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Hydrogen holds the promise to replace the widespread dependency on fossil fuels due to its renewable and pollution free
nature. Metal-graphyne framework (MGF) constructed with magnesium oxide as a metal node and graphyne as a linker.
Graphyne is a new 2D carbon allotrope connected with acetylenic linkages. Lithium is grafted on the graphyne linker of MGF.
Density functional theory (DFT), with GGA-PBE exchange-correlation functional, is used to determine the geometric struc-
tures, their stability, binding strength of Li and graphyne of MGF, and hydrogen storage capacity. On full saturation with hy-
drogen, each Li atom physisorbs 3 H, molecules in the MGFLi;s which results MGFLi,¢-48H, system with a total gravimetric
density of 7.2 wt.%. Further 12 more H, molecules could be accommodated in the pore space of MGFLi;s and the resulting
structure, MOFLi,-60H, is obtained with hydrogen wt.% 8.9. The H, and Li interacted by Niu-Rao-Jena mechanism with av-
erage H-H bond distance enhanced up to 0.754 A. The calculated sorption energies are found in the range of 0.36 to 0.21
eV. The molecular dynamics simulations reveal the stability of Li grafted MGF and the reversibility of adsorbed H, from the
MGFLi-48H, system. The energetics and storage capacity meet the US DOE target which makes MGFLi;s as a potential
hydrogen storage material.

Keywords: Density functional theory, Li grafting, hydrogen storage, charge polarization, Born-Oppenheimer molecular dynamics.

Introduction

An everyday increase in the demand for energy and in-
adequate availability of energy resources makes hydrocar-
bon economy impractical. The conventional energy resources
also release carbon dioxide which put an adverse effect on
the environment'2. Thus, the limited availability of fossil fu-
els and their harmful effect on the environment increases
interest in the scientific community to replace the conven-
tional energy economy with the environmental friendly hy-
drogen economy'3. Hydrogen gas is considered as a car-
bonless economy as it is a clean and renewable carrier of
energy'=5. However, hydrogen is not freely available which
makes it necessary to generate, store and transport it to the
desired places for its further use in various applications. Pres-
ently, physical and materials-based techniques are used to
store hydrogen®®. In physical based methods hydrogen is
stored either in compressed form or in the form of liquified
hydrogen. But these methods are not commercially feasible
because they require expensive infrastructure and consume
a large amount of energy during the storage. In material-
based methods hydrogen can be stored in two ways viz.

physical adsorption and chemical adsorption®35. The stor-
age of hydrogen via physical adsorption is found to be re-
versible which follows very fast kinetics as compared to the
chemical adsorption pathway®’.

In recent years, a variety of materials have been studied
and reported by several research groups which could be
considered as hydrogen storage materials in the future. Nano
porous materials such as carbon nanotubess, grapheneg,
graphynes'%-15 and fullerenes'® have been found to store
hydrogen at ambient temperature and pressure conditions
via associative manner. Several materials such as calix[n]-
arenes® 1719, zeolites2%:2! metal-organic frameworks
(MOFs)22-27  covalent-organic frameworks (COFs)28:29,
metal-inorganic frameworks®?:3! and other materials32:33
have also been explored as potential hydrogen storage ma-
terials. The current research is focused on designing novel
hydrogen storage materials to achieve the targets which are
set by the U.S. Department of Energy (US DOE)3,

Among all the proposed porous materials, MOFs are ex-
tensively studied as hydrogen storage materials due to the
availability of large surface area which further provides a large
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number of binding sites for hydrogen molecules®36. The
objective of the present work is to design the metal-graphyne
framework (MGF) by using magnesium oxide as a metal node
and graphyne as a linker and explore the hydrogen storage
capacity, reversibility and thermodynamic stability of Li grafted
MGF. Graphyne is a 2D sheet of carbon allotrope first dis-
covered by Baughman et al.'%. In graphyne; benzene rings
are connected by acetylenic linkages (-C-C=C-C-). It is re-
ported that metal decorated graphyne have been explored
for hydrogen storage with high gravimetric density38.

Recently, we designed and explored metal-graphyne
framework consists of graphyne?” linker decorated with
lithium (MGF-Lig) as a hydrogen storage material with the
aid of density functional theoretical calculations. The com-
puted molecular dynamics simulations results indicate the
high reversibility of H, molecules in MGF-Lig. Furthermore,
the designed metal-graphyne framework decorated from one
side with lithium are reported to store 6.4 wt% of hydrogen.
In this work, the lithium is decorated on both sides of the
metal-graphyne framework (MGF-Li,c) and studied the hy-
drogen storage capacity, reversibility and thermodynamic
stability and the results are compared.

This paper is organized as follows: In next Section, com-
putational details are presented. In the following Section, the
results and discussions of hydrogen storage properties of Li
grafted MGF are discussed. The summary and conclusions
are provided in last Section.

Computational details

All the calculations are performed by density functional
theory (DFT) with the spin-unrestricted method using the
DMOL® code®¥40. The Perdew-Burke-Ernzerhof (PBE) ex-
change-correlation functional within the spin-polarized gen-
eralized gradient-corrected approximation (GGA) is em-
ployed*!. Double numerical basis set with polarization func-
tion (DNP) is adopted. The DFT-D (D stands for dispersion)
approach with Grimme’s van der Waals (vdW) correction term
is used to determine the accurate description of weak inter-
actions*2. The real-space global orbital cutoff radius 5.2 A is
used for high quality results.

Energy parameters such as Li binding energy between
Li and MGF, adsorption and desorption energy of adsorbed
H, molecules, changes in bond lengths before and after the
hydrogen adsorption, Hirshfeld charge analysis, thermody-
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namics of usable hydrogen storage and Born-Oppenheimer
molecular dynamics (BOMD)*® simulations have been stud-
ied.

The binding energy of Li of MGFLi,4 is determined by the
following equation#44,

1o
Cb:%L(MEU"'EMGF)_EMGFL%] (1)

where, Eyirj, is the total energy of MGFLisg, E; energy
of Li metal and Eygr is the energy of MGF, respectively.

The average H, adsorption energy, E, is calculated by
given equation44°,

1o
Ead= HL(EMGFer NEW, )~ EMGFL 5nH, ] (2)

where Ey, EyigFLise-nH,, @nd n are the energy of H, mol-
ecule, the energy of MGFLi and number of adsorbed hy-
drogen molecules.

To calculate the sequential desorption energy of adsorbed
hydrogen molecules, the given equation is used,

E - EH2 i EMGFLi16-(n-1)H2 - EMGFLiqe-nHz 3)

where Ey e, (n-1)H, 1S répresented total energy of preced-
ing H, molecules adsorbed on MGFLi;g-nH, system.

 The practical usable hydrogen storage capacity has been
determined by using chemical potential, p at adsorbing (low
temperature-high pressure) and desorbing (high tempera-
ture-low pressure) conditions. The thermodynamic usable
hydrogen capacity is determined by calculating the occupa-
tion number (N,¢¢) as,

o 22’9”5* ngp expn(u — Eoq)/kpT] @
liSe =
ZfLMg* gnexpln( — E5q)/kpT]

Here, Ny;ay: 1, @nd g,, are the maximum numbers of adsorbed
H, molecules per Li in MGFLi4g, @ number of hydrogen mol-
ecules adsorbed and the configurational degeneracy of n,
kg is the Boltzmann constant, and E,, represents the ad-
sorption energy of hydrogen molecules stored in Li grafted
MGF. The chemical potential, i of gas phase H, at given
pressure and temperature determined by the equation,

.
0.00065[(log P — 0.5)% - 0.25] (5)

The gas phase chemical potential u of H, gas as a function
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of temperature and pressure is chosen from the experimen-
Bldat

The electron distribution and electron charge transfer
mechanism are explained by using the Hirshfeld charge
analysis. BOMD*® simulations are performed to determine
the stability of MGFLi,¢ system, and the reversibility of
adsorbed H, molecules from the Li grafted MGF. The BOMD
simulations have been performed at the range of tempera-
ture with "-point sampling at 5 ps run time and 1 fs time-
step. Canonical NVT ensemble uses with Nose thermostat
to control the temperature during BOMD simulations.

Results and discussion

The structure of the MGF is optimized and provided in
Fig. 1. MGF has been designed with graphyne linker and
magnesium oxide as a metal node?”. Each graphyne linker
of MGF is grafted with 4 Li atoms, two Li used from the top,
and other two from the bottom side and the resulting struc-
ture MGFLiq is represented in Fig. 2a. Li atoms are used in
their ground state configuration to graft the MGF. The aver-
age Li binding energy in MGFLi4q is calculated by using eq.
(1) and is found to be 2.68 eV, which indicate that Li atoms
strongly bind with graphyne linker of MGF. In MGF, the dis-
tance between a diagonal metal node to metal node and
between adjacent metal nodes are 24.45 A and 17.33 A re-
spectively. The geometry of MGFLi,q shows that the distance
between a diagonal metal node to metal node and between
adjacent metal nodes are increasing and is found to be 24.55
and 17.39 A on Li grafting of MGF.

Graphyne linker

Fig. 1. Structure of metal-graphyne framework (MGF). Mg, C, H and
O atoms are represented by green, dark grey, white and red
colors respectively.

Structural changes on the adsorption of H , molecules
in MGFLi g

The H, molecules are subsequently introduced on each
Li of optimized MGFLi4g. After optimization, it is observed
that H, molecules on each Li in MGFLiyg-nH, system is
adsorbed in @ molecular manner with elongation in H-H bond
distance up to 0.755 A from its bare distance of 0.741 A. On
sequential adsorption of H, molecules shows that maximum
three H, molecules is adsorbed on per Li in MGFLi, g result-
ing MGFLi;-16H,, MGFLi;-32H,, and MGFLi;-48H, sys-
tems. The H, adsorption cycle of MGFLi,g-nH, (where n =
16, 32, and 48) is represented in Fig. 2b-d. In Fig. 2a1, Li
binding to the linker is shown enlarged. Similarly, in Fig. 2b1-
d1, H, binding to the Li metals is shown enlarged. It is ob-
served that all the H, molecules bind on each Liin MGFLiyg-
nH, (where n = 16, 32, and 48) in molecular form. The H,
molecules bind with Li in physisorbed fashion by Niu-Rao-
Jena charge polarization mechanism*49. In charge polar-
ization mechanism, charge generates on graphyne linker,
shifts to the Li atoms, the charge on Li atoms polarizes the
incoming H, molecules in the system; as a result, H, mol-
ecules bind in molecular form. The molecular adsorption in-
dicates that all the H, molecules are physisorbed on MGFLi,4-
nH,.

The Li-Li distance of the top and bottom of each linker
increases from 2.547 to 2.749 A with the number of H, mol-
ecules in the system. The distance between a diagonal metal
node to metal node and between adjacent metal nodes de-
creases on the adsorption of first H, molecule on each Li in
the system while on adsorption of second and third H, mol-
ecules on each Liin the system, both the distances increases
as shown in hydrogen adsorption cycle in Fig. 2b-d. The dis-
tance between Li and center of graphyne linker (Li-Gc), and
between Li and adsorbed H (Li-H) increases with the num-
ber of hydrogen molecules adsorbed in the MGFLi;g-nH, (n
= 16, 32, and 48) system. The distance between Li-Gc¢ is
found in the range of 1.273 to 1.374 A for first to third H,
molecule on each Li while the distance between Li-H ranges
from 2.036 to 2.065 A for first to third H, molecules adsorbed
on each Li in the system. All the distances are provided in
Table 1. The hydrogen wt.% is found to be 7.2 for MGFLi,¢-
48H, system, where each Li adsorbs 3 H, molecules via
physisorption.
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Fig. 2. Hydrogen sorption pathway of (a) MGFLiyg, (b) MGFLijg-16H,, (c) MGFLig-32H, and (d) MGFLi,g-48H, systems. Mg, C, H, O and Li
atoms are represented by green, dark grey, white, red and purple colors respectively. For clarity, the enlarged images of linkers are
shown in a1, b1, ¢1 and d1.

Table 1. The average bond distance between Li-Li from top and
bottom of the graphyne linker in MGFLi, 4, graphyne center of MGF
and Li (Li-Gc), Li and physisorbed hydrogen distance (Li-H) and
physisorbed hydrogen distance (H-H). All average distances are
measured in A

System Li-Li Li-Ge Li-H H-H
MGFLisg 2.534 1.267 - -

MGFLi;s-16H, 2.547 1273 2036 0755
MGFLi;g-32H, 2,634 1317 2069 0754
MGFLi;g-48H, 2.749 1.374 2065 0755

The pore space of Li grafted framework is available for
more hydrogen molecules storage. To increase the hydro-
gen storage capacity, 12 more H, molecules are introduced
in the pore space of MGFLiys and the optimized resulting
geometry of MGFLi,5-60H, is shown in Fig. 3. The hydrogen
mo'ecu"es in the pore space trapped W_"h elongation in H-H g0 3 (y56imized structure of MGFLiys-60H,. Mg, C, H, O and Li at-
bond distance. The calculated H wt.% is found to be 8.9 for oms are represented by green, dark grey, white, red, and purple
MGFLi 1 6'60H2- colors respectively.
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Energetic parameters

The binding strength of adsorbed H, and Li atom of
MGFLi;s system is explored by computing the average H,
adsorption energy, E, 4, by using eq. (2). The adsorption en-
ergy values for first H, molecule adsorbed on each Li in
MGFLisg-nH, is found to be 0.36 eV. On further adsorption
of second and third H, molecules on each Li results in
MGFLig-32H, and MGFLi,¢-48H, systems and the £, val-
ues are 0.32 and 0.28 eV, respectively for second and third
H, molecule. The average adsorption energy for 12 more H,
molecules trapped in the pore space of MGFLi;g-48H, is
calculated and found between 0.28 to 0.25 eV for 49th to
60th H, molecule in the MGFLisg-nH, (n = 49 to 60). The
adsorption energy values for hydrogen molecules trapped in
the pore space are provided in Table S1 in the Supporting
Information. The adsorption energy values indicate that hy-
drogen molecules are adsorbed reversibly and these values
are found in the desired range of target set by the DOE.

Further, to examine the reversibility of adsorbed H, from
the Li grafted MGF, the subsequent desorption energy, Eg,,
is calculated by using eq. (3). The desorption energy values
are 0.36, 0.29 and 0.21 eV, respectively for first, second and
third hydrogen molecules adsorbed in MGFLiyg-nH, (n = 16,
24, and 48) system. The desorption energy values show that
the adsorbed hydrogen molecules are easily detached from
the Li grafted MGFLi,g-nH, systems. The average H, ad-
sorption and subsequent desorption energy values are given
in Table 2. These low values of both average hydrogen ad-
sorption and subsequent desorption energies indicate that
Li grafted MGF is reversible hydrogen storage material.

Table 2. The average adsorption (E,4) and sequential desorption
(E4e) energy of adsorbed H, molecules in MGFLiyg-nH, (where n =
16, 32, and 48) system. All energy values are given in eV

System Ed =
MGFLijg - -
MGFLi4g-16H, 0.36 0.36
MGFLi4g-32H, 0.32 029
MGFLiyg-48H, 0.28 0.21

Hirshfeld charge analysis of MGFLi 4z-nH,

The charge transfer mechanism is explored by comput-
ing Hirshfeld charges on C atoms of graphyne linker of MGF,
on Li atoms before and after hydrogen adsorption and

adsorbed hydrogen in the systems. The Hirshfeld charges
are computed in e.u. and plotted in Fig. 4. The Hirshfeld
charge values are 0.007,-0.015,-0.014,-0.013, and -0.012
e.u. respectively, for C atoms of graphyne linker of MGF,
MGFLi;5, MGFLi;g-16H,, MGFLi;-32H,, and MGFLi;5-48H,
systems. The Hirshfeld charges on Li atoms are found to be
0.320, 0.239, 0.209, and 0.195 e.u. for Li grafted system and
for first, second, and third hydrogen loaded system. Further,
the charges on adsorbed hydrogen are 0.034, 0.021, and
0.015 e.u., respectively for first, second, and third hydrogen
molecule adsorbed on each Li in the system. It is observed
that charge on C atoms of graphyne linker increases up to
-0.015 e.u. on Li grafting.

0.35
0.30 4 —a—Liatom
—e—H atom of H,
S 0.25 —a— C of graphyne linker
L
& 0.20
2
£ 0.15-
o
2
& 0.104
=
-
T 0.054 \f\‘.
0.00 . N . .
-0.05 T T T T
0 16 32 48

Number of H, molecules

Fig. 4. Hirshfeld charges on C atom of graphyne linker, Li atom and
adsorbed hydrogen of MGFLi;g-nH, system (where n = 16,
32, and 48).

The neutral Li donates electronic charge to the C of
graphyne linker and gets positive charge on Li grafting MGF.
The sequential adsorption of hydrogen molecules on each
Li in the system shows Li gets an electronic charge from the
C of graphyne linker and H of adsorbed hydrogen molecules.
The Hirshfeld charge transfer indicates that the adsorbed
hydrogen molecules bind with Li of MGFLi4g by charge po-
larization mechanism.

Thermodynamic usable hydrogen capacity

To be a potential material for hydrogen storage, enough
H, molecules should be adsorbed at storage conditions and
these adsorbed H, molecules should be smoothly desorbed
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L(ai 300 K

(b) 350 K

“ (c) 373K

Fig. 5. Snap-shots of BOMD simulations of MGFLi,s-48H, at the temperatures of (a) 300, (b) 350 and (c) 373 K.

from the material at desorption conditions. To determine the
usable hydrogen capacity, the occupation number (N,s.) has
been calculated by using eq. (4). The operational conditions
for H, adsorption at adsorption (30 atm and 298 K) and H,
release at desorption conditions (3 atm and 373 K)*748,

The values of ;4.4 at 30 atm and 298 K is -0.21 eV
which results in the L value —0.22 eV. However, at 3 atm and
373 K, the Hiqeq Value is —0.36 eV and the p value is -0.38
eV. The calculated occupation number, N, is found to be 2.25
at adsorption conditions (30 atm and 298 K), and Nis 0.31 at
desorption conditions (3 atm and 273 K). So, the usable num-
ber, N,se, shows that 1.94 H, molecules per Li adsorbed at
operational conditions in the Li grafted MGF with the practi-

cal H wt.% 5.3.

Molecular dynamics simulations of MGFLi 4-48H, sys-
tem

BOMD simulations have been performed over three dif-
ferent temperatures 300, 350, and 373 K up to 5 ps run time
with 1 fs time-step to understand the stability of MGFLi4g
system and the reversible process of adsorbed hydrogen
from the fully hydrogen saturated MGFLi;¢-48H, system. The
snap shots of BOMD simulations are provided in Fig. 5a-c at
three different temperatures. The BOMD simulations at 300
K, indicating that hydrogen molecule starts releasing from
the MGFLi4¢-48H, system and one hydrogen molecule from
each Li is detached from the system. Further, on increasing
the simulation temperature up to 350 K, show that two hy-
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drogen molecules are smoothly released from each Li of
MGFLi,g-48H,. The simulation at a higher temperature up to
373 K shows that all three hydrogen molecules desorbed
from each Li of MGFLig-48H, system. The simulations at
373 K, shows that MGF structure is stable and the Li re-
mains near the graphyne linker in the framework. Simula-
tions at 373 K also show that there is no Li clustering. The
study of BOMD simulations reveals that all the hydrogen
molecules are adsorbed in a reversible manner which makes
MGFLi,q as a potential material for hydrogen storage.

Conclusions

The hydrogen storage properties of Li grafted MGF has
been explored by using first-principles density functional
theory. The GGA-PBE functional along with DNP basis set
has been used throughout the calculations. The Li-graphyne
binding energy 2.68 eV show that Li strongly binds with
graphyne linker of MGF making MGFLi,q system. Sequen-
tial introduction of hydrogen molecules on Li grafted MGF
show that maximum 3 H, molecules are adsorbed on each
Li in the system and the resulting structure MGFLi;5-48H, is
obtained. The hydrogen molecules are adsorbed in a mo-
lecular manner by charge polarization mechanism indicates
that all the hydrogen molecules adsorbed in physisorbed fash-
ion. The calculated average adsorption and sequential des-
orption energy values are low and found in the range of tar-
get setby DOE, i.e. between 0.2-0.4 eV, which confirms that
all the adsorbed H, molecules are reversible. Hirshfeld charge
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analysis further proves that hydrogen molecules are adsorbed
by the charge polarization mechanism proposed by Niu-Rao-
Jena.

The practical usable hydrogen capacity is calculated as
a function of temperature and pressure. The stability of
MGFLig and the release of adsorbed hydrogen molecules
from MGFLi-48H, are examined by BOMD simulations at
the temperature range between 300 to 373 K. BOMD simu-
lations indicate that all the hydrogen molecules are liberated
at 373 K. The simulations confirm that the structure of
MGFLi,q is stable up to 373 K which show that the Li grafted
MGF can be reused to store the hydrogen molecules. The
adsorbed wt.% is found to be 8.9 for hydrogen saturated
MGFLi;s system which is higher than earlier studied MGF
decorated with eight Li atoms?’. The high weight % and low
sorption values for Li decorated system makes it a potential
hydrogen storage material.
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Multireference methods and time dependent density functional theory (TDDFT) is used to compute the ground and excited
states at different spin states of a prototype spin crossover complex. It is observed that while density functional theory (DFT)
with certain functionals can get the energetics of the ground state accurately, multireference treatment is crucial to the proper
depiction of the excited states. We have further used a DFT orbital based complete active space self consistent field method
to form a computationally affordable alternative. This approach proves to be quite efficient in accurate depiction of the ground

and excited states of such complexes.

Keywords: Spin crossover, multireference, Fe(ll) ammonia octahedral complex.

Introduction

Spincrossover (SCO) complexes form a very interesting
class of transition metal complexes, where the stable spin
state of the complex can change with light irradiation, mag-
netic field, applied pressure or thermal equilibria’2. This
change in spin state is accompanied with change in a plethora
of physical properties of the complex or material, such as
magnetism, optical absorption etc. Fe(1l), i.e. 3d® complexes
in a nearly octahedral ligand field is known to exhibit such
SCO properties®2. This is governed by the fact that the Fe(1l)
moiety in the octahedral ligand field, shows a d-orbital split-
ting that gives access to an array of different spin states with
small differences in their energies. The SCO complexes were
discovered more than 50 years back, and have fascinated
researchers due to its obvious material and technological
applications in the fields of spintronics and molecular memory
storage devices®®.

In spite of its immense technological applications, the
accurate understanding, prediction and therefore, engineer-
ing of SCO molecules and materials are still extremely chal-
lenging problems'?. Fig. 1 shows the schematics for the dif-
ferent spin states of a typical SCO molecule. The two differ-
ent scenario can give rise to temperature or light induced
spin crossover processes. The most stable spin state and

Energy

HS, LS,
LS, HS,

Energy

M-L Bond Length  M-L Bond Length

Fig. 1. Schematics of high and low spin state energies at different
metal ligand bond lengths. In case of octahedral Fe-N bonded
complexes, the high and low spin states are close in energy
giving rise to possibility of spin crossover.

the energy differences between the spin states are a com-
bined effect of the central metal ion, ligand field effect as
well as other environmental factors, such as counter-ion etc.
While experimental techniques such as magnetic suscepti-
bility"=15 can detect the spin state (or fractional population
of the spin states) of the material at a particular temperature,
it lacks insight into the electronic structure of the molecule.
Ultrafast optical, X-ray or Raman spectroscopies have been
used to get a dynamical picture of the structural reorganiza-
tion'6-20, Combined with theoretical insights these experi-
mental techniques can indeed prove to be decisive in eluci-
dating the exact mechanism of the spin state changes that
are relevant in processes such as light induced excited spin
state trapping (LIESST)?'-29,
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As mentioned above, the SCO phenomenon relies on
the accurate d-orbital splitting of the octahedral complexes.
These d-orbital splitting energies are very small in magni-
tude (< 1.0 eV) and therefore, the accurate estimation of the
ligand fields on the splitting is crucial to the prediction of the
phenomena3®3!. Due to the near degeneracies of the d-or-
bitals at the valence space, computationally these systems
are challenging. The wavefunction is multireference in na-
ture and the d-orbitals are strongly correlated with each other.
Therefore, state of the art multireference methods need to
be applied to understand the electronic structure of the sys-
tem. Complete active space based methods, such as com-
plete active space self consistent field (CASSCF) have been
applied for such systems?32%. However, as is well known
now, large basis sets and complete information about the
large ligands is also crucial which makes these methods quite
computationally expensive. Furthermore, itis known that large
active space including a few metal-ligand orbitals are required
to characterize the ligand field splitting accurately2®. Dynamic
correlation needs to be included either perturbatively or varia-
tionally via, complete active space perturbation (CASPT2)
or multireference configuration interaction (MRCI). Even for
state of the art multireference methods, such as CASPT2,
the adiabatic HS-LS gap is overestimated, i.e. it over stabi-
lizes the HS state by about 0.4 eV2"_ This is somewhat higher
than the expected chemical accuracy of 0.1 V. Here, it should
be noted that density functional theory (DFT) with several
functionals have been used to benchmark the HS-LS gap of
these octahedral complexes and it is found and PBEQ and
OPBE functionals are best known to reproduce the ab initio
(wavefunction based) HS-LS gaps2-3%. Furthermore, there
is severe dearth of benchmark experimental results for these
quantities due to the difficulty in isolating the moieties. The
best theoretical estimates have been developed from a

CASPT2 scheme with correction for extra dynamic correla-
tion23.27,

However, extending this approach to excited states is
always fraught with complications. DFT is known to under-
estimate the charge transfer state energies and therefore, it
is expected to overestimate the effect of metal-ligand charge
transfer (MLCT) nature of the transitions. This would, there-
fore, fundamentally change the electronic structure of the
states and therefore, use of TDDFT to study the low-lying
excited states may indeed give rise to spurious method de-
pendent artefacts.
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In this study we have applied active space based meth-
ods with increasing active spaces to understand the inter-
play of the methods and active spaces, to obtain a best esti-
mate value of the ground and excited spin states of Fe(ll)
octahedral complex. As a prototype nitrogen core based oc-
tahedral complex we have chosen [Fe(NH3)6]2*. The active
space methods that are evaluated are CASSCF, CASPT2,
n-electron valence perturbation (NEVPT2) and MRCI. ltis to
be noted that MRCI is the most robust of these approaches
due to its variational approach of including dynamic correla-
tion as opposed to the perturbative schemes, such as
CASPT2 and NEVPT2. However, MRCI is computationally
expensive and therefore, in our study we have compared,
small active space MRCI to large active space perturbative
approaches. We have further developed a computationally
efficient DFT orbital based CASCI scheme.

Here, the idea is to include effective dynamic correlation
in the DFT orbitals which are then strongly correlated. We
compare the accuracy and limitations of this scheme.

Computational details

[Fe(NH3)6]2+ complex have been optimized at the DFT
level with PBEO functional and TZVP basis set at the singlet,
triplet and quintet states. These will be referred to as low
spin (LS), intermediate spin (IS) and high spin (HS) states,
respectively. Cartesian coordinate of optimized geometries
and frequency analysis of all spin states are given in Sup-
porting information.

The linearly interpolated internal coordinate (LIIC) ap-
proach is used to generate the structures in between the
optimized HS and LS geometries. Here we generate 7 LIIC
intermediate structures. These LIIC geometries are used to
obtain the potential energy surface (PES) for the ground
states at different spin states with PBEO and B3LYP
functionals as well as with active space based methods.
Several different active spaces are used to understand its
effect. The smallest active space (50,6€) contains the 6 elec-
trons and the 5d orbitals of the 3d® Fe atom. Next, we in-
clude 5 more 4d orbitals that are vacant in the Hartree Fock
level, thus making a (100,6e) active space. It is also reported
in the literature that 4s and 3d orbitals are strongly corre-
lated and therefore can lead to significant change in the en-
ergetics, therefore an even larger (120,10e) active space is
also investigated. With all these three different active spaces,
CASSCF, CASPT2 and NEVPT2 methods are used to cal-
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culate the HS-LS energy difference in the ground state. State
averaged (SA) CASSCF and multi state (MS) CASPT2 have
been used for the ground and excited states, while state spe-
cific (SS) NEVPT2 have been used for the ground states.
Finally, in order to include more metal ligand correlation at
an equal footing a CASSCF of (150,10e) largest active space
is used. We have proposed and tested a DFT orbital based
CASCI method for HS-LS energy difference. In this protocol,
a PBEO/TZVP level of theory calculation is performed to gen-
erate KS orbitals which are then reused for CASCI calcula-
tions with appropriate active space.

Excited states with the same levels of theory are com-
pared with the TDDFT (with B3LYP functional) excited states
to understand the difference in the energetics and electronic
structure of the states as determined by the various theoreti-
cal approaches. For the single point ground state and exci-
tation energies quantum chemistry software packages, Q-
Chem 5.037 and Molpro 201838 were used.

Results and discussion

Structure of the molecule

The optimized HS, LS and IS states of the [Fe(NH3)6]2+
complex is shown in Fig. 2. As expected, the higher spin
states are characterized by longer metal ligand bond lengths
(2.28 A, 2.28 A and 2.29 A) as compared to the other spin
states. The bond lengths of the IS are 2.07 A, 2.23 A and
2.29 A, and is characterized by maximally different bond
lengths with inversion symmetry. The low spin is completely
symmetric with 2.09 A bond length.

NH3
2.08A

H3N 2.07A ?’“?,NH3

S Felv
HaN - \NH3

NH3

Fig. 2. Optimized structure of [Fe(NH3)6]2+: black, red and blue colour
signify the bond lengths in LS , IS and HS state respectively.

Active space
In complete active space based approaches, the qualita-

tive and quantitative accuracy of the states depend strongly
on the choice of the correct active spaces. This is especially
true in case of SCO compounds where the different spin
states are very close in energy. The orbitals involved in the
various active spaces used in our study are shown in Fig. 3.
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Fig. 3. Orbitals included in different active space.

One would expect naively that the minimal active space
containing the most strongly correlated antibonding combi-
nation of metal 3d and ligand orbitals would be sufficient to
obtain a correct qualitative picture of the spin states. When
the metal ligand bonds are considered to be ionic in the lim-
iting case, these orbitals reside completely on the metal.
However, these bonds are not completely ionic, they have
some covalent contribution and therefore, there are small
ligand contributions in these orbitals. Pierloot?® and co-work-
ers have noted in their studies on 3d and higher transition
metal complexes that a double shell effect is important for
transition metal ions for those that have more than half filled
d shell. They have shown that significant 3d-4s transition is
needed to capture the exact energetics of the spin states. In
order to include the double shell effect therefore, another 5
vacant 4d orbitals are included in the active space. This
double shell effect is included in the (6e,100) active space.
Two e-like c bonding orbitals are also close energetically to
the d-orbitals and can therefore, be strongly correlated, which
forms the (10e,120) active space as shown in Fig. 3. Finally,
three ligand virtual orbitals of * character are included to
capture the correlated metal ligand charge transfer compo-
nents of the excited states. This forms the largest (10e,150)
active space used in our calculations. This is expected to
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Fig. 4. Natural orbitals occupation number of excited states of HS optimized geometry for different spin states in CASSCF (120,10e) calculation.

include all strongly correlated orbitals in the full valence space.

One can understand the importance of the different orbit-
als in the active space from the occupation numbers of the
CASSCF natural orbitals. Fig. 4 shows the natural orbital
populations of the lowest few excited states. It depicts the
relative importance of the orbitals and have been shown only
at the high spin optimized geometry.

Ground state

The ground state energy differences between HS and LS
states (adiabatic HS-LS energy gap) at different levels of
theory are shown in Table 1. It shows that the active spaces
(120,10e) and (150,10¢e) are both quite adequate in depict-
ing the energetics of the ground state. This is in accordance
with our expectation since the antibonding orbitals on the
ligands are not expected to play an important role in the
ground state energies as corroborated by the occupation
numbers of these orbitals in the ground state. However, these
orbitals might well be crucial for higher excited states, espe-
cially when these excited states have a mixed MLCT char-

Table 1. Energy difference between HS and LS at different levels
of theory for various active spaces are shown. The ZPE correction
is not included

Active space Energy differences (LS-HS) (kJ/mol)

CASSCF CASPT2 NEVPT2
(50,6€) 231 172 133
(100,6¢) 203 162 169
(120,10e) 134 100 98
(150,10¢) 83 NA NA
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acter. Furthermore, we notice that dynamic correlation is
important to predict the accurate energy gaps. From earlier
work, the best estimate of ab initio HS-LS energy gap for the
system at the CASPT2 and corrected CASPT2 levels of
theory are around 100-131 kJ/mol?327. Qur results follow
the same observation. As expected from earlier work, PBEQ
functional is in reasonable accordance with CASPT2 results
with HS-LS gap of 86 kJ/mol?2. We have also included zero-
point energy corrections to get the best estimate of HS-LS
gap at 102 kJ/mol, at the DFT level of theory.

This is compared to the DFT orbital based CASCI proto-
col. The idea here is to have dynamically correlated orbitals
(albeit from DFT) and to include the static correlation from
an active space based approach. It should be noted that for
large active spaces this method might suffer from double
counting of correlation effects. The DFT-CASCI estimate for
the adiabatic HS-LS energy difference is 143.80 kJ/mol, as
compared to the best estimates of 100-131 kJ/mol. This is
indeed quite encouraging, since the DFT-CASCI approach
is significantly computationally efficient.

Excited state

While much of the existing literature deals with the com-
parison of the ground HS-LS states with complete active
space based methods and that of DFT based functionals,
there is relatively little that is known about the excited states
at the different spin states. Table 2 shows the vertical excita-
tion energies (VEEs) at different spin states at the stable HS
geometry.
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