiophene
linkage. 2 (3a), 5 (3b) and 10 (3¢) thiophenes linked to the system in order to achieve
better donor ability. Although, geometry optimized structures did not yield even
more tilted structures, HOMO and LUMO could be separated. On the other hand,
HOMO-LUMO energy gap was narrowed due to increase in the energy of the HOMO
upon introduction of extended r system (Figure 3.5).
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Figure 3.5: Ground State Geometry (GSG), Dihedral Angle (DA), HOMO and LUMO of 3a-3c.

Anthracene [46], pyrene [47], triphenylamine [48], carbazole [49], pheoxazine [50]
and acridine [51] based OLED and TADF systems have been widely investigated in the
literature. Therefore, combination of the present dicyano dibenzolf,h]quinoxaline
with each of the above may possibly produce potential candidates for OLED and
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TADF compounds. The geometry optimized structures and the frontier orbitals of the
compounds 4-9 are given in Figure 3.6 and Figure 3.7. The donor-acceptor dihedral
angles for compounds 4-9 are promising (Anthracene 71°, pyrene 38°, triphenyla-
mine 34°, carbazole 50°, pheoxazine 71° and acridine 90°) to achieve very well
separation of the HOMO-LUMO distribution throughout the system. For compounds
4-9, HOMOs are located totally on the donor part and LUMOs are located on the
acceptor part, leading to create good semiconductor materials with potential use in

OLED devices.
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Figure 3.6: Ground State Geometry (GSG), Dihedral Angle (DA), HOMO and LUMO of 4-6.

3.3.2 TADF properties

One of the most important design considerations of TADF molecules is obtaining a
small energy gap between the S; and T, states (AEst). A molecule meets this require-
ment only when its lowest-energy transition has low singlet—triplet exchange energy
[52]. Current trends in the research into novel TADF emitters are mainly focused on

printed on 2/13/2023 1:15 AMvia . All use subject to https://ww. ebsco. confterms-of-use



EBSCChost -

3.3 Results and discussion = 43

7 8 9
e 9 e »
& R * @ o @
L P 4 P
e »
e ‘J a J‘ 0‘ ‘J @ > “ “ o
GSG 2 as T 3 @ @
'a-“‘o > a0y 2‘3‘ E ‘;‘y % ‘
> L4 4 & Py
% ﬁ“‘ j"_-p L e
DA 50° 71° 90°
.= : e o @ ;
LUMO 2N "ﬁ- 4. A%
i @09 Y S ¥ @50
e 0 C et 3885 0 4 Gegd 7 2
S a0 g W ,g’ 7 LWy
*N9 5, a @ d‘ o ‘,J » @
4 ‘.ln‘: fu) 4 4 5€ f‘ 3 Jf o * ‘a‘
% 4 s T o »
»e »>a >
.o c‘ e e
HOMO ba @ > > o pa

>
+ > "
F‘r -l-a
+ 4
+ +
]
+ -

Figure 3.7: Ground State Geometry (GSG), Dihedral Angle (DA), HOMO and LUMO of 7-9.

intramolecular donor-acceptor (D-A)-type molecules, as in the present case [53].
Therefore, appropriate donor-acceptor units have to be selected carefully to obtain
full-color TADF molecules, with their HOMO and LUMO being localized on different
constituents. To obtain details about the geometric and electronic structures of 1-9
time-dependent density functional theory (TD-DFT) calculations were performed at
the B3LYP/6-31G(d,p), B3LYP/6-311 + G(d,p), B3LYP/cc-PVTZ and CAM-B3LYP/6-311
+ G(d,p) level. The HOMO, LUMO energies and the energy gap between singlet- and
triplet-excited states for compounds 1-9 are given in Table 3.1.

The clear separation of the frontier molecular orbitals results in narrower AEsy
values. AEgr data for 1 itself was computed to be 0.53 eV with CAM-B3LYP/6-311 +
G(d,p) level. The AEgy values for 2 and 3 slightly smaller from the parent but still
needed to be improved. Thiophene oligomers did not work well due to uncut con-
jugation path (Table 3.1). Since AEgr values < 0.50 are considered to be productive for
TADF potential, compounds 5-9 have been found to be best candidates for TADF
emitters. Compound 9, has been computed to possess very well separated HOMO-
LUMO distribution and completely twisted geometry together with even degenarate
T, and S, levels. Therefore it can be considered the most potential candidate for TADF
emitter. Thus, the AEsy values predicted by the TD-DFT calculations are small enough
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for thermal repopulation of the S; state via T;>S; RISC for almost all of the com-
pounds, but especially for 5-9. Among all, nine might suggest the highest potential
as TADF emitters as they possess the narrowest S,-T; energy difference and best
separated HOMO and LUMO schemes. All computed lowest-energy excited states
may be described by the HOMO-LUMO transition, which corresponds to an intramo-
lecular charge transfer (ICT) with small exchange energy.

Although anthracene derivative (4) have separate HOMO-LUMO distribution
and 71° dihedral angle, it is calculated to possess 0.95 eV AEsy data which is
quite high to be considered to be a contestant. Therefore, we have decided to
force a more tilted structure from planarity by introducing two methyl groups on
each side of the molecule to form 4_Me. The same procedure has been carried
out for 3b, too (Figure 3.8) to obtain 3b_Me. The dihedral angles were improved
to 85° and 40° for anthracene (4_Me) and five oligothiophene (3b_Me), respec-
tively. 15° better tilt from the initial structure led to an improvement of —0.92 eV
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Figure 3.8: Ground State Geometry (GSG), Dihedral Angle (DA), HOMO and LUMO of 7-9.
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for 4_Me to result a AEgr value of 0.03 eV. For 3b_Me, AEgr data has been
narrowed down to 0.30 eV.

3.4 Conclusion

A well known acceptor, namely, dicyano dibenzo[f,h]quinoxaline has been com-
bined with mostly prefered donors to design potential TADF emitters. Their structural
and electronic properties were computed with the application od density functional
theory at different levels of theory.

Among the designed compounds 9, 4_Me and 3b_Me were elected as the best
candidates for TADF emitters due to their well separated HOMO-LUMO orbitals and
AEgr data. On the other hand, 3¢ and 8 may be used as semiconductors since they
possess interfrontier molecular orbital energy gap lower than 2 eV.
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Winfred Mueni Mulwa and Francis Birhanu Dejene
4 y-Al,05:Ce**Cu** as a phosphor material; DFT+U
and experimental approach

y-Al,05:Ce®*Cu?* industrial applications in optical components

Abstract: The y-Al,O; and Ce**Cu?*-doped y-Al,0; powders have been synthesized by
sol-gel method. Phases of the synthesized powders were characterized with X-ray
diffraction. Morphological analysis and elemental composition of the samples were
determined by scanning electron microscopy, high-resolution transmission electron
microscopy and energy dispersive X-ray spectroscopy. Luminescence characterizations
have been used to study the synthesized samples. Ab initio calculations by the use of
local density approximation with the Hubbard U correlation were used to compute the
structural, electronic and optical properties of y-Al,O; and Al,05:Ce*"Cu?". The results
indicate that the particle size and morphology of the samples depend on the concen-
tration of the dopants. In comparison with undoped y-Al,05; sample, the intensities of
emission peaks at 430 and 458 nm of Ce**Cu?*-doped y-AlL,O; powders have been
enhanced. This shows that, increasing Ce®* and Cu?* concentration causes an increase
in the number of emitting ions which is expected in order to increase the number of
applications of y-Al,05:Ce**Cu®* composite powders. The photoluminescence spectrum
detected at Aex = 253 nm shows a new peak located at 549 nm due to Cu?* ions. This was
confirmed computationally when the Ce_4f and Ce_5d states are found in the conduc-
tion band while the Cu_4p state was found at conduction band minimum and Cu_3d
state at valence band maximum. This location of states showed there is no possible
luminescence from the Ce®* ions. The only possible luminescence was due to transition
from Cu_4p to Cu_3d states.

Keywords: doped alumina, luminescence, DFT+U

4.1 Introduction

Alumina comprises of several metastable phases (boehmite — y — § — 6-AL,03) in
addition to the stable rhombohedral a-alumina [1]. Among these metastable phases,
y-Al,03 has been widely used in industrial applications such as adsorbents, catalysts,
optical components, phosphors and soft abrasives [2, 3]. By investigating the emis-
sion spectra of pure y-Al,05; powders, Yu et al. [4] reported a blue luminescence band

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as:Mulwa, W. M., Dejene, F. B. y-Al,05:Ce>*Cu?* as a phosphor material; DFT+U and experimental
approach. Physical Sciences Reviews [Online] 2018, 3. DOI: 10.1515/psr-2017-0165
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at 422 nm related to defect level in the y-Al,O; powder. The luminescent properties
have an advantage for flat-panel display techniques, which requires a purer blue
emission. The pure and doped alumina powders or single crystals have recently
attracted a great deal of research interest due to their optical properties and low
cost. Considerable research efforts have been made on (1) the powder synthesis
techniques and (2) appropriate dopants [4]. The main objective of these efforts is to
obtain high-quality powders, emitting in the three basic colours [4]. Recently, many
efforts have been directed towards the fabrication of good-quality powders to
enhance their performance in currently existing applications as phosphors. The
sol-gel technique is a very promising way of producing high-quality nanopowders.
The structure and composition of these high-quality nanopowders especially y-Al,053
transition alumina have been the subject of a number of controversial works [5-7].
This led to the current study which investigates the composition of y-Al,05 as well as
its structural, electronic and luminescent properties.

Considerable efforts of many other researchers have been directed towards the
improvement of the optical properties of alumina by introduction of various dopants
such as Si and Ti [8], Mg and Y [9], Cr and Ni [10]. For instance, Menon [11] observed
that the interaction between Ce and Cu is the main cause of the high reactivity of the
bimetallic catalyst in the total oxidation of toluene. This was realized after the total
oxidation of toluene as volatile organic compound was studied over the binary metal
oxide CuO-Ce0,/y-AL,05. Given that catalytic oxidation is an important technique for
the destruction of volatile organic compounds, it was necessary to investigate the
structural, electronic and luminescence properties of y-Al,05:Ce**Cu®" powders.

In this work, sol-gel technique is used to synthesize y-Al,05 and y-Al,05:Ce**Cu
*. In the synthesis of y-Al,0; and y-Al,05:Ce**Cu?* nanopowders, citric acid was
used as a complexant agent which can effectively chelate metal ions with varying
ionic sizes [12]. Citric acid as a convenient ligand is inexpensive and is a more
effective complexing agent than other complexants producing fine ferrite powder
with smaller particle size [13].

2

4.2 Methodology

The ab initio and characterization techniques used to investigate the properties of the
AL,0;:Ce**Cu?* in this study are presented.

4.2.1 Experimental details

The structure of the powders was analysed using the Xcrysden program and the X-ray
diffraction (XRD). The crystal size was analysed by use of XRD and the high resolution
transmission electron microscopy (HRTEM). Morphology was analysed using the
scanning electron microscope (SEM) and HRTEM. The absorption properties of the
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oxides were investigated using UV-VIS-NIR spectrophotometer. The photolumines-
cence (PL) properties were determined using F- 7000 Fluorescence and the Franck-
Condon equation while energy dispersive X-ray spectroscopy (EDS) gave the compo-
sition of the powders.

4.2.1.1 Materials and synthesis

AlL05:Ce>*Cu®* powders were prepared using commercially available cerium nitrate
Ce(NO3);.6H,0, copper nitrate Cu(NOs),.4H,0, aluminium nitrate AI(NOs);.9H,0
and citric acid C¢HgO;.H,0 using the sol-gel technique [14]. The initial solution
was prepared by dissolving aluminium nitrate and citric acid into deionized water.
The concentration of aluminium nitrate was 0.5 M. The molar ratio of citric acid to
aluminium nitrate was 0.5. The solution was placed on a hot plate (50°C) and
constantly stirred for 3 h using a magnetic stirrer until it changed to yellowish
solution. The temperature was then increased to 80°C and stirring continued for 2 h,
after which the solution changed to a transparent sticky gel. The gel was transferred
to an oven maintained at 300°C. All the liquid evaporated and high amount of gases
were produced during the 1 h when the gel was in the oven. After the 1 h, the gel
swells into a fluffy citrate precursor. This precursor was grounded into fine powders
with the help of a mortar and a pistle. The fine powder was calcined at 950°C for 3 h
in a muffle furnace to improve their crystallinity and optical properties. The synth-
esis of Al,O5 nanostructures with Ce>* and Cu®* cations as dopants was performed
by adding different amounts of Ce(NO3);.6H,0 and Cu(NOs3),.4H,0 to the Al
(NO3)3.9H,0 precursor to obtain concentrations of 0.31, 0.62, 0.93 and 1.24 mol%
ce¥*cu”.

4.2.1.2 Characterization techniques

The crystal structures of the powders were investigated using the Bruker AXS
Discover diffractometer with Cu K a(1.5418 A) radiation. High-resolution transmission
electron microscopy (HR-TEM) was done using the Shimadzu Superscan SSX-550
system. Scanning electron microscopy (SEM) and selected area electron diffraction
(SAED) micrographs were used to determine the morphology of synthesized nano-
particles. The optical properties were obtained via the use of the Agilent HP1100
diode-array UV-visible spectrophotometer while photoluminescence (PL) spectro-
scopy was done using the Hitachi F-7000 fluorescence spectrometer.

4.2.2 Computational details

Ab initio calculations were carried out using Density functional theory and the
Hubbard U term (DFT+U) as implemented in the Quantum ESPRESSO code [15].
Within DFT+U, the electron—electron interaction was expressed as the sum of the
Hartree and exchange-correlation (XC) terms which is usually approximated. The

printed on 2/13/2023 1:15 AMvia . All use subject to https://ww. ebsco. confterms-of-use



EBSCChost -

52 —— 4 y-Al,05:Ce®*Cu®* as a phosphor material; DFT+U and experimental approach

XC approximation within the DFT formalism was carried out using the local density
approximation (LDA) as parameterized by Perdew—Wang [16]. The nuclei core’s
effect on the system was analysed using norm-conserving pseudopotentials [17].
Using the following converged calculation parameters, kinetic energy cut-off of 60
Ry, Gaussian smearing of 0.02 eV, 8 x 8 x 8 Monkhorst—Pack [18] k-point mesh and
electronic energy convergence criterion of 107° Ry, a lattice constant of 7.79 A and a
band gap of 3.5 eV were obtained compared to experimental value of 7.91 A [19] for
the lattice constant. Another theoretical study obtained the lattice constant to be
7.89 A [20]. The underestimation of the lattice constant with LDA is a known trend
[21]. Band gap underestimation within LDA is also known and has been documen-
ted in several studies [22, 23]. However, it is also worth noting that, despite hybrid
functionals being successful in overcoming the band gap under estimation issue
[24], they are also known to fail in some cases such as in the prediction of the defect
properties [25-27]. Using the optimized unit cell, a supercell of 80 atoms was
obtained by multiplying the unit cell using a 2 x 2 x 2 k-point mesh. The undoped
y-Al,O3 supercell was then optimized by relaxing only the atomic positions keeping
the volume fixed using a 2 x 2 x 2 Monkhorst—Pack [18] k-point mesh. The kinetic
energy cut-off and electronic energy convergence were similar to that of the unit
cell. The supercell was then doped by substituting two Al atoms with a Ce>* and a
Cu?* atom (0.31-1.24% doping percentage). Although anion substitution is also
possible, cation substitution results in lower substitution energies compared to the
anion substitution in the case of rare earth-doped semiconductors [28, 29]. Al atoms
occupy both the tetrahedral and octahedral sites within the lattice thus Ce>*Cu?*
doping was done on each of these sites. Since Ce**and Cu®* are strongly correlated
elements, we added the Hubbard correction term U to the Ce>" 4f electrons and to
the Cu?* 3d electrons within the DFT+U formalism so as to properly account for their
properties which could not have been accounted for in the case of using DFT alone.
DFT+U is robust in accounting for the properties of transition metals as well as rare
earth and lanthanide elements [30, 31]. The choice of U is however highly depen-
dent on the material property being converged with respect to experimental find-
ings. Common material properties that have been used to obtain the value of U
include charge localization, Lattice parameter and band gap energy [32—34]. In this
study, we have adopted the reported methodology of [35] where the calculated band
gap energy was converged with respect to experimental band gap. A value of U = 4
eV for Ce>* was chosen while that of Cu?* was chosen to be 3 eV which substituted
AP* in Al site.

4.3 Results and discussion

In this study, ab initio density function theory and the Hubbard U term (DFT+U) has
been used to investigate structural, electronic and optical properties of semiconductor

printed on 2/13/2023 1:15 AMvia . All use subject to https://ww. ebsco. confterms-of-use



EBSCChost -

4.3 Results and discussion =—— 53

metal oxides (Al,05:Ce**Cu®*). The Hubbard U value is known to overcome the failure
of standard DFT in predicting the electronic properties in metal oxides. Experimental
approach is also used in the current study to produce stoichiometric semiconducting
metal oxides. The results of the study are as shown below.

4.3.1 X-ray diffraction (XRD) and XCrySDen analysis

Comparison between the structural changes from experimental and computational
approach of y-Al,O; andy-Al,05:Ce**Cu®* at different concentrations is shown in
Figure 4.1. The diffraction patterns of Figure 4.1 confirm that all the samples consisted
of spinel structure with space group Fd-3 m as indexed by JCPDS file no. 79-1557. The
intensity of the peaks relative to the background signal demonstrates high crystal-
linity of the samples. Although the XRD patterns of y-Al,05 resemble those of y-Al,05:
Ce**Cu®*, the peaks have broadened on doping and their intensities also reduced.
The diffraction peak broadening is as a result of the crystallite sizes and lattice strain.
This means that large crystallite sizes cause sharp reflections where as small sizes
lead to broad reflections. Variation in lattice spacing due to lattice strains can also
cause broadening [36]. The crystalline sizes of the y-Al,O; and y-Al,05:Ce’"Cu?

JCPDS file no.79-1557
~ |r24%ce*cu
3
&
>
@
o
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E
8 ~
s o g =)
8 2% 7 <
~ ~
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20 30 40 50 60 70 80
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(@ (b)

Figure 4.1: Structural analysis of y-Al,03 and Y-A1203:Ce3+Cu2+. The red, blue, green and yellow balls
represent O, Al, Cu and Ce, respectively.
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samples are in the same range confirming what was realized in Table 4.1 that doping
did not cause major distortion of the crystal structure. In addition, this could be due
to the fact that the procedure used to prepare all the samples in this study was the
same. The peak broadening is attributed to lattice strain due to incorporation of the
Ce>" and Cu?* activator ions. In all the doped samples, Ce** and Cu®* are seated at the
AL?* site. The XRD results in Figure 4.1(a) are in good agreement with the computa-
tionally calculated bond lengths in Figure 4.1(b) and summarized in Table 4.1 which
shows reduced bond lengths on doping. To the best of our knowledge, no DFT+U
work has been done on Al,05:Ce>*Cu?* therefore no comparison with other DFT+U
work was included in Table 4.1.

Table 4.1: DFT+U averaged Mulliken bond lengths of y-Al,05:Ce>*Cu?* 0 < x <
1.24%.

0%: Ce3*Cu?* 1.24%: Ce*Cu?*
Al-0 (A) 1.85 1.79
0-0 &) 2.64 2.62

These XRD results agree well with the Mulliken bond lengths as shown in Table 4.1.
Table 4.1 confirms that if a bigger ionic radius is substituted into a smaller ionic
radius site, the site enlarges while the bond lengths shrink. Figure 4.1(a) shows the
peaks representing doped systems shift to lower angles (to the left) in comparison to
the host peak. This shift was also witnessed by Qianping Sun et al. [37] where on
doping ordered mesoporous gamma-alumina; the peaks shifted to the lower angles
[38]. The peak (440) decrease in intensity is attributed to the distortion of the crystal
structure of the host on incorporation of the dopant [39].

The width of the XRD peaks allows us to calculate the average crystallite size by
using the Debye—Scherrer equation [24]. The analysis shows that the average crystal-
lite size of y-Al,05:Ce’*Cu®" at different doping concentration was approximated to be
5, 6, 8 and 9 nm for 0.31%, 0.62%, 0.93% and 1.24% doping, respectively. The
crystallite size is estimated from the full width at half maximum (FWHM; (8)) and
Debye—-Scherrer formula according to the following equation:

089
~ BcosB

(4.1

where 0.89 is the shape factor, A is the X-ray wavelength, S is the line broadening at
half the maximum intensity (FWHM) in radians and 6 is the Bragg angle. The
formation of y-Al,05 is expected, because it is reported to be the most thermodyna-
mically stable phase when the crystalline size (particle diameter) is less than approxi-
mately 13 nm.
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4.3.2 SEM analysis

Figure 4.2 shows the SEM images of the sol-gel prepared y-Al,0s. Figure 4.2(a) shows
pristine y-Al,05 at 40,000x magnification, while Figure 4.2(b) shows pristine y-Al,05
at 70,000x magnification. Figure 4.2(c) shows y-Al,05:Ce**Cu®" at 40,000x magnifica-
tion and Figure 4.2(d) shows y-AlL,O5:Ce**Cu®* at 70,000x magnification. Comparing
Figure 4.2(a) and Figure 4.2(c), Figure 4.2(c) shows enlarged particles compared to
Figure 4.2(a) although they are of the same magnification. This confirms an increase in
number of particles after doping. It also confirms a higher agglomeration in the doped
system than in the pristine system. The same happened to Figure 4.2(b) compared to
Figure 4.2(d). Figure 4.2 reveals that both pristine and y-Al,05:Ce**Cu?** samples are
nearly spherical in shape with a narrow diameter distribution. The SEM images of pure
and doped y-Al,O5 are in the nanometre range. The size distribution and particle
appearance are irregular. The changes in size before and after doping could be as a
result of nucleation mechanism in the growth process. A restrained nucleation rate and

- 3P
9 =

00mm|

- o BT
x40,000 5.0kv_ LED X x70,000 X SEM WD 9.6mm

- 100mm
x40,000 EX ) SEM WD 9.6mm x70,000 5.0kv_ LED

Figure 4.2: Comparison between y-Al,05 and y-Al,05:Ce>**Cu®* SEM analysis at different
magnifications.
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a subsequent lower growth rate of samples may occur due to the difference in ionic
radii of Cu®*" and Ce>" from that of AI**. The difference in valence between Ce>*, Cu®*
and AP* could also be another cause of change in size.

4.3.3 HR-TEM analysis

Figure 4.3 represents systems of 1.24% Ce’>*Cu’®" doping in y-Al,O; with an average
crystallite size of 10 + 2 nm. This shows that the crystallite sizes from HR-TEM
analysis are in agreement with those derived from XRD traces. The average grain
size diameter of these doped systems is 20 nm which is confirmed by the SAED
patterns. The SAED patterns show diffraction rings composed of discrete spots
indicating decrease in grain size on doping. The diameter of the diffraction rings in
SAED patterns was obtained by the use of image] program and it is consistent with
Vh? + 12 + I given that (hkl) represents the miller indices of planes corresponding to
the ring. Using this relationship, the rings obtained from SAED corresponds to (440),
(400), (311) planes. In XRD, these same planes show the highest intensity peaks,
showing a good relation between XRD and SAED.

Figure 4.3: HR-TEM images of Al,05:1.24 % Ce>*Cu?*.

4.3.4 Energy dispersive X-ray spectroscopy (EDS) analysis

EDS allowed the determination of the chemical composition of the samples [40, 41].
These data were used to calculate the O/Al atomic ratios. Figure 4.4(a) shows peaks of
AP" and O in pure y-Al,Os. EDS spectrum from Figure 4.4(b) reports the presence
AI**, 0, Ce** and Cu?* prove that the chemical composition of the powders was
respected. y-Al,05:Ce**Cu?* co-doped system did not deviate from the initial stoichio-
metry and matched well with the initial degree of substitution. It is interesting to note
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Figure 4.4: EDS spectrum of (a) y-Al,05 and (b) y-Al,05:Ce>*Cu?*.

that the synthesis and characterization conditions completely favoured the formation
of y-Al,05 and y-Al,05:Ce*"Cu®" systems and thus allowed us to study the effect of
increasing Cu”* and Ce®" concentration in the y-Al,O5,

4.3.5 Electronic analysis

Computationally, Figure 4.5(a) and Figure 4.5(b) reveal a direct band gap transi-
tion at I'. The calculated band gap for y-Al,0O3 is 3.5 eV (Figure 4.5(a)), whereas our
experimental band gap is 4.9 eV (Figure 4.5(d)). This discrepancy arises because of
the inability of DFT to describe excited states [42]. Our band gap which is between
the upper valence band and conduction band is 3.5 eV, which compares very well
with 4.0 eV band gap realized by Gutiérrez et al. [43]. Ahuja et al. reported a band
gap of 3.9 eV [44]. In order to determine the optical energy band gap of our
powders, the UV-vis absorption spectrum was recorded. The reflectance spectrum
shows a reflectance at 253 nm in the UV region (Figure 4.5(c)) which corresponds
to an absorption (excitation) at 4.9 eV (Figure 4.5(d)). The UV-vis absorption
spectrum of the samples may be attributed to photoexcitation of electron from
valence band to conduction band. The optical energy band gap (Eg) was estimated
(Figure 4.5(d)) by the method proposed by Tauc [45] according to the following
equation:

(hva) a (hv-E,)" 4.2)

where a is the absorbance, h is the Planck’s constant, v is the frequency, E; is the
optical energy band gap and n is a constant associated to the different types of
electronic transitions (n = 1/2, 2, 3/2 and 3 for direct allowed, indirect allowed, direct
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Figure 4.5: Relationship between reflectance spectrum, Kubelka—Munk plot and computational band
structure.

forbidden and indirect forbidden transitions, respectively). E; value for y-Al,05
nanoparticles is ~4.9 eV.

Computationally, Figure 4.5(b) shows a red shift on doping. The figure shows that
there is no possible emission as a result of transition from Ce_5d (green colour) to Ce_4f
(light blue) states. This is because these two states are found in the conduction band
(Figure 4.5(b)). Cu_4p states are found at conduction band minimum, while Cu_3d
states are found at valence band maximum (VBM). This gives a possible emission due
to transition from Cu_4p to Cu_3d. The emission is through 2.5 eV (496 nm) which is in
the bluish-green region of the visible spectrum. The reduction in band gap realized in
Figure 4.5(b) computationally is confirmed experimentally in Figure 4.5(d) showing a
good relation between calculated and experimental work. DFT is known to under-
estimate approximately 40% of the experimental band gap [46] that is why the
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computational band gap for pristine y-Al,05 (Figure 4.5(a)) is 3.5 eV, while the experi-
mental band gap is 4.9 eV (Figure 4.5(d)). This also shows DFT predicting the expected
experimental band gap.

4.3.6 Optical analysis

The x-axis intercept obtained by extrapolating the linear portion of the curve is the
transition energy for the doping concentration as shown in Figure 4.5(d). From our
findings, it is clear that the electronic transition using DFT to calculate the optical
absorption spectrum can be analysed in relation to Kubelka—Munk plots.

In order to know how possible it is to incorporate the dopants (Ce and Cu), Ab
initio calculations were carried out to get the dopant substitutional energies at a given
charge state g using the equation

Egopam = Eundoped - Edoped + Ny — MUy —NUee + q(EVBM + EFermi) + Ecorr (4-3)

where Eynqoped is the total energy of pristine y-Al,Os Egopeq is the total energy of doped
Y-ALOs, up» Uee and ¢, are the chemical potentials of Al, Ce and Cu, respectively, nis
the number of atoms substituted, Eygy and Egery; are the energy of the VBM and fermi
energy, respectively, while E.,, represents the supercell finite size corrections. A
thermodynamic charge transition level £9/7 was calculated using the equation

-1 -2
“2/-1 (Edopant - Edopant)
8 =

—2-(-1) 44

where E; 1 and Eg 2 are the dopant substitutional energies for -1 and -2 charge
states obtained using eq. (4.3). Each of thermodynamic transition levels usually has
an associated optical transition. An optical transition can be obtained using the

Franck-Condon principle as
EpL = Eg - Stherm( - 2/ - 1) - Erel (4.5)

where, Ep; is the optical transition, E, is the band gap energy, £™(-2/-1) is
thermodynamic transition level which is obtained using eq. (4.4). Figure 4.6(a)
shows the thermodynamic transition levels both in the Al_rich conditions as well
as O_rich conditions. It was realized that the transition level in both cases was the
same therefore the PL was calculated using 1.1 eV as the thermodynamic transition
level. The schematic diagram of the calculated PL is represented in Figure 4.6(b). This
calculated PL shows an emission in the bluish-green region (521 nm) which is in
agreement with the emission in Figure 4.6(c). In Figure 4.6(c), the emission at 549 nm
is in the bluish-green region which is attributed to emission from the Cu_4p states to
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Figure 4.6: (a) DFT calculated thermodynamic transition levels, (b) calculated photoluminescence
and (c) experimental photoluminescence.

Cu_3d states as confirmed computationally in Figure 4.5(b). The emission at 43 and
458 nm is both in pristine and doped y-Al,0; which can be attributed to the oxygen
vacancies most probably created during annealing (synthesis). In PL analysis, the
knowledge on charge density distribution around each atom is important. It is there-
fore discussed below.

4.3.7 Charge density

Figure 4.7 presents the electronic charge density plots for the defective spinel
structure of y-Al,05 which is calculated using the LDA+U exchange potential. The
stoichiometric y-Al,05 structure is a perfect insulator, and formation of charge-free
carriers is not anticipated from our calculation. From Figure 4.7, clearly, the
electronic cloud is mostly distributed around the oxygen nuclei. A highly polar
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Figure 4.7: (a) y-Al,05:Ce>* Cu?* charge density contour diagram (b) the cross-section plane per-
pendicular to plane a) and containing all the Al, Ce, Cu and O atoms.

bond is formed in the Al-O line as expected from a large electronegativity difference
between Al and O atoms. However, there is no charge accumulation along the Al-0
bonds, indicating essentially ionic bonding. Figure 4.7(a) shows the contours
indicating the boundaries of charge distribution. In addition, it is observed in
Figure 4.7(b) that distribution of the charge density is not uniform around different
Al lattice sites. Al atoms are far from each other and thereby cannot be strongly
bonded to each other. These observations are in agreement with the quantitative
ionic charge analysis [47]. The thermometer shows that the magenta colour has the
highest charge with the red colour with the least amount of charge. The dense and
nearly spherical contours away from the Al nuclei are from the peaking in Al 3s3p
orbitals.

4.3.8 Conclusion

Undoped y-Al,05 and y-Al,05:ce**Cu®" powders with different morphologies were
successfully synthesized using the sol-gel technique with the presence of citric acid
as the complexant. Structural characterizations as well as theoretical calculations
show a defective cubic spinel structure. From the XRD data and SAED diffraction
patterns analysis, y-Al,O; and y-Al,05:Ce’>"Cu”" are highly crystalline. The SEM
micrographs showed that the particles are spherical in shape, while the HR-TEM
micrographs showed a grain size of approximately 10 nm. Properties computed using
the DFT+U technique were found to be consistent with experimental observations, an
indication that theoretical computations with the DFT formalism can be a useful tool
that can aid and/or guide experimental investigations.
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Namrata Dhar and Debnarayan Jana
5 A DFT perspective analysis of optical properties
of defected germanene mono-layer

Abstract: Germanene, germanium version of graphene, is a novel member in the two-
dimensional (2D) materials family. In this present study, a theoretical analysis invol-
ving optical properties of defected free standing (FS) germanene layer has been
performed within density functional theory (DFT) framework. FS buckled germanene
exhibits many fascinating and unconventional optical properties due to introductions
of adatoms and voids. Arsenic (As), gallium (Ga) and beryllium (Be) are chosen as
doping elements. Doping sites (same or different sub-lattice positions) play a crucial
role to improve various optical properties. While Be doping, concentrations of Be are
increased up to 18.75 % and void concentrations are increased up to 15.62% (keeping
fixed 3.12% Be concentration). Emergence of several plasma frequencies occur in case
of both parallel and perpendicular polarizations for defected germanene layers. Energy
positions of peaks corresponding to maximum of imaginary parts of dielectric con-
stants are red shifted for some As and Ga incorporated systems compared to pristine
germanene. Absorption spectra peaks are more prominent for Be doped systems rather
than void added systems. In addition, conductivity in infrared (IR) region is very high
for the Be doped configurations in case of parallel polarization. Along with these,
changes in other optical properties like refractive index, reflectivity, electron energy
loss spectroscopy etc. are also analyzed briefly in this present study. We hope, this
theoretical investigation may be regarded as an important tool to design novel opto-
electronic tuning devices involving germanene in near future.

Keywords: germanene, density functional theory, doping and vacancy, electronic
properties, Optical properties

5.1 Introduction

Discovery of a new material germanene, hexagonal graphene counterpart of ger-
manium (Ge) [1, 2], has enriched two-dimensional (2D) materials family in recent
years and opened a vast unexplored door to the researchers after graphene and
silicene [3-5]. This new member germanene exhibits different properties which are
similar to graphene in many aspects in its free standing (FS) form. But, in contrast,
germanene possesses a buckled configuration rather than a planar structure of
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Dhar, N., Jana, D. A DFT perspective analysis of optical properties of defected germanene mono-layer
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graphene [6]. Behera et al. have reported that, buckled germanene is more stable
than planar configuration [7]. Mixed sp?-sp’ hybridization and high value of spin-
orbit coupling of germanene lead to this buckled structure of germanene [8, 9].
Hexagonal flat germanene has been synthesized by Davila et al. very recently using
gold (111) surface at substrate [10]. At the same time, buckled germanene has been
fabricated by another group Li etal. using platinum (111) substrate [11].
Madhushankar et al. have reported experimentally that, germanene based field
effect transistors (FET) devices are very efficient with high current on/off ratio and
electron carrier mobility [12]. Rather, intrinsic carrier mobility of germanene is also
higher than graphene or silicene [13]. So, this new member demands major research
concern for advancement of 2D nano-technology based on germanene and its
heterostructure [14, 15]. Unconventional electronic and optical properties of these
2D materials makes them more fascinating in the field of material science [16, 17].
Like graphene, germanene also exhibits linear dispersion relation and valence
band (VB) and conduction band (CB) touches each other at Dirac K point. But
inclusion of spin orbit coupling opens a gap ~ 24.3 meV at Dirac K point [18]. In
order to apply germanene in nano-devices, basic requirement is to open a finite
amount of bandgap at Dirac K point. Pang et al. via a density functional theory
(DFT) study have investigated about structural, electronic and magnetic properties
of 3d transition metal (TM) adsorbed germanene layer [19]. They have elucidated
that TM adsorbed germanene systems exhibit non-magnetic metal, non-magnetic
semiconductor, ferromagnetic metal, ferromagnetic semiconductor and ferromag-
netic half-metal like characteristics features. In another DFT based study, Dhar
etal. have reported that, it is possible to transform semi-metallic property of
germanene to semiconducting and metallic nature by introducing suitable foreign
elements like arsenic (As), gallium (Ga) or their co-doping in bare germanene [20].
This investigation clearly indicates the fact that, doping sites (whether it is same or
different sub-lattice sites) play a very crucial role in order to improve electronic and
optical properties of germanene. Several previous calculations have also indicated
the fact that, non-magnetic germanene can behave as a magnetic structure by
introduction of suitable doping of foreign element like beryllium (Be) or creating
void in pristine layer [21]. It can be elucidated from this analysis that, variation of
doping as well as void concentrations in pristine germanene modify electronic,
optical and magnetic properties of germanene significantly. Li et al. have concluded
that, chromium adsorbed germanene is metallic in nature and exhibits a significant
magnetic moment ~ 4.40 pp [22]. Dhar et al. through a very recent first principle
based analysis have explored that carbon decorated FS germanene possesses
magnetic moment ~ 4.04 pp [23]. Liang et al. have estimated about the effect of
surface functionalization and strain engineering on the structural, electronic and
magnetic properties of hydrogenated, fluorinated and chlorinated FS Ge-nanosheet
[24]. Electronic properties of germanene superlattices have been explored by Li
etal. via first principles theory [25]. They have revealed that, sizable bandgap

printed on 2/13/2023 1:15 AMvia . All use subject to https://ww. ebsco. confterms-of-use



EBSCChost -

5.1 Introduction =—— 67

(maximum ~ 250 meV) can be opened in germanene superlattices by sub-lattice
equivalence breaking. Rupp et al. [26] have investigated about stability and electro-
nic properties of boron (B) and nitrogen (N) hydrogenated germanene called ger-
manane. They have calculated that, N and B doping allow germanene to act like n
and p types semiconductor respectively. Moreover, Pang et al. have also pointed
that, in case of alkali metal adsorbed germanene, Dirac cone moves below Fermi
level and system behaves like n type doped structure [27]. Ni et al. have indicated
the effects of vertical electric field on electronic properties of FS germanene [28].
Their study has opened the possibility to fabricate FET devices out of pristine
silicene and germanene mono-layers experimentally.

Along with electronic and magnetic properties study, several theoretical inves-
tigations have already been carried out on optical properties of pristine and defected
Ge-nanosheet. Matthes et al. [29] have reported that, despite of having very small
thickness, optical absorbance of these 2D materials is not vanishing. Rather they
achieve finite large values at optical resonance frequencies. Ozcelik etal. have
estimated real and imaginary parts of dielectric constant of silicene and germanene
[30] within DFT framework. They have confirmed that, there are three main peaks in
imaginary part of dielectric constant of germanene.

Motivated from previous investigations and fascinating unconventional prop-
erties of germanene, we have performed a DFT perspective analysis about defected
FS buckled germanene systems. Doping of foreign elements or introducing void in
bare system both can be treated as defect formation. As and Ga are natural choice of
doping in germanene framework because of close radius matching of Ge with As
and Ga. As a result, lattice deformation is expected to be comparatively small for
these types of substitutional doping elements. These adatoms are incorporated in
same (equivalent) and different (non-equivalent) sub-lattice positions of germa-
nene individually. Our study has revealed that doping sites play crucial role in
modifications of several optical properties of germanene. In addition, Be has also
been introduced in bare germanene. Be is a very light weighted and extremely stiff
hard metal which has huge applications in electronics, aerospace, defense indus-
tries, X-ray and other radiation machineries etc. [31]. Moreover, atomic radius of Be
also matches almost 90 % with that of Ge. Along with this, researchers have already
chosen this material for substitutional doping purpose in graphene, silicene etc.
[32-35]. Concentrations of Be have been increased up to 18.75 % to observe mod-
ifications of optical properties. It has been also estimated from our work that, voids
affect essentially the optical properties of germanene. We have increased void
concentrations up to 15.62% Kkeeping fixed Be concentration 3.12%. There are
several prominent changes in optical properties like dielectric functions, absorp-
tion spectra, electron energy loss spectroscopy (EELS), reflectivity, conductivity etc.
in these defected germanene systems as discussed in following sections. Thus, we
have explored that, it is possible to tailor optical properties of germanene by
choosing various ways.
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5.2 Computational methodology

All necessary estimations were calculated using DFT, with the spin polarized general-
ized gradient approximation of Perdew, Burke and Ernzerhof functional [36] using
double-¢ plus polarization basis set as implemented in SIESTA software package
[37-39]. A 4 x 4 x 1 supercell of germanene containing 32 Ge atoms in X - Y plane has
been used. The mesh cutoff is set to 300 Ry. The vacuum space in Z direction is about
20 A to neglect spurious interactions between the neighboring slabs. Brillouin zone is
sampled in k space with the equivalent of a 24 x 24 x 1 Monkhorst-Pack (MP) [40] of k
point grid. Convergence precision for total energy of the self-consistent field cycle is
taken as 107 eV. The atoms were allowed to relax until the residual forces were
smaller than 0.05 eV/A for As and Ga doped systems and 0.1 eV/A for Be doped and
void added structures. Number of empty bands is set to 400, which is sufficiently
large enough to estimate optical properties, and gives accurate results due to inclu-
sion of high frequency effects in interband transitions. Excitonic effects, however, are
not taken into account.

Complex dielectric function e(w) is interpreted as, e(w) = & (w)+&(w), & (w) and
& (w) are real and imaginary parts of £(w) respectively and w is frequency of electro-
magnetic (EM) wave in energy unit. Applying first order time dependent perturbation
theory in the dipole approximation &,(w) is calculated as [41-43],

2e’n ci= =g |2 c v
(9 — O, hw) = Qo Z | (Wit - Flyk)| "6 (Ef - E - E) 1)

k,v,c

Here, Q is volume of unit cell, &g is permittivity in vacuum. u and r represent polariza-
tion and position vectors of electric field of EM wave respectively. w is the photon
frequency, Yy, Y} are the wave function of the CB and the VB respectively & (w)
depends on &,(w) and they are connected via Kramers-Kronig relation. Both types of
polarizations (parallel or perpendicular) of EM field are taken into account for optical
calculations. For parallel polarization electric field is applied along X axis and for
perpendicular polarization the same is applied along Z axis. The value of optical
broadening used in the computations for all optical calculations is set at 0.2 eV. The
complex refractive index (N(w)) of a material is related to e(w) by the expression

N(w)= /&(w) (5.2)

where, N(w) = n(w) + ik(w). n and k are the real and imaginary part of refractive index.
They are correlated to €;(w) and &;(w) as

2 2

/ /
n(w) - <\/€%+—€%+€1>1 2k(w) - (\/Q%J'—S%_&)l 2 (5.3)
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Now, by knowing expression of (2) and (3) absorption coefficient (a(w)) at normal
incidence is defined as,

a(w) =2kw/(ch) (5.4)

where, c represents the speed of light in vacuum and w is expressed in energy unit.

The absorption coefficient a(w), having unit of inverse length, essentially
describes the spatial attenuation of the intensity of EM wave passing through the
sample. The EELS, denoted by L(w), estimates the collective excitation of any struc-
ture and defined as,

L(w)= Im( - L) & (5.5)

e(w) - e+

R(w) is related to n(w) and k(w). To analyze the characteristic fine structure feature of
the reflectivity spectrum, calculation of reflectivity modulation (Ry(w)) [44, 45] is a
very convenient way. Ry (w) of a material possesses both positive and negative
values. R(w) (in case of normal incidence) and Ry(w) are interpreted as,

(n-1)%+12 1 dR

R(w)=m, m(w) = m@

(5.6)

Further, real and imaginary parts of optical conductivity (o;(w) and o,(w)) are also
calculated via the relations,

we(w))
4

w(l1-&a(w)

o (5.7)

O'l(CU) = ’ O'z(ﬂ)):

For comparison purposes, same methodology was used as in previous studies [20, 21].

5.3 Results and discussions

5.3.1 Geometric optimization

Structural optimization is one of the main important task to investigate optical proper-
ties of As, Ga, Be adatom added and vacancy induced germanene layers. Buckled FS
germanene sheets containing 32 Ge atoms are taken for all calculations in these
present investigations. Optimized bond length, buckling and bond angle for relaxed
pristine sheet are 2.44 A, 0.69 A and 112° respectively which matches with previous
studies [46-48]. In case of As and Ga doping concentrations 3.12% and 6.25% are
considered. In order to investigate the effect of doping positions, adatoms are incor-
porated in same and different sub-lattice positions individually of a single hexagonal
unit cell of germanene for 6.25% adatom concentration. Co-dopings of As and Ga are
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also incorporated. All considered As and Ga doped structures (S1 — S8) are depicted in
Figure 5.1. All configurations are optimized successfully with the constraints as men-
tioned in ‘Computational methodology’ section. It has been already reported by the
formation energies calculations in previous studies that, Ga doped and AsGa co-doped
systems are unstable while As doped systems are stable compared to bare germanene

[20].
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Figure 5.1: Configurations (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, (g) S7, (h) S8; Black colored
atoms are Ge, yellow colored atoms are As, light-green colored atom are Ga.

Next, Be is doped in germanene and concentration is increased from 3.12% to
18.75% as shown in Figure 5.2(a) to (f). In addition to this, voids are also incorpo-
rated to explore about the effects of vacancies in pristine layer. For this, amount of
Be is kept fixed with minimum possible concentration 3.12%. Then void
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Figure 5.2: Configurations with Be doping concentrations (a) 3.12 %, (b) 6.25 %, (c) 9.38 %, (d) 12.50 %,
(e) 15.62 %, (f) 18.75 %; Configurations with Be doping concentration 3.12 % and vacancy concentra-
tions (g) 3.12 %, (h) 6.25 %, (i) 9.38 %, (j) 12.50 %, (k) 15.62 %. Purple colored atoms are Ge and yellow-
green colored atoms are Be.
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concentration is increased from 3.12 % to 15.62 % as depicted in Figure 5.2(g) to (k).
All adatoms and voids are introduced in same hexagonal cell of pristine germa-
nene, because it has been verified that, incorporation of dopings and vacancies in
different hexagonal cell gives higher formation energies.

5.3.2 Optical properties of arsenic and gallium doped germanene

Different optical properties of As and Ga doped structures have already been
reported in previous studies [20, 49] in detail. Here, we would like to discuss
about some optical properties of these configurations (S1, S2, S3, S4, S5, S6, S7
and S8) briefly which have not been analyzed yet in previous investigations.
Some optical properties of these systems are depicted in Figure 5.3 for parallel
and perpendicular both types of polarizations. In Figure 5.3(a) imaginary part of
dielectric constant (e5(w)) of Ga doped structures are represented. From this
figure, it can be observed that, positions of peaks corresponding to maximum of
e,(w) are at 8.21 eV, 8.13 eV and 8.23 eV for S2, S4 and Sé6 respectively. These
peak positions are red shifted compared to the same for pristine Ge-nanosheet.
Although infrared (IR) absorbance at zero frequency (a(0)) takes finite values in
case of pristine germanene and for As and Ga doped structures for parallel
polarization [20, 50, 51], but considering perpendicular polarization this «(0)
approaches to almost vanishing value for all 8 doped systems. This situation is
depicted in table A, Fig. A and Fig. B of “supplementary information”. It can be
reflected from Figure 5.3(b) that, in case of co-doped configurations S7 and S8,
intensity of peaks of absorption coefficient (a(w)) are less than pristine germa-
nene, but the same attains higher values than pristine system in some energy
regions like 5.30 to 6.84 eV, 7.12 to 8.22 eV, 10.32 to 10.92 eV etc. Thus, values of
o(w) can be tuned by suitable doping of adatoms in pristine germanene.
Analysis of reflectivity of As doped structures in case of perpendicular polariza-
tion reveals that, anisotropic oscillations are mainly restricted in 5 to 15 eV
which is in ultra-violet (UV) region of energy spectrum (Figure 5.3(c)). In addi-
tion, it is noticeable that, in case of Ga doped configurations real part of
refractive index (n(w))) also gets several modifications compared to pristine
systems (Figure 5.3(d)). Here, although the peak positions remain almost same
with bare structure but, peak intensities are diminished due to doping of foreign
element. However, in case of real part of conductivity (oy(w)), maximum
heighted peak positions are red shifted for As doped configurations compared
to bare germanene (Figure 5.3(e)). Moreover, EELS, abbreviated as L(w), for
parallel polarization of As doped configurations are explored briefly and
shown in Figure 5.3f). A very sharp peak of L(w) is observed at 8.90 eV for
virgin germanene layer. Second highest intensity peak of L(w) appears at 7.70
eV for bare configuration. It can be observed from Figure 5.3(f) that, due to
addition of foreign elements the number of peaks as well as peak intensities for
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Figure 5.3: (@) Imaginary part of dielectric constant, (b) absorption spectra, (c) reflectivity, (d) real
part of refractive index, (e) real part of conductivity of some selected As, Ga and AsGa co-doped
structures in case of parallel polarization; (f) EELS for As doped structures for parallel polarization.

the defected structures decrease in contrast to pristine system. At the same time,
there are several modifications in L(w) due to doping of As than pristine layer
which can be applied in future nano-electronics applications. Thus, it is possible
to tailor different optical properties of germanene, by varying doping sites
crucially (same or different sub-lattice positions) and choosing suitable doping
concentrations and doping elements as well.
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5.3.3 Optical properties of beryllium doped and vacancy induced germanene

5.3.3.1 Dielectric functions

In this section, real and imaginary parts of dielectric constant, termed as €,(w) and
€,(w), are investigated for Be doped and vacancy induced germanene layers. It can
be elucidated from previous studies that, in case of parallel polarization, static real
part of dielectric constant (g,(0)) exhibits an increasing tendency with increase in
doping concentration but the same possesses a decreasing trend with increasing
vacancy concentration [21]. In Figure 5.4(a), £(w) for a structure with 15.62% Be
concentration (arbitrarily chosen) are shown for both types of polarizations. Values
of £,(0) are ~18.20 and 1.60 for parallel and perpendicular polarizations respectively
for this system. This value of €,(0) is ~ 15 % higher than that of pristine germanene
for parallel polarization. Whereas, for perpendicular direction value of &/(0)
remains almost same with bare germanene. &;(w) attains maximum intensities at
0.40 and 6.65 eV respectively for parallel and perpendicular direction. There are
several plasma frequencies (wy) in case of parallel polarization as reflected by this
figure. It has been already explored about w;, of these Be and voids added systems in
Ref [21]. critically. In that investigation, it has been clearly indicated that, predicted
computational results of w, are in well agreement with expected analytical data.
However, for perpendicular polarization no w, appear for this configuration. In
order to analyze &,(w), this function is depicted in Figure 5.4(b) for a arbitrarily
chosen system among all systems. Nature of this function as reported in Ref [20]. for
pristine germanene is modified significantly due to incorporation of doping and
vacancy. Highest intensity peak of €,(w) appears at 0.60 eV for this configuration
(Figure 5.4(b)) for parallel polarization. Second highest intense peak of &5(w)
appears at 1.57 eV for this system. Anisotropic response of €,(w) for perpendicular
direction is very small than parallel direction as reflected from this figure.
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Figure 5.4: (a) Real and (b) imaginary part of dielectric constant for both types of polarization in case
of some arbitrarily chosen systems.
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Moreover, in case of parallel direction, response is mainly restricted in IR and
visible region of energy spectrum, whereas, considering perpendicular direction
anisotropic oscillation is mainly in UV region.

5.3.3.2 Absorption spectra

Absorption coefficient (a(w)) of two arbitrarily chosen configurations are depicted in
Figure 5.5 for both parallel and perpendicular polarizations. IR absorbance of these
systems have already been estimated in previous studies [21]. It can be elucidated
from Figure 5.5(a) and 5(b) that, response of a(w) is more significant in case of
perpendicular polarization rather than parallel polarization for both defected germa-
nene system. For the configuration with 18.75% Be concentration, maximum
heighted peak appears at 8.74 eV and for the configuration with 6.25% vacancy
(plus 3.12% Be) the same appears at 10 eV. In case of only Be doped configuration,
(18.75 %) there exists five prominent peaks in parallel direction and four prominent
peaks in perpendicular direction (Figure 5.5(a)). The number of peaks is reduced due
to addition of vacancy and peaks also appear to be more broader as can be seen from
Figure 5.5(b). It is also noticeable form Figure 5.5(a) that a sharp peak with small
intensity arises at 0.69 eV considering parallel polarization. It has been indicated by
previous investigations that, this peak appears in case of pristine germanene also due
to m>m* resonant excitations [20]. But interestingly, this peak vanishes when
vacancy is introduced in germanene (Figure 5.5(b)). a(w) takes exactly same values
for both parallel and perpendicular polarizations at 7.32 eV and 7.37 eV for 18.75 % Be
added and 6.25 % void (with 3.12% Be) added systems respectively, as reflected by
these figures. So, at these frequencies a(w) is independent of polarizations of EM
wave. It can be concluded from these investigations that, a(w) peaks of pristine
germanene appear to be more sharp due to incorporation of dopings and the same
become broader while void is introduced in bare germanene.
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Figure 5.5: (a) and (b) Absorption spectra for both types of polarization in case of some arbitrarily
chosen systems.
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5.3.3.3 Electron energy loss spectroscopy

How much energy is lost by fast moving electrons through a material is estimated by
an important parameter EELS, (L(w)). L(w) for some configurations are indicated in
Figure 5.6. Response of L(w) is very sharp considering perpendicular polarization.
For both systems (Figure 5.6) L(w) takes significant value in the energy region 0 to 15
eV in case of parallel polarization. while, for perpendicular polarization L(w) is
significant within 6 to 15 eV. Peak positions for the system with 9.38 % Be concentra-
tion are at 0.97 eV, 2.67 eV, 7.60 eV (parallel polarization) and 8.52 eV, 9.35 eV, 11.35
eV (perpendicular polarization) in energy spectrum. L(w) peak positions for the
structure with 6.25% vacancy (plus 3.12% Be) are at 2.76 eV and 7.69 eV (parallel
polarization) and 9.10 eV, 11.15 eV (perpendicular polarization). It is evident from this
study that, number of EELS peaks is also reduced due to incorporation of vacancy.
This same situation arises for absorption spectra as discussed in the previous section.
Thus, it is possible to tailor loss function of germanene by increasing doping con-
centration of Be or increasing void in bare FS germanene mono-layer.
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Figure 5.6: (a) and (b) Electron energy loss spectra for both types of polarization in case of some
arbitrarily chosen systems.

5.3.3.4 Reflectivity and its modulation

Reflectivity (R(w)) of these defected germanene layers are analyzed briefly in
this section. R(w) for the system with 15.62% Be doped germanene is shown in
Figure 5.7(a). Values of static reflectivity (R(0)) for this configuration are 0.39 and
0.01 for parallel and perpendicular polarization respectively. It can be conjectured
from this study that, R(0) approaches almost vanishing value in case of perpendi-
cular direction, while the same is significant when parallel polarization direction is
considered. It is clear from Figure 5.7(a) that, response of R(w) is significant in case of
parallel polarization rather than perpendicular direction. R(w) is maximum at
0.81 eV, which is in IR region of energy spectrum. Moreover, it is also noticeable
that, at 8.11 eV (UV region) contribution of R(w) for both types of polarizations are
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exactly the same. So, at this frequency it is not possible to differentiate between
parallel and perpendicular polarization by analyzing R(w).

Next, reflectivity modulation (Ry(w)) of this structure is also depicted in Figure
5.7(b) for this configuration in order to study optical properties more crucially. Ry
(w) is significant for parallel polarization in the region 0-4.10 eV. But, in the energy
range 4.10-11 eV values of Ry(w)are higher in case of perpendicular polarization
than parallel direction. After that, Ry(w)) is again pronounced for parallel polariza-
tion. Ry(w) achieves maximum intense peak at energy value 6.52 eV of EM energy
spectrum. Second maximum intense peak of Ry(w) appears at 9.46 eV for this

structure.
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Figure 5.7: (a) Reflectivity and (b) reflectivity modulation for both types of polarization in case of a
arbitrarily chosen system.

5.3.3.5 Conductivity
Real and imaginary parts of optical conductivity (o;(w), 0,(w) respectively) of two
randomly chosen configurations are depicted in Figure 5.8. It can be observed from
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Figure 5.8: (a) Real and (b) imaginary parts of optical conductivity for both types of polarization in
case of two arbitrarily chosen systems.
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Figure 5.8(a) that, 0;(w) exhibits a enormous response in IR region (0.55 eV) for
parallel polarization of EM wave. However, considering perpendicular polarization
huge response of o;(w) appears in UV region (7.88 eV) of energy spectrum. Rest
prominent peaks of 0;(w) for this configuration with 18.75 % Be concentration are at
1.46 eV, 4 eV (Parallel polarization) and 6.70 eV, 8.64 eV, 9.56 eV (perpendicular
polarization). However, at 6.35 eV, o;(w) curves for parallel and perpendicular
polarizations crosses which imply that, at this energy position real part of optical
conductivity is independent of polarization of EM wave. Oscillating behavior of o;(w)
vanishes after 15 eV for both types of polarizations.

Now, o5(w) for 15.62% vacancy (plus 3.12% Be) added Ge-nanosheet is pre-
sented in Figure 5.8(b). It is clear from the definition of 0,(w) (eq. (5.7)) that,
this function can take both positive and negative values depending on the values
of £,(w). From Figure 5.8(b), it can be seen that, maximum intense peak of o,(w)
appears at 10.32 eV in perpendicular direction. Other sharp peak positions of o,(w)
for this configuration are at 0.85 eV, 5.03 eV (parallel polarization) and 9 eV
(perpendicular polarization). 0,(w) approaches to vanishing values at 0.76 eV,
1.21 eV, 2.84 eV (parallel polarization) and 8.29 eV (perpendicular polarization).
At these frequencies g,(w) is unity, consistent with eq. (5.7).

5.4 Comparison between As, Ga and Be doped germanene
systems

In this section, we are focused to give a comparative discussion of these As, Ga and Be
doped germanene layers. Among all these structures Ga doped configuration S6
exhibits maximum response for & (w) and &,(w) in parallel polarization direction of
EM wave [20, 49]. &(0) enhances almost 72% than pristine germanene for this
structure. Moreover, this structure also exhibits maximum response in a(w) and R(w)
also. So, it can be concluded from our investigation that, 6.25% Ga doped system at
non-equivalent sites of germmanene nanosheet possesses best opto-electronic proper-
ties among all considered systems. Our theoretical study indicates that, formation
energies are positive for Ga, AsGa, Be and void incorporated structures. Whereas, the
same is negative for As doped structures. So, from experimental point of view, doping
of As in pristine germanene may be more practical than other atoms as these structures
are stable than bare germanene.

5.5 Conclusions and future directions

A DFT perspective analysis of defected 2D buckled FS germanene mono-layer has
been performed in this present theoretical work. In conclusion, addition of foreign
elements or void in bare/pristine system modifies optical properties of pristine
germanene significantly. As, Ga and Be are chosen as doping elements. Along with
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doping elements, doping sites (equivalent sub-lattice positions or non equivalent
sub-lattice positions) also play crucial role in modifications of optical properties.

In case of As or Ga doped configurations, modifications in &,(w), a(w), R(w) etc.
are different for the situations when adatoms are added in same sub-lattice positions
and different sub-lattice sites. Increasing Be concentration in germanene lead to a
value of &,(0), which is even more than pristine case. For Be doped and void added
systems, a(w) is more significant in perpendicular direction than parallel direction.
While, in case of L(w), response from both parallel and perpendicular polarization
are significant. In contrast, for R(w), response is pronounced only in parallel direc-
tion. These interesting modulations of optical properties of Ge-nanosheet can be
applied to fabricate next generation opto-electronics devices based on germanene.
We expect, our current analysis will motivate researchers to carry out more works
involving germanene and germanene based technology to enrich applications of this
2D material in device fabrications.
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6 DFT studies on storage and adsorption capacities
of gases on MOFs

Abstract: Metal-organic frameworks (MOFs) are highly porous crystalline materials,
consisting of metal ions linked together with organic bridging ligands, exhibiting
high surface areas. Lately, they have been utilized for gas sorption, storage, sensing,
drug delivery, etc. The chemistry of MOFs is expanding with an extraordinary speed,
constituting both theoretical and experimental research, and MOFs have proved to be
promising candidates so far. In this work, we have reviewed the density functional
theory studies of MOFs in the adsorption and separation of the greenhouse gas, CO,,
as well as the storage efficiencies for fuel gases like H,, CH, and C,H,. The role of
organic ligands, doping with other metal ions and functional groups, open metal
sites and hybrid MOFs have been reviewed in brief.

Keywords: adsorption, C,H,, CH,, CO,, DFT, H,, MOFs, separation, storage

6.1 Introduction

Over the last decade, there has been a tremendous growth in the synthesis, character-
ization, theoretical and experimental studies of metal-organic frameworks (MOFs).
This is a recently recognized class of porous polymeric material, consisting of metal
ions linked together by organic bridging ligands (Figure 6.1). It is a significant devel-
opment, acting as a bridge between molecular coordination chemistry and material
science [1]. It has appeared as a substantial class of crystalline materials with ultrahigh
porosity (up to 90% free volume) and immense internal surface areas, extending
beyond 6,000 m?/g. As a result of these properties, along with the high degree of
flexibility with both the organic and inorganic components of their structure, MOFs
bestow wide-ranging applications in clean energy, most importantly as storage materi-
als for gases and high-capacity adsorbents to meet various separation needs [2].
Furthermore, we can know the location and arrangement of the atoms owing to their
crystalline nature and can correlate the properties with the structure [3].

The robust porous material is developed by constructing an equivalent “mole-
cular stage” by connecting rigid rod-like organic moieties with inflexible inorganic
clusters that act as joints. The self-assembled metal ions act as coordination centers
and are linked together with organic bridging ligands, which further give rise to

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Gulati, A., Kakkar, R. DFT studies on storage and adsorption capacities of gases on MOFs. Physical
Sciences Reviews [Online] 2018, 3. DOI: 10.1515/psr-2017-0196
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Figure 6.1: The principle of formation of MOFs. Reprinted with permission from ref [1].

nanoporous solid materials with high thermal and mechanical stability [4]. The size
and chemical environment of the void spaces are controlled by the length and
functional groups of the organic moieties [5]. Varying from other solid matter, e. g.
zeolites, carbons and oxides, MOFs show high framework flexibility and shrinkage/
expansion because of interaction with guest molecules [6]. Though various metal
oxides have been previously reported for gas adsorption and water remediation
[7-9], with a rising need for more efficient, energy-saving and environmentally
benign methods for gas separation, adsorbents with tailored structures and adjus-
table surfaces must be found. In this regard, MOFs are worthy candidates for gas
separation due to enormous surface areas, adjustable pore size, controllable proper-
ties and acceptable thermal stability [10].

The interactions of the electrons and nuclei ultimately decide the properties of
materials. As the Schrédinger equation (SE) is analytically barely solvable, numerical
approaches for obtaining approximate solutions for multielectron systems is a pre-
cious tool for chemists and material scientists. The major breakthrough in these
computational calculations came in 1964 when Hohenberg and Kohn [11] and Kohn
and Sham [12] reformulated SE (which included 3N spatial coordinates of N interact-
ing electrons) into three spatial coordinates by the use of functionals of the electron
density, a theory termed as density functional theory (DFT). DFT methods have
become a keystone and are a common and indispensable part of various studies in
material sciences. For example, classical DFT has been employed for characterization
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of pore size distribution and specific surface area of porous materials by gas physi-
sorption. The interaction energies and interatomic distances between adsorbates and
MOFs are first obtained using DFT methods, followed by fitting the apt potential
functions to get the improved force-field parameters to build first-principles-based
force fields. Lately, the conventional and new progress of computational methodol-
ogies for MOFs and their application in gas separations have been reviewed by Zhong
and co-workers [13]. Lin and co-workers used DFT calculations with periodic bound-
ary conditions to develop force fields that can correctly predict adsorption isotherms,
binding geometries and transport properties [14, 15]. Sholl and co-workers reported
that an electrostatic potential energy surface computed from a periodic DFT calcula-
tion can be applied directly to elucidate the electrostatic interactions for adsorption,
and it is not necessary to assign point charges to MOF atoms where the MOF is
assumed to be rigid [16]. In addition, the charges extracted from Mulliken population
analysis based on DFT calculations have been successfully applied in calculations on
periodic structures of some MOFs [17, 18], although the atomic charges obtained by
this method depend on the basis set [19]. In this chapter, we have reviewed some of
the DFT studies done on MOFs for evaluating their adsorption and storage capacities
for gases.

6.2 Water stability of MOFs

For utilizing MOFs in adsorption applications, it becomes important to study their
behavior in the presence of water. Water is present in various streams and therefore
must be considered while selecting adsorbents for adsorption, separation and pur-
ification systems (Figure 6.2).

H,or CH, storage
x

i’
Potential MOF //

[
candidate !
::, CHEMICAL

‘\

L)

ADSORPTION

STABILITY PROPERTIES

SCREENING SCREENING  CO, capture

Figure 6.2: Importance of water stability of MOFs.

Natural gas streams usually contain water vapor in large amounts, which must be
reduced to ppm levels before use or storage [20]. Water vapors are also present in
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considerable amounts (~10 %) in industrial flue gas and cannot be ignored when
selecting adsorbents for CO, capture. They are also a major component of biofuel
streams and the energy invested in the dehydration step may be higher than the
energy which is finally released by the combustion process [21]. Hence, while select-
ing an adsorbent, its stability and behavior in humid conditions must also be taken
into account.

Several features have been reported which are critical for MOF stability in a
humid environment. These are the basicity of the organic ligands, the extent of
coordination between metal and ligand and shielding of coordination sites by func-
tional groups [22]. Water stability is a decisive factor in determining whether MOFs
can be practically applied for various applications. Since MOFs have a high degree of
diversity in their structures, even though some structures are unstable in the pre-
sence of water vapors, a large number of stable MOFs do exist.

6.2.1 DFT studies

In the last few years, a lot of importance has been given to exploring the behavior of
various MOFs in the presence of water vapors, and a number of experimental and
theoretical studies have been performed. Watanabe et al. [23] performed periodic
DFT calculations using the PW91-GGA exchange-correlation functional to evaluate
the binding of water in CuBTC (or HKUST-1). They found that the interaction energy
of the first water molecule and the Cu dimer is -47.3 kJ/mol. For two water
molecules, the calculated interaction energy was —75.3 kJ/mol, which is not simply
twice the binding energy found for an individual water molecule. They also pre-
dicted that, when the relative humidity of the air at room temperature is approxi-
mately 2%, then most of the Cu sites are saturated with the water molecules. Sholl
etal. [24] found that DFT-derived atomic charges vary significantly, as water mole-
cules move through the framework of HKUST-1. They used plane-wave DFT calcula-
tions and calculated the adsorption energies of individual water molecules inside
the MOF by using the equation

Eads = (Er,o/mkust-1) — (Eny0 + Exkust-1)

where Eaqs, En,0/uxust-15 Enyo0 and Epgyst are the adsorption energy, energy of the
adsorption complex, energy of isolated water molecule and energy of isolated
HKUST-1, respectively.

DFT calculations were also employed for investigating the formation and stabi-
lity of water clusters in the hydrophobic pores of FMOF-1. First-principles DFT
calculations revealed that larger water clusters (pentamers) are more favorable
than the smaller ones (dimers), as shown in Figure 6.3, because of increase in
adsorption energy due to more nondirectional dispersive interactions in larger
water clusters [25].
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Figure 6.3: The orientation of water clusters in the pores of FMOF-1 after relaxation using density
functional theory. Hydrogen bond distances in the gas phase (black) and inside FMOF-1 (blue) are
shown in A. Reprinted with permission from ref [25].

DFT calculations also revealed that water clusters formed in the pores of MOF-1
are energetically more favorable than the same water clusters when present in the
water gas phase. Although there exist a limited number of structures which are stable
under aqueous conditions, most of the applications will not require such great
stabilities. The choice of adsorbent for a particular application depends not only
upon the amount of humidity to which it is exposed, but also on the duration and
number of cycles for which it remains in these conditions.

6.3 Adsorption and storage of fuel gases in MOFs

Since the concerns over future oil sources, energy security and environmental
pollution are not of one particular nation, but global, enormous amount of
resources are being spent for finding alternative fuels which are environmentally
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acceptable as well as technologically promising. In this facet, the major alternative
fuel candidates are H,, CH,, C,H,, methanol, ethanol, Fischer Tropsch fuel, DME,
biomass, biodiesel, biogasoline, etc. [26]. Here, we review DFT studies on adsorp-
tion and storage of H,, CH, and C,H, on MOFs. A lot of work is going on to store these
gases. H, is a promising fuel because it has a high gravimetric energy density, it is
nontoxic and, moreover, its oxidation product is water. However, its small volu-
metric density is a hurdle in H, storage and its application as a fuel. CH, burns more
cleanly than gasoline, which makes it an attractive alternative fuel. Above all, it has
higher hydrogen to carbon ratio (H/C) than any other hydrocarbon fuel [27].
However, it has one-third volumetric energy density than that of gasoline, which
is a major disadvantage. C,H, is also a good candidate for being utilized as an
alternative fuel, but it is of an explosive nature and, therefore, its storage is limited
to pressures below 2 atm. The DFT studies of various MOFs that have been utilized
for adsorption of these gases, the major adsorption sites, binding energies and
other factors which influence the storage of these gases are discussed below.

6.3.1 Hydrogen (H,) gas

Since widely used fuels like diesel and petroleum are being extinguished rapidly, an
alternate energy resource is the need of the hour. Therefore, considering H, as an
energy carrier is a vital part of future energy strategies. However, storage problems
associated with H, limit its usage as an energy carrier in vehicles and portable
electronics [28]. Liquefaction of H, for storage purposes is also not a lucrative solution
because it requires cryogenic temperatures and extremely high pressures. This
encouraged a lot of research into finding suitable materials for the efficient storage
of H,. The various H, storage materials which are presently used can be divided into
three categories, depending upon the strength of interaction of H, with the material
which influences H, uptake and release [29].

1. Physisorption materials. In these materials, H, molecules are adsorbed on the
surface of pores of materials through van der Waals (vdW) forces. No activation
energy is required in this process, and hence the process is reversible and the
interaction energy is low. Examples of these kinds of materials are MOFs, zeo-
lites, porous carbons, organic polymers, clathrates, etc. The limitation of these
sorbents is that they show low adsorption capacities at ambient temperature and
pressure because of weak vdW interaction. The main advantage of these materi-
als is fast adsorption and desorption kinetics.

2. On-board reversible hydrides. In this case, there is chemical bond formation
between H, and these materials. The dissociated H, is stored either cova-
lently or interstitially. Also, the release of H, is endothermic, which enables
exothermic rehydrogenation of these materials. This means that the storage
material can be directly recharged with H,in situ on board the vehicle. This
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class includes interstitial metal hydrides such as LaNisH, and covalent metal
hydrides like MgH, and AlH;, but these materials either have very high- or
very low-binding energies, metal amides and borohydrides, which include
LiBH,, NaBH,, Mg(BH,),, LiNH, and Mg(NH,),, which have high dehydro-
genation temperature and irreversible adsorption.

3. Off-board regenerable hydrides. These materials also store dissociated H, cova-
lently, but the release of H, is exothermic and involves complex chemical
processes for regeneration, which cannot be performed on board a vehicle.
Hydrocarbons, alanes (AlH3;) and ammonia boranes belong to this class.
Although the hydrocarbons and alane release H, endothermically, they require
high hydrogenation pressure and complex rehydrogenation processes. Whereas
ammonia borane releases H, exothermically, the rehydrogenation cannot occur
readily at common pressures and temperatures.

The change in enthalpy (AH.qs) and entropy (4S,qs) of adsorption are given a lot of
consideration while designing an efficient adsorbent. A lot of effort has been made to
optimize AH,4s by controlling the chemical and physical nature of the adsorbing
surface [30]. In this context, MOFs are promising H, storage materials due to their
high porosity and tunable porous surfaces. For example, Zn,0(BDC); (MOF-5; BDC*™ =
1,4-benzenedicarboxylate) has the best overall cryogenic H, storage performance
within a MOF to date, showing a total volumetric adsorption capacity of 66 g/L (10
wt %) at 77 K and 100 bar [31]. Matzger et al. reported that at 60 bar and 77 K, IRMOF-1
stores 5.0 wt% of H, and MOF-177 stores 7.5 wt%. However, their H, uptake capacity
diminishes near room temperature to ~0.5 wt%, far too low for practical usage [32]. A
lot of research is going on to improve the H, storage capacities of MOFs at feasible
temperature and pressure conditions. Some of the factors that influence the storage
capacity of MOFs are reviewed below.

6.3.1.1 Effect of lithium ion doping

The ideal interaction between the material and H, should be intermediate
between chemisorption and physisorption. As mentioned above, the H, molecule
is physisorbed on MOFs [33]. A plausible way to increase the interaction energy
is to integrate lightweight metal atoms such as Li. Up to six H, molecules can
strongly bind with a Li cation, with a mean binding energy of —4.77 kcal/mol
per H, molecule [34]. Goddard III and co-workers [35] studied MOF-C6, MOF-C10,
MOF-C16, MOF-C22 and MOF-C30. For predicting the structure of Li atoms that
are bound to aromatic organic linkers containing up to 9 fused aromatic rings
(Figure 6.4), they used the X3LYP functional of DFT and found that the preferred
site by Li atoms for binding is the center of hexagonal rings, but on adjacent
aromatic rings, Li atoms are on opposite sides.
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Figure 6.4: Li-doped MOFs. In each case, the Zn,0(C0O,)¢ connector couples to six aromatic linkers
through the 0-C-0 common to each linker. The MOFs are named according to the number of aromatic
carbon atoms. The large violet atoms in the linkers represent Li atoms above the linkers, while small
violet Li atoms lie below the linkers. The C,Li ratio considers only aromatic carbon atoms. Reprinted
from ref [35] with permission.

Froudakis et al. [36] studied the effect of Li-alkoxide linkers for H, storage in
various MOFs. To perform quantum mechanical calculations, the model system was
decreased in size by separating the organic linker and saturating the carboxylate
groups with H ions. This approximation was appropriate for studying the effect of the
new modified linker. They used DFT calculations to study interaction energies
between one and five H, molecules with the two organic linkers of IRMOF-8 and
IRMOF-14. Similar results were reported for both the cases, as shown in Table 6.1. The
interaction energies of the first two hydrogens are —3.00 and -2.87 kcal/mol per H,,
which indicate strong adsorption. Also, compared to the most favorable binding sites
of any of the unmodified MOFs, these values are two to three times higher.

Table 6.1: Binding energy for one to five H, molecules adsorbed on Li atom of Li-alkoxide functiona-
lized IRMOF-8 (naphthalene) and IRMOF-14 (pyrene)*. Reprinted with permission from ref [36].

Number of H, IRMOF-8 (naphthalene) IRMOF-14 (pyrene)
molecules

B.E./H, (kcal/mol) Li-H, (&)  B.E./H, (kcal/mol) Li-H, (A)
1H, -3.02 2.03 -2.98 2.04
2 H, -2.87 2.06 -2.87 2.08
3 H, -2.67 2.10 -2.67 2.10
4 H, -2.37 2.19 -2.36 2.20
5H, -2.15 2.23/2.34 -2.11 2.24/2.34

*All energies are corrected for BSSE (Basis Set Superposition Error). The distances from Li atoms are
measured from the center of mass of the H, molecule.

Another group, Ellis et al. [37], investigated MOFs, Zn,(BPDC),(DNPI) and Zn,(NDC),
(BIPY), which have a paddle-wheel structure with the Zn, corner post surrounded by
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Figure 6.5: Paddle-wheel structure with Zn, corner-post surrounded by aromatic struts. Color key:
silver, carbon; red, oxygen; purple, zinc; blue, nitrogen. Reprinted from the ref [37] with permission.

aromatic struts, as shown in Figure 6.5. They used DFT on these two MOFs to identify
the electronic environment. Furthermore, binding sites and binding energies of H,
were evaluated for the presence and absence of the Li dopant. It was reported that for
both the sites, near the corner postoxygen and on the linking strut ring structure, Li
atom increased the binding energy.

6.3.1.2 Effect of doping with other metals

Besides lithium, the effect of other metal atoms on H, adsorption by MOFs has also
been explored. Venkataramanan et al. [38] examined the introduction of a Li atom on
MOFs with the metals Fe, Cu, Ni, Co and Zn. On changing the metal sites, only minute
changes in volume occurred before doping with a Li atom. However, upon Li atom
doping, a significant change in shape and structure was observed in the DFT studies.
No regular trend of adsorption energies with metal atoms was found. These results
suggested that the metal centers, as well as volume and structural changes of the
system, also influence the adsorption energy of Li, as the volume of the structure was
reduced upon introduction of Li in MOFs with metals Fe, Co, Ni and Cu, but very few
changes were seen for MOFs with Zn. This implies that only Zn-based MOFs are
suitable for lithium doping [38]. Sourav and co-workers [39] employed periodic DFT
calculations for predicting binding energies of metal (M) decorated MOF-5, where M =
Li, Be, Mg and Al They reported that the binding energy decreased as the number of
H, molecules increased, because of increase in repulsions between H, molecules,
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decrease in sigma donation by H, molecules and reduction in effective charge on
metal atoms. The authors also stated that only Li and Al atoms enhanced H,—~MOF
interactions, since they showed high binding energy. This is because the atomic
charge on Li and Al in MOF-5:Li, and MOF-5:Al, was predicted to be +0.90 and +0.66
a.u., respectively, through DFT, as shown in Table 6.2. This means that the H,
interacts with the metal ion and not with the neutral metal atom. These metal ions
polarize nearby H, molecules and, therefore, H, adsorption takes place through a
charge polarization mechanism.

Table 6.2: Calculated atomic charges of metal atom and inter-
action energies (AE) in MOF5:M, systems using GGA-PBE.
Reproduced from ref [39] with permission.

Metal QM) (a.u.) GGA-PBE AE (k}/mol) GGA—PBE

MOF5:M, MOF5:M,
Li 0.90 -151.48
Be 0.45 -4.72
Mg 0.26 -1.35
Al 0.66 -128.32

In another work by the same group [40], the impact of decorating the organic linker in
MOF-5 with a metal ion on its H, adsorption capacity was studied using DFT. The
authors considered MC¢Hg:nH, models, where M = Li*, Na*, Mg®*, Be** and AI**. A
common increasing order (Na* < Li* < Mg?* < Be’" < AI’*) was reported for the
interaction energy of the metal ion M with the benzene ring, binding energy and
charge transfer from metal to the benzene ring. H,~MOF-5 interactions were larger in
these metal ion decorated MOFs compared to their pure state. However, among these
metal ions, only Mg®* exhibited binding energies in magnitudes which are favorable
for H, storage at room temperature.

6.3.1.3 Hybrid MOFs

Zeolitic imidazolate framework (ZIFs) is a subfamily of MOFs that consists of tetra-
hedral clusters of MN, (M = Co, Cu, Zn, etc.) linked to imidazolate ligands [41]. Like
MOFs, they also have a tunable pore size and chemical functionality as well as they
show properties of zeolites, such as exceptional chemical stability and structural
diversity [42]. Due to these characteristics, ZIFs are more promising candidates for H,
storage than MOFs. Yildirim et al. [43] considered ZIF8 for H, storage. ZIF8 is a ZIF
compound having Zn(MeIM),, where MeIM is 2-methylimidazolate with SOD (soda-
lite), having a nanoporous topology formed by four-ring and six-ring ZnN, clusters,
as shown in Figure 6.6. They performed DFT calculations using plane-wave imple-
mentation of the local density approximation (LDA) to DFT for total energy
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Figure 6.6: (A) (001) view of the refined crystal structure of ZIF8 host lattice from neutron powder
diffraction along with the available free space (pore structure) for H, occupation, based on van der
Waals interactions. (B) A (111) view of the real-space Fourier-difference scattering-length density
superimposed with six-ring pore aperture of the ZIF8 structure, indicating the location of the first
adsorption sites (red-yellow regions). Reprinted from ref [43] with permission.
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Figure 6.7: The hydrogen adsorption sites obtained from Fourier-difference analysis: (A) top and side
views of first three adsorption sites near a Zn hexagon opening; (B) pseudo-cubic nanocage formed
by D1, D2 and D3 sites; (C) tetrahedron-like nanocage formed by D5 and D6 sites. Reprinted from ref
[43] with permission.

calculations. They found that the energetically most stable adsorption sites are IM
and channel site I, as shown in Figure 6.7. The H,-binding energies for these two sites
are 170 and 147 meV, respectively. The larger value for IM is because of its high
population. These theoretical findings are in good agreement with the experimental
results also.
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6.3.1.4 Effect of open metal sites
In some of the MOFs, guest or solvent molecules can be removed by heating under
vacuum without crumbling the framework, when they are coordinatively bound to the
metal node. These MOFs are then said to possess open or coordinatively unsaturated
metal sites. Lochan etal. [33] performed a combined DFT and simulation study on
MOF-505 and reported that the presence of open metal sites enhances the H, adsorp-
tion capacity in MOFs at low pressures. They also reported that the negative lobe of the
quadrupole of H, molecule is exposed to Cu atoms, which behave as Lewis acids.
Zhong et al. [44] performed DFT calculations using DMol® to understand the role
of open metal sites in H, adsorption on MOF-505. They found that, at low pressure,
the open metal sites give impetus to H, adsorption in MOFs; on the other hand, the
properties of the materials, such as free volume, play a significant role at high
pressures. They also suggested that the MOF material should include the benefits
of having coordinatively unsaturated sites, along with large free volume, low crystal
density and suitable pore size in order to possess high adsorption capacity.

6.3.2 Methane (CH,)

In the last few years, there has been a pronounced increase in the approachability of
natural gas reserves, which has prompted research in using natural gas as a vehicle
fuel [27]. Use of natural gas vehicles is aimed to reduce the dependence on petroleum
and consequently reduce CO, emissions from combustion. Natural gas prior refining
consists of 70-90 % CH,, while the refined natural gas contains almost entirely of CH,
[45]. It is another alternative gasoline for large-scale transportation applications. At
standard temperature and pressure (STP), CH, has nearly thousand times less volu-
metric energy density than gasoline [46]. To increase the density, liquefaction and
compression are commonly used, but in these approaches, the efficiency, cost and
driving cost are usually compromised. An alternative way of achieving high-density
storage for CH, is by adsorbing CH, on a suitable adsorbent.

Due to their high porosity, surface area and tunable properties, MOFs are suitable
adsorbents for CH, storage. Significant research has been made in the past decade to
improve CH, storage capacities to enable its usage as a fuel. A lot of experimental and
theoretical studies have been established, out of which, some of the theoretical
studies concerning DFT studies are reviewed in this chapter.

Rowsell et al. [47] studied CH, adsorption and diffusion within alkoxy-functio-
nalized IRMOFs. Isoreticular MOFs (IRMOFs) have the general formula Zn,OL;, where
L is a linear aromatic dicarboxylate. They are worthy candidates for adsorption due to
their large pore volumes and directional organic functionalization. The crystal struc-
tures of about 20 IRMOFs have been reported, and they are found to show high
symmetry. This really simplifies the construction of computerized models for theore-
tical studies. For IRMOF-1 and IRMOF-4, crystal structures have been previously
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reported and only their relevant structural features were discussed by the authors.
They computed single-point energies of various chemically equivalent structures by
DFT calculations using the B3LYP functional with a 6-31G(d,p) basis set. Further, they
used these results to study the adsorption and diffusion of CH, by GCMC (grand
canonical Monte Carlo) simulations.

Zhou and co-workers [48] reported a comprehensive study of CH, storage in the
three MOFs compounds — (1) HKUST-1, (2) PCN-11 and (3) PCN-14. The dicopper
paddlewheel secondary unit is common to the three MOFs, but they differ in their
organic linkers. This gives them cage-like pores with different sizes and geometries.
By using neutron powder diffraction experiments, GCMC simulations and DFT calcu-
lations, they located exact locations of CH, storage and orientations in these mole-
cules. They found that for HKUST-1 and PCN-11, the DFT-optimized locations and
orientations are in complete agreement with the experimental results. This inspired
them to consider the results of their DFT studies on PCN-14, for which no experi-
mental structural information of adsorbed CH, is available.

Chen and team [49] also performed dispersion-corrected density functional
theory (DFT-D) calculations on Cus;BHB, which they called as UTSA-20 (UTSA =
University of Texas at San Antonio), and is formed by self-assembly of a hexacarbox-
ylate organic linker H,BHB (H¢BHB = 3,3’,3’,5,5’,5”-benzene-1,3,5-triylhexabenzoic
acid), to evaluate the static binding energies of CH, at the adsorption sites. In DFT-D,
vdW interactions are corrected by incorporating an R"® term [50].

Eprr-p= Eprr+ Egisp
Nge -1 d
WhereEdisp == Z Z R_gfdamp(Rij)
i=1 j=i+1"7j
N, is the number of atoms in the system

CZ is the dispersion coefficient for the atom pair ij

Rj; is the interatomic distance.

They reported that the binding energy values for open copper sites and linker
channel sites are 21.6 and 23.5 k] mol ™, respectively, which are in agreement with the
experimental Qs values. These values also suggested that the CH, binding is stronger
at the linker channel site, because the binding of CH, at the copper site is partly due
to electrostatic interactions between the metal ion and the slightly polarized CH,
molecule, whereas, on the linker channel site, there are van der Waal interactions
between CH4 and the framework. They also reported that the size of the pore in the
linker channel site is just appropriate to enable the CH, molecules to simultaneously
interact with the two BHB linkers.

Yildirim etal. [51] synthesized a new organic linker containing the pyrimidine
group, as shown in Figure 6.8, and used it for construction of two MOFs — UTSA-76a
and NOTT-101a. They then performed first-principles DFT-D calculations. As a first step,
they performed structural optimization of these two MOFs and found that both have
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Figure 6.8: Structure of the organic ligands for the construction of (A) UTSA-76 and (B) NOTT-101.

COOH

similar static structures. After this, they introduced CH, molecules into the MOF
structure and found that open copper sites and cage-window sites are the major
adsorption sites. However, the adsorption was relatively weak on the linker surfaces.
Also, the binding energies of CH, molecules adsorbed next to the pyrimidine sites of
UTSA-76a were found to be similar to those adsorbed on the central phenyl ring of
NOTT-101a.

Siegal and co-workers [52] studied the effect of coordinatively unsaturated metal
sites and deep-well pocket sites and referred to them as “enhanced binding sites.” It
had been earlier reported that binding at coordinatively unsaturated metal sites is
stronger due to coulombic interactions, while at pocket sites, the adsorption emerges
are from enhanced vdW interactions [53]. They examined 18 metal-substituted var-
iants of M-DOBDC (M = Metal Organic Framework, DOBC = 2,5-oxidobenzene-1,4-
dicarboxylate) with M = Be, Mg, Ca, Sr, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Mo, W, Sn and
Pb and employed a combination of vdW-augmented DFT (vdW-DFT) and semi-
empirical GCMC simulations for studying thermodynamics and CH, uptake capacities
in the M-DOBDC series. They included the semi-empirical DFT-D2 and vdW-DF
method with five different functionals- revPBE (vdW-DF1) [54], optB86b [55],
optB88 [56], optPBE [56] and rPW86 (vdW-DF2) [57]. They found that the best agree-
ment with experimental results is obtained with the vdW-DF2 functional and the
values obtained are reported in Table 6.3.

Another group, Zhou et al. [53], also investigated the effect of open metal sites on
CH, adsorption. They studied M,(dhtp) compounds, where the open metal M = Mg,
Mn, Co, Ni, Zn and dhtp is 2,5-dihydroxyterephthalate. Since the weak dispersive
interactions are not properly accounted in standard DFT, they focused on the results
obtained from the LDA. A fair agreement was found between the DFT-LDA-optimized
structure of Mg,(dhtp) and the structure adsorbed with CH, and the experimental
data. The binding strengths and the calculated metal—carbon distances are tabulated
in Table 6.4, along with the experimental data.
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Table 6.4: Summary of data obtained for Mz(dhtp)a‘b. Reproduced from ref [53] with permission.

MOF OpenM p(g/cm® Maximum CH, exp CH,ads Initial d(M-C) Eg
compound ads onopen M [cm?(STP)/ Qs A  (/mol)
[cm3(STP)/cm?] cm?]  (kJ/mol)
Mgy(dhtp) Mg 0.909 168 149 18.5 2.64 33.8
Mn,(dhtp) Mn 1.084 160 158 19.1 2.73 29.8
Co,(dhtp) Co 1.169 168 174 19.6 2.74 29.7
Ni,(dhtp) Ni 1.206 174 190 20.2 2.58 34.8
Zn,(dhtp) Zn 1.231 170 171 18.3 2.72 29.7
PCN-11 Cu 0.749 70 170 14.6 2.62 24.7
MOF-5°¢ (zn) 0.593 (69) 110 12.2 (3.69) (20.7)

¥Data include the open metal species, crystal density (p), the ideal saturated CH, adsorption capacity
on open metals (max CH, ads on open M), experimental excess CH, adsorption capacity at 298 K, 35
bar (exp CH, ads), the experimental initial isosteric heat of adsorption (Qs) for CH,, the calculated
metal-C distance (d, from LDA), and the calculated static binding energy of CH, on the open metal (E,
also from LDA).

PAvailable experimental data for PCN-11 and MOF-5 (adopted from refs [116]. and [117], respectively)
are also shown for comparison purposes. The metal ion in MOF-5 is fully coordinated (not open
metal); thus the corresponding values are shown in parentheses.

In Figure 6.9, the partial structures of DFT-optimized PCN-11 and MOF-5 with
adsorbed CH, are shown. The calculated CH,-binding energy on the copper site in
PCN-11 is smaller than those on M,(dhtp), which is compatible with the relatively low
initial Qs of PCN-11 (14.6 k] mol™) compared to that of My(dhtp) (>18 kJ mol™)
obtained experimentally. For PCN-14, exceedingly high initial Qy (30 kJ mol™)
indicates that some other CH,-binding sites also exist. MOF-5 has the lowest binding
energy, which is again in agreement with its lowest experimental Q.

Q)

f/

]

S - >
- ]

Figure 6.9: (A) Partial structure of the DFT-optimized PCN-11 crystal with CH, molecules adsorbed on
the open Cu metal sites. (B) Partial structure of the DFT-optimized MOF-5 crystal with CH, molecules
adsorbed on the “cup” sites of the 0Zn,(CO,)¢ cluster. Reprinted from ref [53] with permission.
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6.3.3 Acetylene (C,H,)

C,H, is one of the major components of organic chemistry. It is an unstable and highly
reactive hydrocarbon. Other products, such as benzene and vinylacetylene, are
formed when sufficiently high concentration of C,H, is present. Moreover, these
reactions are exothermic, which makes it risky to store C,H, in vessels at a pressure
greater than 2 atm because of fear of explosion [58]. Hence, recently many porous,
high surface-area sorbents for storing C,H, at low pressures are being studied.

Many groups considered MOFs with small pores for increasing C,H, adsorption
enthalpies, but this limited their uptake capacities. The highest uptake capacity ever
reported was 106 cm?/g [59-67]. Xiang et al. [68] made use of the open metal sites of
HKUST-1 for evaluating interactions with C,H, molecules and reported C,H, uptake
up to 201cm’/g at 295 K and 1 atm. They further investigated the binding properties of
open Cu?* sites by first-principles calculations based on DFT. They used both the
LDAs and generalized gradient approximations (GGA) and the binding energies of
C,H, molecules were obtained by first introducing the C,H, molecule at the various
adsorption sites, followed by structural relaxation. They elucidated that the open Cu?
* site and cage-window site are the most energetically favorable sites for C,H,
adsorption in HKUST-1 (Table 6.5) which is in agreement with experimental observa-
tions from neutron powder diffraction.

Table 6.5: Binding energies (kJ/mol) obtained with
LDA and GGA approximations for the two sites.

Site name Binding energies (kJ/mol)

LDA GGA
Open Cu** 44.8 15.8
Cage window 29.2 9.3

As per expectations, GGA underestimates the binding strength, whereas LDA over-
estimates it. Therefore, the calculated binding strength matches well with the experi-
mentally reported results, which state that the open Cu®' site interacts with C,H,
molecules with greater strength and is therefore populated first. The interactions of
C,H, with the framework at the cage-window site are typically vdW in nature, while at
the open Cu?* site, the interactions are coulombic in nature.

6.4 Capture and separation of the carbon dioxide (CO,) gas
in MOFs

With an increase in global population and industrialization, energy consumption is
shooting up. At present, most of the energy demand of the world is fulfilled by
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burning fossil. The combustion of fossil fuels, such as natural gas, coal and petro-
leum has produced an enormous amount of the greenhouse gas (GHG) CO, [69]. This
increased concentration of CO, in the environment has led to adverse effects, such as
air pollution and global warming [70]. Increased concentration of CO, disturbs the
balance of incoming and outgoing energy from the earth’s atmosphere, which leads
to a rise in the average surface temperature of the earth. Thus, CO, has often been
cited as a primary anthropogenic GHG.

Coal-fired power plants generate about one-third of the CO, released to the
atmosphere [71]. Gases in the combustion exhaust (flue gas) from fossil fuel-fired
power plants have 15 to 16 % CO, by volume at ambient conditions [72, 73]. The low
partial pressures and high flow rate make it a tremendous challenge to capture and
seize CO, from the exhaust streams of fossil fuel combustion to reduce GHG emission
[74]. Adsorption processes are a suitable solution owing to their low-energy require-
ments, cost-effectiveness and satisfactory results, which have triggered recent
research in finding suitable adsorbents for separating CO, from flue gas [75].

The necessity for material that can be used for CO, capture in fossil fuel-fired power
plants has elicited study of several classes of material. A material must possess the
following traits in order to be a successful adsorbent: (1) High selectivity for CO,. This is
required so that the CO, component of the flue gas is completely removed. (2) The affinity
of the material towards CO,. If the interaction of the material with CO, is very strong, then
high energy will be required to cause desorption, whereas weak interactions between
the material and CO, would mean lower selectivity. (3) The material should be highly
stable under the conditions of capture and regeneration. (4) The material should adsorb
CO, at high density so that volume of the adsorbent can be minimized.

The main existing materials in context with these above-mentioned qualities
used for CO, capture are discussed below:

Aqueous Alkanolamine Adsorbents: Aqueous alkanolamine solutions have been
vastly studied for CO, capture. The mechanism of CO, adsorption in the case of
alkanolamines is chemisorptive, and the enthalpy of adsorption is in the range of
50 t0100 kJ/mol at 298 K [76]. Commonly used alkanolamines are monoethanolamine
alone or in mixtures with secondary or tertiary alkanolamines, such as diethanola-
mine and triethanolamine [77], 2-amino-2-methyl-1-propanol (AMP) and N-methyl-
diethanolamine. Recently, some new amine-type solvents, piperazine [78] and
imidazolium-based ionic liquids [79], have gained attention. They exhibit enhanced
absorption properties with higher chemical and thermal stability, but aqueous alka-
nolamine solutions have several disadvantages as adsorbents for large-scale CO,
adsorption. First of all, the solutions are relatively unstable towards heating, which
limits the temperatures required for regenerating the captured material. The lifetime
of the solutions is not much, because amines decompose with time, which decreases
the adsorption capacities. The amine solutions also corrode the vessels in which they
are contained; this is prevented by limiting the concentration of the alkanolamine
species to below 40 wt%.
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Zeolites: These are porous aluminosilicate materials that show high chemical
and thermal stability. They have been studied extensively for CO, capture from
post-combustion flue gas [80-83]. For example, zeolite 13X, which has a large
surface area (SApgr = 726 m?/g) and micropore volume (0.25 cm®/g), exhibits
good capacities for CO, adsorption at room temperature (16.4 wt% at 0.8 bar and
298 K) [84, 85]. However, many of the zeolites become easily saturated with the
water vapor present in the flue gas stream, which diminishes the CO, adsorption
capacity [86, 87].

Activated Carbon: These materials are amorphous porous forms of carbon pre-
pared by pyrolysis of carbon containing resins, fly ash or biomass [88]. They are
implemented for CO, capture in high-pressure flue gas. It has been reported in one
study that the upper limit for the CO, adsorption capacity within activated carbon
materials is approximately 10—11 wt% under post-combustion CO, capture conditions
and 60-70 wt% under pre-combustion CO, capture conditions [89]. Although their
hydrophobic nature reduces the effect of water, and therefore they do not undergo
any decomposition or show decreased adsorption capacities in the presence of water
[90], the surfaces of activated carbons have relatively uniform electrical potential,
which leads to a lower enthalpy of adsorption for CO,, and hence lower capacities for
CO, as compared with zeolites at lower pressures.

As we have seen, none of the materials fulfill all of the criteria which were
mentioned above, and hence there is an urgent need for new materials to emerge
that upgrade the characteristics of these materials. In this regard, MOFs have an edge
over other materials.

Metal-Organic Frameworks: The expansive surface areas [91] and tunable pore
properties [92-94] have made these materials worthy candidates for adsorption
studies. For CO, capture applications, the materials must possess high mechanical
strengths to enable dense packing of the adsorbent bed without any deterioration of
the network structure. For temperature swing adsorption processes (in which regen-
eration of the adsorbent is attained by a temperature increase), small heat capacity of
the adsorbent is an important parameter, and the solid porous adsorbents are known
to have lower heat capacities [95]. Thus, large CO, adsorption capacities can be
achieved by using MOFs. For example, at 35 bar pressure, the volumetric CO,
adsorption capacity for MOF-177 reaches a storage density of 320 cm? (STP)/cm’
which is higher than the adsorption capacities of conventional materials used,
namely, zeolite 13X and MAXSORB [96].

6.4.1 Computational modeling for CO, capture
Kawakami and co-workers [97] made the first attempts to simulate CO, adsorption on

MOFs. They studied the influence of framework changes, and the adsorption amount
found by their simulations was three times greater than the experimental result. They
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ascribed this discrepancy to the unsaturated adsorption in the experiment because of
irregular stacking of the crystal cells.

6.4.1.1 Effects of CUM and metal doping on CO, adsorption

DFT studies can provide an insight into the influence of different structural properties
of MOFs on CO, adsorption. These correlations are beneficial in predicting the CO,
uptake capacity and for the rational design of MOFs for enhancing CO, adsorption
capacities. MOFs containing a high degree of CUMs, like M-MOF-74, HKUST-1, UMCM-
150 and UMCM-150(N),, are the best adsorbents for CO, [98, 99]. Hou and co-workers
[100] used a combination of DFT and GCMC to study the significance of CUMs in M-
MOCF-74 (M = Mg and Zn) in CO, adsorption. They established that the strong Lewis
acid and base interactions between metal ions and oxygen atoms of CO,, as well as
between the carbon atom of CO, and the oxygen atoms in organic linkers, are
responsible for the high CO, adsorption capacities of M-MOF-74. Nachtigall et al.
[101] studied CO, adsorption on HKUST-1 at various coverages using the DFT/CC
method. They found that the adsorption sites are heterogeneous and CUMs are the
most favorable sites for CO, adsorption. Ha and co-workers [102] elucidated the effect
of alkali-metal (Li, Na, K) doping in MOF-5s on CO, adsorption. They reported that
doping can increase the CO, adsorption capacity, owing to the strong interactions
between CO, and the metals. The largest increase in adsorption capacity was shown
by Li doping.

6.4.1.2 CO, adsorption in MILs and ZIFs

Matériaux Institut Lavoisier (MILs) display an unusual structural transformation,
known as “breathing,” caused by interactions with guest molecules or temperature
and pressure stimuli. Maurin et al. [103] studied CO, adsorption on a hybrid MOF of
MIL-53(Al). It has two structural forms — MIL-53np (Al) and MIL-531p (Al) (np is
narrow pore and lp is large pore) — which have the same chemical composition,
but different pore widths. They used DFT calculations to derive the charges of the
adsorbent frameworks. In another work, Maurin and co-workers [104] performed DFT
calculations to find the CO, adsorption geometries in the MIL-53(Al,Cr) and MIL-47
frameworks. Bell et al. [105] performed DFT calculations in MIL-53(Al) to evaluate the
effect of various functional groups — —OH, -COOH, -NH, and —CH; on CO, adsorption.
The binding energies for each were calculated using DFT calculations. They reported
that, for COOH-MIL-53(Ip), the adsorption site geometry of CO, is the same as that
observed in the cluster calculations, with a similar hydrogen bond length (2 Z\)
between the oxygen atom of CO, and the hydrogen atom of ~-COOH. The additional
interactions present from C=0 groups of neighboring ligands enhance the lone pair
polarization of the CO, electron density. This indicates the effect of the specific pore
size of MIL-53(Ip) and the resulting geometry. Similar cooperative effects were also
observed in NH,-, (OH),- and (CH;),-MIL-53(Ip), as shown in Figure 6.10.

printed on 2/13/2023 1:15 AMvia . All use subject to https://ww. ebsco. confterms-of-use



EBSCChost -

6.4 Capture and separation of the carbon dioxide (CO,) gas in MOFs =— 103
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- CM

(B)

Figure 6.10: Most stable adsorption site for CO, in substituted lp forms of MIL-53(AI3p), calculated by
8

DFT at 0 K: (A) COOH-; (B) (OH),-; (C) (CH3),-; (d)NH,-. Distances are reported in A. Reprinted from ref

[105] with permission.

Soujanya and co-workers [106] investigated the influence of substitution of —CHs,
-Cl, -CN, -OH, -NH, and -NO, functional groups at the C2, C4 and C5 positions of the
imidazolate (Im) linkers of ZIFs using DFT calculations. They reported that the CO,
adsorption is influenced by both the nature and position of the functional group. The
asymmetrical substitution of Im linkers with NO,/OH, CN/OH and Cl/OH combina-
tions leads to very favorable linkers of ZIFs for CO, adsorption.

6.4.2 CO, separation in MOFs

The most vital parameter in CO, separation is the selectivity. Selectivity can be
predicted by classical DFT studies for mixtures [107]. In classical DFT, the thermo-
dynamic grand potential of an inhomogeneous fluid is expressed as a function of
the molecular density. The equilibrium density profile is obtained by minimizing
this functional. The grand potential is expressed as a sum of the Helmholtz-free
energy and the contributions of the bulk chemical potential and the external
potential which cause the inhomogeneity. For mixtures, the grand potential is
taken as a functional of the density of each of the components. The selectivities
are easily calculated by estimating the adsorption isotherms for individual compo-
nents at equilibrium. Jiang et al. [108] applied DFT to CO,/CH, and CO,/N, mixtures
in ZIF-8 and Zn,(BDC),(ted). The excess free energy was broken into repulsive and
attractive terms, which were dealt with by weighted density approximations. A
good agreement was found between the theoretical results and GCMC simulations.
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It was inferred that the two MOFs have similar separation capacities, even though
the adsorption in Zn,(BDC),(ted) is stronger than that in ZIF-8.

6.4.2.1 Specific MOF design to enhance selectivity

The feasibility of specific designs improving the selectivity is one of the main benefits
of MOFs. Doping of MOFs with alkali metals is known to enhance the adsorptive
selectivity of CO,—CH, mixtures [109]. Combined GCMC and DFT simulations demon-
strated the importance of the electrostatic terms in accounting for the adsorbent
—metal interactions. The low first ionization potential of the added alkali metals and
longer distances to the aromatic rings of the linkers enhance the electrostatic inter-
actions and steric effects. These further boost the selectivity for CO, adsorption.
Another group, Zhong etal. [110], studied a Li-modified MOF-5, named chem-4Li
MOF, in which all of the hydrogen atoms were substituted by O-Li groups. A combi-
nation of DFT and GCMC simulations showed that the strength and gradient of the
electrostatic potential in the pores are modified by Li doping. Therefore, there is a
change in the preferential adsorption sites of the mixture components, which causes
molecular level segregation in the aromatic rings of MOF-5. In another study done on
MIL-53, the effects of ligand functionalization (tested with —-OH, -COOH, -NH,, and -
CH; functional groups) on gas separation from the mixture were studied [105]. The
investigation was conducted using three methods: DFT in small clusters to assess CO,
adsorption in the hybrid framework, periodic DFT and GCMC simulations. Good
consistency was obtained from this set of techniques. Small polar groups such as
(OH),-MIL-53(lp) and (COOH),-MIL53(Ip) were found to be the most advantageous
additions to MIL-53 for achieving CO, adsorption and selectivity enhancement in CO,/
CH, mixtures. Maurin etal. [111] recently reported a DFT and GCMC study of CO,
adsorption and selectivity in MIL102 consisting of small one-dimensional channels.
Their models contain two terminal water molecules, which would be removed at
temperatures above 500 K, and they are reported to be the preferential sites for CO,
adsorption. This highlights the importance of considering the structural water in the
simulation analysis.

6.4.2.2 Effects of linkers on selectivity

Jiang etal. [112] studied the role of linkers for separating nonpolar and polar
binary mixtures in the very hydrophobic Zn(BDC)(TED)y 5(BDC). Their experi-
mental and theoretical study emphasized the mechanical differences in the
segregation properties of polar versus nonpolar mixtures in these MOFs. DFT
and GCMC simulations showed good accord with experiment for the CO,-CH,
mixture. At low pressure, CO, is preferentially adsorbed near the BDC linkers,
and at higher pressures, it is adsorbed at the oxide and TED linkers as well as to
the small windows, where the adsorbed CO,-CO, cooperative interactions
enhance the adsorption. The role of functional groups in organic linkers has
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also been studied [113]. It has been reported that the presence of electron-
donating groups in the linkers leads to a distribution of the electrostatic field
that elevates the CO, selectivity, although the introduction of multiple substitu-
ents may produce negative steric effects. These effects were tested by introdu-
cing four types of functional groups (-CHs, -F, -OH and —-NH,) into the organic
linker in MOF-5 for the mixtures of CO,/CH,. Enhancements of gas mixture
separations by the electrostatic field were also reported by Yang etal. [114],
who conducted a computational study to examine binary and ternary mixtures
containing CO,, CH, and C,H¢ in HKUST-1. The separation of mixtures having
very unlike electrostatic interactions with the framework sites was strengthened
by the development of ordered microdomains with various electrostatic field
strengths.

6.5 Conclusions

MOFs are better adsorbents than other available porous materials, due to their high
surface areas, adjustable pore sizes and a vast range of modifications possible in their
structure. The incorporation of organic ligands has enabled rational design and
functionalization of the structure. This further allows us to tune the properties of
the MOFs as per our requirements, depending upon the adsorbate. Furthermore,
chiral MOFs can be utilized for enantioselective separations, whereas the conven-
tional adsorbents like zeolites do not possess this quality due to the difficulty in
synthesis of chiral zeolites. Also, since MOFs consist of a polar part (metal ion) and a
nonpolar part (organic ligands) as well, both polar and nonpolar adsorbates can be
adsorbed on their surfaces.

DFT studies of MOFs have been performed to evaluate molecular adsorption,
stability and diffusion in MOFs. DFT studies will play an increasingly vital role,
because as the number of newly reported structures increases, it will be cumber-
some to experimentally evaluate the performance of all the materials in the labora-
tory. Above all, classical and quantum chemistry approaches provide us with
mechanistic insights into water diffusion and reaction events that are beyond the
reach of experimentalists. The evaluation of thousands of adsorption configura-
tions in periodic structures with complex calculations using MP2 or coupled cluster
calculations is not feasible. However, this can be achieved using DFT. Moreover,
working experimentally with some systems such as H, gas and C,H, gas is both
difficult and dangerous. For such systems, performing theoretical studies first on
various MOFs and then limiting the options on the basis of these results for experi-
mental studies can be very helpful. Furthermore, exploring the possibilities with
DFT is in a way a greener approach, as no chemicals are actually used in this study
and also, the results are reliable and can guide us further for performing the
experimental studies.
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