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A Theoretical Perspective to Decipher the Origin of High
Hydrogen Storage Capacity in Mn(ll) Metal-Organic

Framework

Reshma Jose,” Sourav Pal,*® ¢

Herein, we report a detailed periodic DFT investigation of
Mn(ll)-based [(Mn,Cl);(BTT)g*~ (BTT*>~ = 1,3,5-benzenetristetrazo-
late) metal-organic framework (MOF) to explore various hydro-
gen binding pockets, nature of MOF...H, interactions, magnetic
coupling and, H, uptake capacity. Earlier experiments found an
uptake capacity of 6.9 wt % of H, with the heat of adsorption
estimated to be ~10 kJ/mol, which is one among the highest
for any MOFs reported. Our calculations unveil different binding
sites with computed binding energy varying from —6 to
—15 kJ/mol. The binding of H, at the Mn>" site is found to be
the strongest (site 1), with H, found to bind Mn?" ion in a #?
fashion with a distance of 227 A and binding energy of
—15.4 kJ/mol. The bonding analysis performed using NBO and
AIM reveal a strong donation of o (H,) to the d,? orbital of the
Mn?" ion responsible for such large binding energy. The other
binding pockets, such as -Cl (site Il) and BTT ligands (site Ill and
IV) were found to be weaker, with the binding energy
decreasing in the order I>I1I>1lI>IV. The average binding
energy computed for these four sites put together is 9.6 kJ/mol,
which is in excellent agreement with the experimental value of

Introduction

The development of a safe and effective gas storage system is
crucial for implementing fuel cell economy. Although many
strategies have emerged to improve the efficiency of the gas
storage system, Metal-Organic Frameworks (MOFs) based stor-
age systems have attracted wide interest. MOFs consist of
central metal atoms that are connected by organic linkers and
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~10 kJ/mol. We have expanded our calculations to compute
binding energy for multiple sites simultaneously, and in this
model, the binding energy per site was found to decrease as
we increased the number of H, molecules suggesting electronic
and steric factors controlling the overall uptake capacity. The
calculated adsorption isotherm using the GCMC method
reproduces the experimental observations. Further, the mag-
netic coupling computed for the unbound MOF reveals
moderate ferromagnetic and strong antiferromagnetic coupling
within the tetrameric {Mn,} unit leading to a three-up-one-
down spin configuration as the ground state. These were then
coupled ferromagnetically to other tetrameric units in the MOF
network. The magnetic coupling was found to alter only
marginally upon gas binding, suggesting that both exchange
interaction and the spin-states are unlikely to play a role in the
H, uptake. This is contrary to the O, uptake studied lately,
where strong dependence on exchange-coupling/spin state
was witnessed, suggesting exchange-coupling/magnetic field
dependent binding as a viable route for gas separation.

extend in three-dimensional space to form a porous coordina-
tion network. MOFs possess remarkable features such as large
surface area, tunable porosity, diversity in metal functional
groups, structural and chemical tunability, which has grabbed
the interest of today’s research community and opened a new
window for various applications in the field of heterogeneous
catalysis"™ sensing,'” drug delivery,""™'”" gas adsorption!'®2®
and storage”>? etc."*? The metal center possesses unique
properties like size extensivity, functionality, and the linking of
the organic moiety to the metal part, providing architecturally
robust and more crystalline MOF with extensive porosity that
exceeds that of porous materials such as zeolites and COFs."
Unlike zeolites and other porous materials, there exists fascinat-
ing chemistry between coordinating linker molecules and the
geometry of the metal center in MOFs.*¥ The large thermal
stability of these MOFs made them amenable to various
functionalisation and modification.”” The MOF can serve as a
platform for numerous applications due to their flexibility with
which they possess fascinating structural as well as chemical
properties, which allow the incorporation of new entities in a
diverse manner.

A majority of the MOFs reported in the literature contain
paramagnetic metal ions, which offer additional electronic
flexibility and spin-coupling, aiding improved binding of guests
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and could provide clues on the cooperative binding of the
guest molecule to the framework. The cooperative properties
exhibited by MOFs, such as magnetic ordering and spin
crossover, affirm this point. Hence, controlling the magnetic
properties of MOFs by incorporating various functionalities and
paramagnetic centers and thereby tuning their gas binding
properties are crucial for the molecular design of paramagnetic
MOFs. In light of this, we were interested in tuning the
magnetic properties of MOFs through density functional
theory-based modelling studies. The series of M-BTT frame-
works (BTT*~=1,3,5-benzenetristetrazolate) where M=Cr, Mn,
Fe, Co, Ni, Cu, Cd) are promising candidates for the binding of
various gases such as hydrogen, carbon monoxide, oxygen, etc.,
and various experimental pieces of evidence prove their unique
binding affinities.'#2*4-*¥ Thys, the modification of the chemical
environment by keeping the structural features the same™?, the
M-BTT family can act as a platform for the excellent adsorption
of the various gases. Notably, Dinca etal. reported [Mn-
(DMF)el5[(Mn,Cl)5(BTT)g(H,0)4,], in rare cubic topology, which
shows uptake of H, up to 6.9 wt % at 77 k and 90 bar® which
is closer to the latest DOE target for the deliverable capacity of
8 wt% and 52 g/L. Further, this MOF exhibits isosteric heat of
adsorption of 10.1 kJ/mol, one of the highest known to date.
This unusually large uptake of H, is puzzling, and the presence
of open metal sites alone can not account for such large uptake
hence in light of this, here we have chosen the Mn-BTT
framework for the periodic DFT (Density Functional Theory)
based investigations to answer the following specific questions
(i) how many binding sites are there in this MOF and what are
their binding energy (i) what is the nature of MOF...H,
interactions?®'* (jii) is the magnetic exchange between the
metal-centers altered upon H, binding? (iv) is there any
cooperative binding among different pockets in H, uptake?®®

Computational Details

All calculations and geometry optimisation were carried out using
CP2k software using periodic boundary conditions.*’*® The TPSS
exchange-correlation functional along with DFT-D2 corrections
were used for the calculations of binding energy as well as single
point energy.”®®" The basis set chosen for Mn, C, H, N, Cl was
DZVP- MOLOPT- GTH, with a gaussian plane wave (GPW) approach.
A kinetic energy cut-off of 400 Ry was applied for the calculations
and BFGS optimisation routines. The cell parameters were obtained
by extending the unit cell in three-dimensional space using the X-
ray structure reported. The a=b=c=19.1158 A was giving the
proper repeating unit by following the periodic boundary con-
ditions. We have employed polarised spin calculations to account
for the hydrogen bonding interaction with respect to different spin
states. We have computed the energy of various spin states, such
as high spin and all other broken symmetries, and obtained the
exchange coupling interaction in order to understand the nature of
the spin coupling in the ground state.*® The Noodlemans broken
symmetry approach was used for the estimation of exchange
values. The estimation of the J value also gave the possibility to
understand the energy level structure of spin states.**” The J
values were estimated using TPSS functional and to check the
validity of the employed method, a limited benchmarking employ-
ing BLYP, Beck88 and PBE functionals was performed (See Table S1)
in ESI. While there are minor variations in the J;, all the functionals
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predict that J, is the strongest interaction and is antiferromagnetic
in nature, yielding the same ground state. Similarly, the J,
interaction is also found to be ferromagnetic, with a minor variation
in the magnitude noted. The J; interaction being very small was
found to vary, with two of the functionals predicting it to be weakly
antiferromagnetic in nature.

The partial and total density of states was computed to understand
the interaction of various d-orbitals with H, molecules. Further
calculations such as NBO (Natural Bond Orbital) and estimation of
the energy of the small model system were performed using G09
software, and AIM (Atoms in Molecules) analysis was performed
using Multiwfn software.® Several DFT, coupled-cluster and
symmetry-adapted perturbation theory-based studies®*® are avail-
able in the literature exploring various aspects related to H, binding
and uptake in MOFs.”* The research frontier for hydrogen
storage currently is how to store hydrogen at room temperature
with a pressure swing. As some of the binding site estimated here
are purely dispersive type interactions, we have checked the
corresponding binding energy for a possible basis set superposition
errors, and the counterpoise correction performed for one of the
sites reveal a minimum deviation (~0.7 kJ/mol, see ESI for further
details). Additionally, all the sites identified here have strong
support from experiments in terms of the neutron diffraction data.
Further, to check the validity of the dispersive correction employed
in our DFT calculations, we have performed DLPNO-CCSD(T)/cc-
PVTZ calculations on a cluster model optimised within the DFT
framework. For the site IV model, the DLPNO-CCSD(T) yields
binding energy of —4.2 kJ/mol, while DFT calculations yield a
relatively higher estimate (—6.4 kJ/mol, vide infra), and this
suggests a potential error bar of ~30%, and this could be due to
insufficient dispersion correction in the DFT methods employed.
Further details on these calculations and the model employed are
given in ESI (Figure S4).

Recent computational studies predicted up to 7 wt % and 24 g/L
deliverable capacities for some MOFs with a wider range of
temperatures and pressures, and their wt % is comparable to the
Mn-MOF studied here.” The adsorption isotherm simulations were
performed through the Grand Canonical Monte Carlo technique as
implemented in the RASPA software.”” The Generic MOF force
field”>”® parameters were considered to incorporate the Lennard-
Jones (LJ) parameters for the framework atoms, and Lorentz-
Berthelot mixing rules are used to calculate the cross interactions.
The H, molecules were modelled using the TraPPE force field, and
this has been used earlier for modelling H, adsorption isotherms,
though the force field parameters were not specifically tuned for
this particular system.”*”” We performed each simulation with
50,000 equilibration cycles and 50,000 production cycles and
considered insertion, deletion, translation, and rotation moves. The
supercell for simulation was created using the Molden software.
There are several literature reports on Force field-based GCMC
calculations for obtaining the adsorption isotherm for H,"® which
predict that the storage capacity is strongly correlated with the
MOF pore volume than with the MOF surface area.’

Results and Discussion

For our calculations, we have chosen the [(Mn,Cl);(BTT),]*" as
our model from the crystallographic information available in
the database.”® The chosen unit cell contains three tetrameric
units of manganese ions connected through chloride bridges,
and the nearby manganese centers are connected through the
tetrazolate bridge of the BTT®>" (Benzene Tris Tetrazolate)
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ligand.”® This structure was optimised using periodic boundary

conditions, and the optimised structure of unbound MOF's
repeating unit is shown in Figure 1(a). The computed Mn—Mn,
Mn—N, and Mn—Cl distances, Mn—Cl-Mn angle are 3.67 A,
2.18 A and 2.58 A, 90°, which is in agreement with the X-ray
structure reported (average Mn—Mn distance 3.86 A, Mn—N
distance is 2.27 A, Mn—C| distance is 2.73 A and Mn—Cl-Mn
angle 90°). Further periodic DFT calculations were performed
with a neutral unit cell with a formula of [(Mn,Cl);(BTT)s(BTTH);]
by adding protons to the non-coordinated nitrogen atoms of
the triazolate group, as suggested earlier.®” This model yields
binding energy (—13.4 kJ/mol), and this is similar to the other
models that were attempted here (—15 kJ/mol).

(b)

Hydrogen Binding by the Mn-BTT MOF

The experimental pieces of evidence suggest that the initial
framework was formulated as [(Mn,Cl);(BTT)g(H,0),,>~ where
water ligands occupy the sixth coordination site on each Mn**
ion, while charge balance is provided by [Mn(DMF),]** com-
plexes situated inside the sodalite cage-like units. The [Mn-
(DMF)¢** unit perfectly fits the large cavity formed by the eight
BTT ligands. Further thermogravimetric analysis of the frame-
work suggested that the majority of the cationic sites were
occupied by DMF, which was hindering the availability of the
unsaturated Mn?* sites and causing the reduction of the
available surface area. The exchange of DMF with methanol was
carried out in order to remove the DMF solvent and complete
the evacuation process, which resulted in a framework free of
water and methanol with more available coordination sites for
gases. Based on these experimental findings [(Mn,Cl);(BTT)g]*~
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Figure 1. (a), The geometry and representation of J; ; and bond parameters ofground state [(Mn,Cl);(BTT)g]*~ MOF. (Color code of Mn =red, Cl= Yellow,
N =Blue, C=Grey, H=white), (b), Estimated spin-state ladder based on DFT Js for H, bound (red) and unbound MOF (black) (c) The spin density plot for the
ground state of the [(Mn,Cl);(BTT)s]>~ MOF at a cut off value of 0.005 a.u., blue color indicates alpha and red color indicates beta spin density. (d) The different

interaction sites for bound hydrogen (site |, site Il site lIl, site IV) with respect to the optimized geometry.
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as an asymmetric unit is chosen for our calculations. Our target
was to understand the maximum uptake capacity for hydrogen,
and therefore coordinated solvent-free environment was chos-
en. Although the unit cell in the asymmetric unit has a
molecular formula of [(Mn,Cl);(BTT)e]>", several Mn*" cations
have open sites, and the coordination number is saturated
upon applying periodic boundary conditions to maintain
charge balance.

The binding energy (BE) for the H, intake was computed
using the following equation:

E;(MOF.Mn.nH,) — E;(MOF.Mn) — nE;(H,)
n

E[Hy(n)] =

Here ‘'n’ is the number of bound H, molecules, E;(MOF.Mn.nH,)
is the total energy of the hydrogen-bound MOF, E;(MOF.Mn) is
the total energy of the unbound MOF and nE;(H,) is the total
energy of the free H, molecules.

We have attempted to find possible H, binding pockets
within the MOF, four different positions shown in Figure 1(d) as
sites | to IV yielded the minimum energy structures. The binding
site | was at the manganese center, where hydrogen was
binding in a side-on manner at an Mn...(H,) distance of 2.7 A
(see Table 1). The Mn—Cl and Mn—N bond distances are slightly
perturbed upon H, binding. If we compare the bound and
unbound MOF geometries, it is clear that most of the structural
parameters are not altered significantly, and this suggests that
the MOF structure remains robust upon H, binding. The BE for
the site | was estimated to be —15.4 kJ/mol. The second binding
site is the Cl- ion (site 1), where the hydrogen molecule is
bound weakly to the Cl™ ion at Cl...(H,) distances of 3.05 and
3.54 A. This is an asymmetric side-on binding with the Mn—H—H
angle of 123°, and the BE for this site is estimated to be slightly
smaller (—8.5 kJ/mol). The third binding site (site Ill) is found to
be the non-coordinated nitrogen atom of the tetrazolate ring
with the H, found to bind in an end-on fashion with the N..H—H
distance is found to be 2.66 A with the N-H—H angle of 163°
exhibiting slight bend, and this is found to bind even weaker
(the BE of -7.9 kJ/mol). Site IV is identified as the carbon atom
of the tetrazolate ring with the H, binding in a side-on fashion
with the C...(H,) distances of 2.93 and 2.96 A, and this site has
the least binding energy (—6.3 kJ/mol).

The H,/D, neutron diffraction data for this MOF is reported
where the Mn...H, distance was estimated to be 2.27 A, and the
binding site with CI/C/N positions was also estimated to be in
the range of 3.47 to 3.66 A. (Table 1). Thus the positions/sites
found here strongly correlate to the experimental neutron

diffraction data obtained at 3.5 K with H,/D, loadings offering
confidence in the methodology chosen. A site | have a stronger
binding ability, we have also performed the binding of hydro-
gen for other M-BTT series (M=Cr, Fe, Cu) and compared their
trend in binding energies (BE (in kJ/mol)=—-16, —39, —24,
respectively) for the site | and found that the strength of
interaction follows Fe >Cu>Cr> Mn. As Fe-BTT was found to
have stronger binding than Mn, this trend is also consistent
with experiments "

Going by this site binding pockets for each tetrameric
model [(Mn,Cl);(BTT)s]>~ there are four sites |, one site Il, sixteen
sites lll, and eight site IV available for binding. Though the
ligand BE is relatively smaller, as the available positions are
larger for the ligands (twenty-four positions if we put sites llI
and IV together) and therefore, it has a greater uptake capacity.
If the average binding energy for all four sites were computed,
it turns out to be 9.6 kJ/mol per H,. This is strikingly correlated
to the ~10 kJ/mol isosteric value obtained from experiments,
offering confidence in the methodology chosen.*®

Further, we have looked at the computed Hirshfeld charges,
which reveal a net positive charge on the H, molecule with a
substantially smaller magnitude for site II-IV than the site |
(Table S2). This suggests a donation of ¢ bonding electrons of
H, to the bonded atom:s.

The site | interaction of H, with the Mn?>* cation is found to
be in the %* mode of binding, and hence the interaction
between the metal and the H, molecule suggests a donation of
o (H,) to the d,? orbital of the Mn?* ion. Clearly, as Mn*" is half-
filled, this donation is weaker as only 3-orbitals are available for
acceptance.

If the d,* orbital is completely vacant (such as for d*
configuration), these may yield stronger metal...H, interactions.
Additionally, a back donation from d,, to o*(H,) though
possible, we did not witness such interaction in this model.

To understand the interaction between the H, molecule and
the binding site, AIM analysis was performed (see Figure 2). The
following point emerges from this analysis (i) a bond-critical
point (BCP shown as a blue dot) is visible between H, and the
binding site atom for all sites. For sites | and IV, a symmetric >
H, binding mode was detected, while for sites Il and Ill, an
asymmetric 5'-H, was visible. (i) In addition to the BCPs, site Il
also exhibits a ring critical point (RCP (3, +1) ) between the N
atom and the H, molecule. (iii) in all the sites, the core electron
density is not perturbed, and only the valance shell is found to
interact with the H, molecule (iv) for site lll, the H, molecules
are not approaching the tetrazolate ring nitrogen atom along
the nitrogen lone pair, and this suggests the donation of o(H.)

Table 1. Selected structural parameters for various binding sites for the bound and unbound MOF, (where X=each binding site) along with neutron

diffraction data reported from experiments.

parameters Mn—Mn [A] Mn—Cl [A] Mn—Cl-Mn [°] Mn—N[A] X—H,[A] X—H,[A]
(OFT) (Exp)

Unbound 3.66 2.592 89.99 2.183 -

Site | 3.68 2.604 89.99 2.183 2.54 227

Site Il 3.66 2.589 89.94 2.178 3.10 3.66

Site Il 3.66 2.588 89.99 2.195 2.70 3.26

Site IV 3.66 2.583 90.00 2.184 2.92 4.72
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Figure 2. The AIM analysis plot for (a) site | (b) site Il (c) site Il (d) site IV obtained from Multiwfn software.

to the nitrogen m* orbital and the computed charges also
exemplify this point (v) the |V(r)/G(r)| ratio indicates that the
site...H, interactions are closed-shell ionic interactions, with a
greater covalency detected for the site | and lesser for sites Il-
IV, with the strongest ionicity detected for site II.

To quantify the donor-acceptor interactions for the site | to
IV, we have performed an NBO analysis. The second-order
perturbation theory analysis indicates a very strong o(H,)—
Mn(d,?) donor-acceptor interaction with a strength of 7.6 kJ/mol
(Figure 3) for the site | and 5.5 kJ/mol for Cl(nb)—o*(H,)
interactions (Figure 3). The estimation of the NPA charges
suggests that the bound and unbound -Cl atom charges vary
by ~0.018. Similar variations are also seen for the C and N
atoms that lie closer to the H, position, rationalizing the

()

l(P)—c*H

H(0)-(d,) Mn("). E= 5.5 ki/mol

E=7.6 ki/mol

Figure 3. The Natural Bond Order analysis for the hydrogen binding at (a)
Site I, (b) site Il. See inset for the axis.
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observed BCPs in the AIM analysis (see Table S3 in ESI). To
assess and analyse the nature of BCP on expanding the basis
set, we have performed calculations on a model system using
def2-TZVP, def2-QZVPP and cc-PVQZ basis set approaching the
complete basis set limit. Calculations on these models indicate
that the Cl....H, interaction is intact, as revealed by the
computed Laplacian values (see Table S6).

Multiple donor-acceptor interactions are found for sites llI
and IV, albeit with a strength of <1 kJ/mol (see ESI Figure S1).

The total density of state reveals a significant bandgap of (~
1.79 eV), revealing a non-metallic character of this material (see
Figure S3). Further, we have analysed the partial density of the
state (pdos plot) for hydrogen-bound MOF to gain insight into
the bonding® ® (Figure 4). The following points emerge from
this data (i) for the site | two variations are noted with the peak
corresponding to the conduction band of d,? orbital moving
towards the Fermi level upon H, binding, and the correspond-
ing valance band d,? orbital getting further stabilised, affirming
the bonding picture described earlier also holds valid for the
periodic systems (Figure S2). Secondly, the peak corresponding
to the valance band of the d,, orbital shifts closer to the Fermi
level, and the corresponding conduction band moves away
from the Fermi level, indicating back donation of the d,, orbital
to o*H,) orbital. (ii) for site I, the valance band peak
corresponding to the p-orbital of the Cl ion is found to shift
towards the Fermi level, affirming Cl(nb)—o*(H,) interaction.
The presence of d, orbital near the Fermi level (E=

© 2022 Wiley-VCH GmbH
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Figure 4. (a) The partial density of state for unbound MOF (b) The partial density of state for hydrogen bound MOF, where the black dotted lines indicate the
Fermi energy levels. (c) The partial density of state plot for site | (Mn-d,? orbital) and site Il (Cl-p-orbital).

—0.15 a.u.) is also reflected in cluster model calculation employ-
ing hybrid B3LYP functional.

Experimentally neutron powder diffraction was performed
to explore various binding packets with various proportions of
deuterium loading."® Experiments reveal a strong Mn...H,
binding as shown in site | with the Mn...H, distance of 2.27 A.
These data are consistent with our calculations yielding the
strongest binding energy for this site, offering confidence in the
computed binding energies and the geometries. Further experi-
ments also suggest possible binding at the —Cl site and taking
up more H, at the ligand cavity (sites Ill and IV). All these
experimental observations, including the number of H, uptake
in various sites estimated from neutron data, agree with the
computed results.

H, Uptake Capacity of Mn-BTT

The Mn-BTT MOF has been experimentally shown to have an H,
uptake capacity of 6.9 wt% at 77 K at 90 bar pressure, with the
storage density reaching up to 85% of that of liquid hydrogen.
This suggests that the four sites described above have multiple
H, uptake capacities, without which such high uptake capacity
can not be reached. We have performed periodic DFT
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calculations further to understand the energetic cost of such
multiple H, binding modes and packets. We have performed
calculations on six different models which combine various sites
in various propositions (figure 5). Model I-I corresponds to the
addition of two H, in two different Mn?" sites. This is performed
to check if there is any cooperative binding between two metal
sites. The binding energy for model |-l is found to be (—14.9) kJ/
mol per H, molecule, which is slightly lower compared to the
site | binding energy (Table 1). In the next model, we have kept
model |- and added one molecule on site Il (model-I-I-1l) or one
(model I-I-1l) or two (models I-I-llI-ll) H, molecules in site Ill, and
the BE computed for these models are —13.7, —12.2 and
—10.2 kJ/mol per H,, respectively. In the next step of calcu-
lations, model I-I-lll-ll was taken, and an additional H, was
added to site IV (model I-HII-II-IV), for which the BE was
estimated to be —8.6 kJ/mol per H, molecule, and this is smaller
compared to 10.6 kJ/mol obtained if we add individual site
binding energies.

The addition of another H, to this model (model I-I-IlI-IlI-11l-
IV with six H, molecules) yields BE of —8.1 kJ/mol per H,
molecule, which is also ~2 kJ/mol lower than the individual BE
computed. It is clear from this trend that the addition of further
H, molecules is likely to yield similar BE. With six H, molecules,
the BE tends to reach saturation, and at this point, the addition
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Model I-I-1lI1-1I-IV

Figure 5. The interaction of hydrogen with the manganese framework for model (a) to

of additional H, is likely to be unfavourable except when the
pressure is increased. We have plotted in Figure 6(a), the
expected BE based on individual sites and the computed BE for
various models. Up to three H, addition, the trend is similar,
suggesting the additive nature of BE. However, further addition
of H, molecules in sites Ill/IV tends to yield smaller BE than the
value obtained for individual sites, suggesting a saturation level.
To understand the reason behind the observed BE pattern, we
have computed both interaction energy (IntE) and deformation
energy (DE) by considering the binding at all sites as per the
established procedure® (see Table 2) (see ESI for the equa-
tions 1 and 2 used). The DE reflect the deformation in the MOF
and H,, and when examined separately, the deformation in H,
has amounted to less than 1 kJ/mol, and this suggests that a
major part of deformation arises from the MOF part .ie a
significant portion of the deformation energy is due to
deformation in the MOF geometry. Among different sites, the
DE computed is found to be in the range of 23-38 kJ/mol, with
sites Il and IV having the maximal deformation energies.

The interaction energy accounts for chemical interactions
between two deformed fragments brought from infinity to their
position at the equilibrium geometry and allowed to interact
(see equation S1 in ESI, Table 2). As this reflects the interaction
between two fragments (MOF and H,), this is likely to yield
better insights.

The IntE for site | is —47.8 kJ/mol indicating a strong
interaction between Mn?* and H,. For site II, on the other hand,
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Figure 6. (a): The plot for the BE calculated vs expected for various models
obtained from DFT calculation. (b) The adsorption isotherm plot for
hydrogen uptake at 298 K, upto 60 bar pressure (GCMC calculations).
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Table 2. DFT computed BE for individual sites/models along with the
computed Interaction energy (all in kJ/mol).
Binding sites for H, IntE The Binding Energy
Site | 47.7 —154
Site Il 322 -85
Site Il 46.8 -7.9
Site IV 44.6 —6.4
Model Il - —14.9
Model I-I-11 —13.7
Model I-I-1l - —12.2
Model I-I-11I-111 - —10.2
Model I-I-II-II-IV - —8.6
Model I-I-1-1-11-IV - —8.1

the IntE energy dropped by 30% compared to site | (—32.2 kJ/
mol), and this is due to the weaker binding of H, at the Cl site
(See Table 2). The adsorption isotherm was simulated using
GCMC simulation (Figure 6b) by incorporating the classical
interactions of hydrogen employing X-ray geometry at 298 K, at
a pressure range of 0-60 bar. The blue colour indicates the
experimental isotherm, and the black colour, the simulated
curve. Both the value as well as the trend are in line with the
experiments, though the calculated data is slightly lower than
the experiments.

Magnetic Exchange Interactions in Unbound MOF

This MOF has three types of exchange interactions. The J,
denotes the interaction between adjacent manganese centers
which are connected through the BTT ligand and via u,-Cl
bridge with the Mn—Cl-Mn angle being <90°. The J, describes
the interaction between Mn centers which are connected only
through a chloride bridge with the near-linear Mn—Cl—-Mn
angles. The J; interaction describes magnetic coupling among
{Mn,} tetrameric units connected by the BTT ligands (see
Figure 1(a)). The computed value of J, is +1.1cm™, J, is
—51cm”, and J; is +13 cm™ respectively, for the unbound
MOF (Table 3). The J; interaction is ferromagnetic due to the
acute Mn—Cl-Mn angles, which render the SOMOs orthogonal,
leading to weak ferromagnetic coupling. Although the mag-
netic characterisations are not available for this MOF, the Mn(ll)
dimer reported with -Cl bridge having Mn—Cl-Mn angle of
<95° reported®™ to have weak ferromagnetic Js which is
consistent with our estimate offering confidence. The J,
interaction is strongly antiferromagnetic in nature, and with
near-linear Mn—Cl-Mn angles, the overlap between the SOMOs

Table 3. The comparison of exchange interaction before and after hydro-
gen uptake.
Jylem™] J,lem™] Jy[em™]

Unbound MOF 1.1 —50.8 1341

Site | 1.1 —51.2 13.1

Site Il 1.2 —-53.0 135

Site Il 0.91 —-514 13.1

Site IV 0.77 —51.7 13.0
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is very strong, leading to strong antiferromagnetic coupling.
The orbital analysis (vide infra) reveals that the d,? orbital of the
Mn(ll) atoms lies along the -Cl ligand leading to strong head-to-
head overlap and hence strong antiferromagnetic coupling.
Further, Mn-d,, |Cl-p, and Mn-d,,|Cl-p, orbital were also found
to have z-type interactions strengthening the antiferromagnetic
Js. This is affirmed by NBO analysis (vide infra). The J; interaction
is also found to be ferromagnetic in nature. Though the BTT
ligand's strong s electronic cloud could facilitate strong over-
lap, the ligands do not lie in the same plane as the tetrametric
{Mn,} cores resulting in the poor overlap between SOMOs of
two {Mn,} tetramers. Further, as this exchange is between two
Mn...Mn atoms that lie far away (shortest Mn...Mn distance is
9.9 A), McConnel type spin polarisation mechanism is visible. As
an odd number of spacers present between any two Mn(ll)
atoms, this results in strong ferromagnetic coupling. A strong
antiferromagnetic J, and ferromagnetic J; and J; lead to
competing interactions. We have performed the phenomeno-
logical spin Hamiltonian analysis using the MAGPACK suite’®
using the computed J values to assess and analyse various spin
ladders that arise due to magnetic coupling. This yield for an
{Mng} motif, S=5 as the ground state revealing strong
competing interactions among the Mn(ll) ions (note there are
more J; interactions than J, in the network, though the latter
magnitude is larger, see Figure 1(b)) with an S=6 and S=4
state close lying in energy. We have also performed MAGPACK
simulation by varying the J; value from 13 to 51, and
corresponding E/J values were plotted, which suggest that the
ground state remains unaltered for the |J,/J;| ratio in the range
of 4 to 2.2 (see FigureS11). While magnetic susceptibility
measurements were not performed on this particular MOF,
there are several experimental studies on other Mn(ll) MOFs
possessing weak antiferromagnetic coupling, which is consis-
tent with our values.®”® Further, there are several studies on
magnetic exchange mediated by the tetrazolate ligand similar
to the connector employed here, exhibiting moderate antiferro-
magnetic coupling, as witnessed here.”™ Further, the long-
range ordering that is witnessed in many MOFs®", could be
attributed to the magnetic coupling of several S=5 states that
are expected to manifest at low temperature - thanks to the
ferromagnetic J; interaction.

We have also explored the ground state of the system by
analysing the energies of various broken symmetry configu-
rations. The ground state of the tetrameric {Mn,} unit is found
to have one manganese spin-down and the other three Mn
center spin-up, as shown in Figures 1(c) and S3. Both the
computed spin-state configurations and the exchange Hamil-
tonian simulation with MAGPACK yield this as the ground state
configuration for the given set of J values. As the H, bound to
various sites is expected to influence the magnetic interactions,
we compute the corresponding magnetic coupling with an aim
to see if there are variations in the magnetic coupling before/
after the gas binding. To begin with, we have calculated J;-J;
for various H, bound models discussed above (sites | to IV, see
Table 3). For all four sites, the nature of coupling remains the
same, .i.e, antiferromagnetic for J, and ferromagnetic for J; and
J;. Only a minor variation in the Js is noted as the binding of H,
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Figure 7. The energy difference between various spin configurations for (a)
unbound and (b) H, bound Manganese center in Mn-BTT.

is very weak, and this is in contrast to our recent work on Cr(lll)
MOF, where O, binding was found to substantially alter the
magnetic exchange coupling."® For the site |, the J, interaction
was found to increase slightly compared to the unbound MOF.
As the Mn(ll) centers move from square-pyramidal to octahedral
upon H, binding, the overlap of the d,? orbital along the Mn—Cl
bond increases leading to slightly larger antiferromagnetic
coupling. Although the magnitude of Js is altered upon H,
binding, the nature of the coupling remains the same, and
therefore, the ground state configuration is the same as that of
the unbound MOF, as shown in Figure 1. The J value computed
for site Il reveals a slightly larger J,, and this is due to the H,
being bound to Cl which alters the Mn—CI-Mn angle slightly
(from 179° in unbound MOF to 175.5° in bound MOF). As the
bound H, is far from the Mn”* ions, only minor perturbations in
all three Js are noted for sites Ill and IV.

The energy gap of the ground-excited states is perturbed
upon H, binding; however, the corresponding spin-state order-
ing remains the same (for example, the first excited state is all
spin-up configuration for both bound and unbound MOF).
Further, as the excited states are higher in energy by more than
15 kJ/mol, and this is much larger than the binding energy
computed for each H, molecule, the role of excited spin-
coupled states in gas binding can be neglected. (Figure 7)
Further, we have calculated the binding energy of H, (the site )
for the high-spin state (spins are up in the Mn(ll) centres), and it
is found to be —15.3 kJ/mol, which is the same as the ground
state suggesting that spin configurations are not altering the
gas binding capacity in this MOFs. A similar analysis performed
on MOF-74 also yielded a difference of 0.8 kJ/mol across various
spin ladders.®

Conclusions

Periodic DFT calculations were performed on [(Mn,Cl);(BTT)g>~
the metal-organic framework to assess and understand various

ChemPhysChem 2022, e202200257 (9 of 11)

H, binding pockets and the nature of the interaction between
the gas and the MOF architecture. Further, as the Mn(ll) ions are
bridged by -Cl and the benzene tris tetrazolate ligand, strong
exchange interaction was expected. Our calculations suggest
there are three different exchange interactions present in this
MOF, which were estimated to be ferro or antiferromagnetic
leading to a three-up-one-down spin configuration for each
{Mn,} tetrameric unit resulting in an S=5 state which is found
to be weakly ferromagnetically coupled to other tetrameric
units in the MOF network. Our calculations suggest four H,
binding sites | to IV, with the strongest binding detected at the
metal site with the Mn?*...H, in n” mode of binding with the
distance of 2.27 A and binding energy of —15.4 kJ/mol. The
bonding analysis performed using NBO and AIM analysis reveal
a donation of ¢ (H,) to the d,? orbital of the Mn?* ion. The
binding of H, at the —Cl (site 1) and other ligand packets (site Il
and IV) were found to have favourable binding, with the
computed binding energy decreasing in the following order | >
II> 111> 1V, which was also validated by the interaction energy
calculations. The average binding energy computed for these
four sites was found to strikingly match the experimental
isosteric value (9. 5 kJ/mol vs ~ 10 kJ/mol). For sites Il and IlI, an
asymmetric 5'-H, binding with -Cl and -N atoms was detected
and in all cases, AIM analysis indicated a bond-critical point
affirming stronger interactions. The Mn...H, interaction is found
to have strong covalency, and significantly less covalency is
found for other sites. Various models were explored for multiple
H, uptakes, and these calculations suggest that the computed
binding energy is additive up to the uptake of three H,, beyond
which it decreases. This implies that the addition of H, at
various sites simultaneously reduces the overall per-site binding
energy leading to saturation. Here both electronic and steric
factors are expected to play a role. The magnetic exchange
computed upon binding yields only minor alteration in the Js,
which reveals that spin-state and exchange-coupled state are
unlikely to play a role in the H, uptake/storage, which is in stark
contrast to O, binding in Cr-MOF reported.
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