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Abstract

The nucleation process of zeolitic imidazolate frameworks (ZIFs) is, up until now, not yet com-
pletely understood, making the search for tailored materials very difficult. Recently, it has been
shown that, during the formation process, the symmetry of the precursors is reduced by ligand
elimination and substitution reactions. The octahedral precursors with simple ligands, such as
water, methanol, and/or NOj; are transformed to 5 and finally 4-coordinated complexes with
imidazole ligands. This reduction of the symmetry, caused both by the changing coordination
environment as well as distortions from the perfect symmetry leading to another point group,
will have a large influence on the electronic structure and more specifically on the d-orbital
splitting. This, on his turn, will affect the d — d electronic excitations which can be followed by
using UV-Vis spectroscopy and which can help to unravel the formation process. In this work,
we systematically investigate how the lowering of the number of ligands affects the symmetry
and thus the geometry and electronic structure of Co*™ complexes with 6, 5, and 4 aqua lig-
ands. Therefore, we first resort to qualitative techniques, such as crystal field theory (CFT) and
ligand field theory (LFT), which reveal that the orbital splitting is characteristic for the num-
ber of ligands. However, as these techniques are not capable of providing quantitative results

without the use of experimental data as input, we perform various computational calculations.



Both average of configuration (AOC) and unrestricted density functional Theory (UDFT) are
thoroughly investigated and we will determine which technique is the best suited to properly
describe the ground state of these systems. To investigate the dependency on the d-orbital oc-
cupation, we also investigated V>*, Mn?", and Ni?" hexa-aqua-complexes and compared them

to the Co systems.

1 Introduction

Zeolitic imidazolate frameworks (ZIFs) are a sub-class of metal-organic frameworks (MOFs) in

which divalent metal cations, mostly Fe?*, Co?", Cu?*, or Zn?", are tetrahedrally coordinated

1,2,34,5,

by bridging imidazolate-type linkers 6. Since the cation-linker-cation angle in ZIFs is sim-

ilar to the Si-O-Si angle in zeolites, they are topologically isomorphic, hence their name!74?.
ZIFs are due to their chemical stability, robust porosity, and resistance to thermal changes very
promising candidate materials for several applications. Among others, we mention the use

1 and

as catalysts or carbon dioxide caption materials'?, molecular sieves for gas separation’
high-impact shock absorbers 2. Zn-ZIF-8 is a typical model system, consisting of tetrahedrally
coordinated Zn?" ions bridged by 2-methylimidazolate (2-mIm)!3°131415 " By replacing the
Zn%t cations with Co?t, the iso-structural Co-ZIF-67 is obtained 1617181 which has a sodalite

topology and Co(2—mIm)ﬁ’ tetrahedral secondary building units (SBUs) as shown in Figure 1.
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Figure 1: Crystal structure of Co-ZIF-67. Co?" is indicated with a circle when it is isolated and
with a tetrahedron when coordinated with the 2-mIm linkers. Figure adapted from Ref.?° with
permission of Elsevier, 2015.

An in-depth understanding of the formation process of these materials is indispensable for a
targeted search for structures with the best properties for a specific application, as this is at the
moment mainly done via high-throughput synthesis?!. Although the particle nucleation step is
more or less understood by now?2??, the underlying molecular assembly processes in the pre-
nucleation stage have been less thoroughly investigated and remain largely unknown. Only
very recently, a combined experimental-computational study has been conducted?, in which
it is suggested that, during Co-ZIF-67 nucleation, a metal-organic pool with a variety of com-
plexes is formed caused by ligand elimination and substitution reactions. This is visualized
with green and blue arrows respectively in Figure 2. In this way, the symmetry of the octa-
hedral precursors in methanol solution, [CoL¢]?t, with L simple ligands like aqua, methanol,
and/or NO;, is lowered by 2 mechanisms during the nucleation process. On one hand, some
of the ligands are substituted with imidazole, on the other hand, some of them are eliminated.
The complex thus goes from [CoLg]**, an octahedral system with 6 simple ligands, over a 5-
coordinated system, towards Co(Z—mIm)i*, a tetrahedral complex with 4 2-mIm ligands, which
are the building blocks of Co-ZIF-67. In order to fully understand this complicated mechanism,

we would like to follow the evolution of the UV-Vis spectrum, and more specifically, of the d — d



transitions, as the number of them and the intensity with which they occur, change during the
course of the formation process and can therefore serve as a fingerprint for the crystal formation
process. An excellent recent review on computational molecular spectroscopy can be found in
Ref.?.
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Figure 2: Reaction network of ligand elimination- and substitution reactions leading to fast
pre-equilibrium formation toward a metal-organic pool. Co*" complexes with 6, 5, and 4 aqua
ligands are studied in this work and are indicated. Figure adapted from Ref.?* with permission

of Elsevier, 2021.
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In this work, we investigate 6-coordinated octahedral, 5-coordinated square pyramidal (SP),
5-coordinated trigonal bipyramidal (TBP), and 4-coordinated tetrahedral Co?" complexes, as
shown in Figure 2. We restrict ourselves to aqua ligands as, in particular for hexa-aqua Co**
complexes, we can compare our results to previous studies. We will concentrate on the ground
state properties as they need to be described correctly and understood completely before an in-
vestigation of the excited states can be started. The ground state properties of TMCs still pose
various challenges as for example recently shown in Ref.?® and in Ref.?’ for the calculation of

spin state energetics.

As stated before, octahedral Co?"aqua-complexes have already been extensively studied in
literature. Structural properties and excitation energies have been obtained from experimental
studies?82930313233 " Besides this, [Co(H20)s]*" has also been the subject of many computa-
tional investigations as it can serve as a model system for much more complicated Co?* com-

plexes, and, due to its small size, direct comparisons to highly correlated ab initio calculations
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are feasible3*. A detailed review of the ground state properties using a wide variety of com-
putational methods has been given in Ref.?>. More recent works also investigate the excited
states, but this lies outside the scope of this work3¢¥3%39, These complexes have also already
been investigated using multireference ab initio calculations where solvent effects have been

included .

In the present study, we will extend the computational results by examining the electronic
structure of these complexes, and more specifically, we will focus on the influence of symmetry
on the position of the energy levels of the d—orbitals as this is decisive for the d — d transitions.
There are two origins for the changes in symmetry. First of all, large influences are expected
when the number of ligands is changed, resulting in various coordination environments, i.e.,
octahedral, SP, TBP, and tetrahedral. Furthermore, additional effects will be studied for the
various point groups encountered for each coordination environment as we will notice that de-
viations from the perfect symmetry are present. We will search for, and find, stable structures
which are capable of reproducing the experimental data. Furthermore, we will explore how
the properties of these complexes change when 1 and 2 of the aqua-ligands are removed and
how this reduction in symmetry is translated in alternations of the d-orbital splitting. In order

to validate our results, we will make comparisons with experimental data where possible.

The remainder of this work is organized as follows. First, we focus on the qualitative pre-
dictions for the d-orbital splitting in various coordination symmetries obtained from theoret-
ical techniques such as crystal field theory (CFT), Ligand field theory (LFT), and the angular
overlap method (AOM). In the next section, the results from DFT calculations, both average of
configuration (AOC) and unrestricted density functional Theory (UDFT), are discussed. The
molecular orbitals (MOs) with large contributions from d-orbitals will be studied in-depth and
more particular, we will concentrate on the influence of symmetry on the splitting of these
orbitals. We will determine which technique is suited to correctly describe the ground-state
properties of these transitions metal complexes (TMCs). Besides Co®>*, we will also investi-
gate other transition metals, VZt, Mn?t, and Ni?t, of which the d-orbital splitting poses less
challenges, as will be explained in Section 3.6. In the final section, we conclude with the main
outcomes obtained in this study. An overview of the systems studied in this work is given in

Table 1.



Number of

aqua ligands Symmetry Visualisation of geometry Elements studied

6 Octahedral Co?t, V&t Mn?t, Ni2t
5 Square pyramidal (SP) Co**

Trigonal bipyramidal Co?+

(TBP)
4 Tetrahedral Co?*+

Table 1: Overview of the complexes studied in this work, ordered based on their number of
aqua ligands. For every system, both AOC and UDFT calculations are performed. Experimen-
tal data are available for the 6-coordinated complexes.

2 Qualitative insights into the d-orbital splitting via CFT, LFT and
AOM

In the past century, several theoretical models have been introduced to describe the electronic
structure of TMCs, which are still extensively used. First, Becke and Von Vleck applied the CFT,
which already existed for the description of metal ions in crystals, to isolated TMCs*4243 In
this electrostatic approach, ligands are approximated by point charges. The metal d-orbitals
pointing towards the ligands will raise in energy due to electrostatic repulsion, whereas the
d-orbitals directed between the ligands remain relatively unaffected. As such, this approach
predicts the d-orbital splittings in coordination complexes with various symmetries. However,
as this method does not describe metal-ligand bonding, LFT, combining CFT and molecular
orbital theory (MOT), has been introduced by Griffith and Orgel**. It describes the interactions
between metal and ligand frontier orbitals which are responsible for the formation of MOs.
Additionally, the AOM takes into account the angular geometry of the complex and estimates
the strength of interaction between individual ligand orbitals and metal d-orbitals based on

their mutual overlap?>#®. The benefit of this technique is that it is capable of treating systems
P q P g sy

with little or no symmetry. This comes at the cost of the large number of parameters to be de-



termined from experiment?’. These models present different approaches to solve the electronic
structure of TMCs and all have their advantages and disadvantages, but in general, they give
the same qualitative results. These methods can be made quantitative by determining the pa-
rameters from experimental absorption spectra. However, we will not focus on this and only

give a qualitative explanation of the results as shown in Figure 3 for complexes with various

symmetries.
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Figure 3: Splitting of the d-orbitals for a TM in various environments. For an isolated TM,
all d-orbitals are degenerate, whereas for complexes with octahedral, SP, TBP, and tetrahedral
symmetry, the degeneracy is (partially) lifted. The splitting between the two orbital sets in
octahedral and tetrahedral complexes is denoted by A, and A; respectively. The labeling of the
d-orbitals in the various point groups is also indicated.

For an isolated TM ion, all 5 d-orbitals are degenerate, i.e., d,2, dxz,yz, dyy, dxz, and d;, in-
dicated in purple, yellow, red, green, and blue respectively, and have the same energy. A
graphical visualization of these orbitals is shown in Figure 4. Two of them, i.e., d,> and dxz_yz,
have lobes which are oriented along the coordinate axes, whereas the lobes of the other orbitals
are situated in between the coordinate axes. As will be discussed later, the orientation plays
an important role when coordinating with ligands. When the TM atom is surrounded by lig-
ands, the average energy of the 5 d-orbitals is above that of the free ion orbitals, because of the
electrostatic field generated by the ligands. Furthermore, the degeneracy of the d-orbitals is
(partially) lifted. This will be studied in the subsequent paragraphs for 6-, 5, and 4-coordinated

complexes.
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Figure 4: Graphical visualization of the 5 d-orbitals: d,, dxz,yz, dyy, dyz, and dy;.

Octahedral complexes have 6 ligands positioned along the coordinate axes and situated at the
corners of an octahedron with the TM in the center as shown in Figure 3. The degeneracy of the
d-orbitals is raised partially as they split in 2 degenerate orbital sets: f>; and e;. d 2 and d,2_,»
with lobes directed towards the ligands are raised in energy by the electrostatic repulsion be-
tween the electrons of the TM and the ligands and form the e, set. The t, set contains dyy, dx,
and d,;, with lobes oriented in between the ligands and therefore, they remain relatively unaf-
fected. The energy gap between these 2 sets is indicated in Figure 3 by A,, where the subscript
o denotes that this is the splitting for octahedral complexes. When we assume that the ligands
are spherical symmetric, the corresponding symmetry is octahedral, O;. However, as will be

seen later, the symmetry will be lowered for aqua ligands.

When removing one ligand, a distinction needs to be made between the removal of a ligand
oriented along the z-direction or one lying in the xy-plane. When one of the ligands along the
z-direction is eliminated, the SP structure, which belongs to the Cy, point group, is obtained.
d,2, dy;, and d,, are stabilized, compared to the octahedral case as the repulsive interaction be-
tween the orbitals and one of the ligands on the z-axis is now no longer present. When one of
the ligands in the xy-plane is removed, the TBP structure, belonging to Dsy,, is retrieved. Com-
pared to the octahedral complex, dyy and d,-,» are increased/decreased in energy respectively
because they point more/less towards the ligands. The application of the AOM shows that the
overall splitting of the d-orbitals is smaller in D3, than in C4, symmetry®. The labeling of the

orbital sets in these point groups is indicated in Figure 3.

When, starting from the TBP structure, another ligand is taken out along the z-axis, we ob-
tain a tetrahedral structure with T; symmetry, in which the ligands are situated in between
the coordinate axes and at the origin. In contrast to the octahedral complex, dyy, dy., and d,
grouped in {5, now point towards the ligands, whereas d,>_2, and d,2, forming the e set, are

situated in between the ligands. Therefore, the e set is more stable compared to the ¢, set. In



a similar way as for the octahedral complexes, we can define A;, the splitting between the t5,
and eg orbitals. A; is smaller compared to the octahedral case, since the ligands are not oriented
directly towards the d-orbitals and therefore the effects will be smaller. This is in agreement

with AOM calculations, which show that Ay ~ §A,%.

These d-orbital splittings are in accordance with the LFT results of Solomon et al. %0 who stud-

ied 6-, 5-, and 4-coordinated Fe?*-complexes with oxygen-type ligands.

As stated before, quantitative d-orbital splittings can be obtained from techniques such as LFT
by using experimental input data. However herein, we will perform computational calcula-
tions based on DFT in order acquire quantitative d-orbital splittings for Co*" aqua- complexes,
as will be discussed in Section 3. As a consequence, we will perform computational calcula-
tions in order to obtain qualitative results for Co** aqua-complexes, as will be discussed in
Section 3. These ab initio results can then be compared to the theoretical predictions shown in

Figure 3 and to the available experimental information.

3 Quantitative Ab initio calculations: AOC and UDFT

In this section, the computational techniques used to study Co?"-complexes with 6, 5, and 4
aqua ligands are explained. The results are analysed and compared to the qualitative outcomes
shown in Figure 3. Before diving into this, attention is paid to the different spin multiplicities

Co?"-ions can possess.

The Co?"-ion has 7 d-electrons which can be placed in 5 d—orbitals. There are 2 possible spin
multiplicities, 4 and 2, forming the high spin (HS) and low spin (LS) configuration respectively.
In the former, as much as possible electrons are unpaired, whereas in the latter, only 1 unpaired
electron is present. According to the spectrochemical series, water is a weak ligand®!. There-
fore, A, in octahedral complexes is rather small and the energy needed to pair 2 electrons is
larger than the energy required to place an electron in the higher-lying e, set. Hence, the HS
state of [Co(H,0)s]>* is more stable, resulting in 5 a- and 2 B-electrons. This is also in agree-
ment with the DFT study on relative stabilities reported in Ref. 52 Moreover, since A; < A,, we
can conclude that the HS configuration of the tetrahedral complex will also be more stable than

the LS state. Finally, it has also been observed that, in 5-coordinated complexes, ligands with



oxygen donor atoms usually result in HS configurations®>>4.

In this work, 2 types of calculations have been performed, AOC and UDFT, both based on
DFT. In AOC, a spin-restricted self consistent field (SCF) DFT calculation of the d” configura-
tion is performed, in which the d-electrons are distributed evenly among the 5 MOs dominated
by d-orbitals. This results in an average occupation of 1.4 electrons. One thus allows systems
with fractional occupation numbers. Indeed, one of the great advantages of DFT is, as it is
based on the electron density, that there is no formal constraint that orbitals must have integer
occupations®. Remark that the spin multiplicity is not imposed in these calculations. Mean-
while, in UDFT, the spin multiplicity is specified and all of the 5 x-orbitals are filled, whereas

only 2 B-orbitals are occupied.

In the following, the AOC results are discussed in detail for [Co(H,0)]*", [Co(H20)5]**, and
[Co(HzO)4]2+. We systematically investigate how the lowering of the number of ligands affects
the symmetry and thus the geometry and electronic structure of these Co*"-complexes. This is
followed by a comparison between AOC and UDFT. As outlined in the computational section,

optimised structures have been obtained using UDFT.

3.1 Computational Details

The calculations, both AOC and UDFT, were performed with the Amsterdam modeling suite
(AMS)?°. The TZ2P+ basis set, with extra d-Slater type orbitals (§TO), has been applied for the
transition metals and the TZ2P basis set has been used for the other elements. Methanol has
been included as a solvent using COSMO®’. Radon et al. recently revealed that the inclusion
of the second solvation shell is important to properly determine the exited states of octahedral
aqua-complexes®’. However, for the aqua-complexes studied in this work, the environment is
more complex and consists of both water and methanol to mimic the experimental conditions
valid in the formation of ZIFs. A full study of the influence of the complex solvation environ-
ment on the chemical and electronic properties of the aqua-complexes is beyond the scope of
the manuscript, since here we focus on the influence of reducing the number of aqua ligands
directly coordinated to the transition metal. Scalar relativistic effects were taken into account
using the ZORA formalism %%, Grimme D3 dispersion corrections, which affect the geom-

etry but not the orbital energies, have also been added®!. We have made use of several func-
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tionals coming from different rungs on Jacob’s ladder in order to test their performance in re-
producing the d-orbital splitting of [Co(H,0)e]?>" with Dsj, symmetry, which will be explained
in Section 3.2, by using AOC calculations. We assessed the following functionals: BLYP®? and
BP86% based on the generalized gradient approximation (GGA), M06L% and MN15L® built
on the meta GGA (mGGA), O3LYP®®, B3LYP®%2 X3LYP®, PBE0®’, and MN157° as hybrid
GGA, with 12, 20, 21.8, 25 and 44 % of Hartree-Fock exchange, the hybrid mGGA TPSSh7172
with 10% Hartree-Fock exchange, and the long-range corrected CAM-B3LYP”3 and wB97x74.
The results are shown in Figure 5. It stands immediately out that not enough Hartree-Fock
exchange is included in O3LYP, for which the splitting between the e, and ¢, set is too large.

All other functionals have similar results. We have chosen to continue with B3LYP-D3.

0.06 A
0.05 A > = . .
S 0.04 + " » - - -
E ] » » ] n
>
] 0.03 A
c
L
0.02 1
0.01
- - - = - = = - - — - - -
000 ™ vm "B s "8 sp Em oE BB om BN N SN BN BR om Bmom " gm ER o =R om WE o
R NPV 5 R DD DO o QR A+
Q79 S O 900 Y & > o
\.}Q & & LT R »‘8 & & &£ g;b\' \§)°’
LGRS > > O < N
d» dy2_y2  wem d,, dy, d,, wssmm Other contribution

Figure 5: Splitting of the d-orbitals along with their atomic contributions for [Co(H,0)s]** with
D,j, symmetry obtained from AOC calculations using different functionals. Energies are shifted
with respect to the lowest d-orbital.

Geometry optimisations have been performed using UDFT. We checked that all computed in-
ternal normal modes of the optimised structures show positive frequencies, ensuring that the
geometries represent minima of the ground state potential energy surface. The optimised co-

ordinates of all complexes studied in this work are shown in Table S6. The spin contamination
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is negligible for all systems as shown in Table S1. The symmetry of the complexes has been
determined by GaussView 5.07°.

Using the single-reference UDFT method for these challenging electronic structure systems,
may at first instance appear to be unsatisfactory. However, Shee et. al. have recently put for-
ward that in most transition metal complexes, static correlation is rarely found in the ground
states of mono-TMCs”®. Furthermore, it has been shown that often good structures and en-
ergies are obtained from DFT calculations at a moderate computational cost’””. Hence, we
chose DFT to describe the ground state properties of these systems. Nevertheless, as there
are complex interactions present, including ligand-to-metal o-donation and metal-to-ligand -

backdonation, a proper treatment of the dynamic correlation becomes extremely important.

3.2 AOC: [CO(H2 0)6]2+

Octahedral TMCs belong to the O, point group when the ligands have spherical symmetry.
However, when we take into account the structure of the aqua ligands, the highest possible
symmetry becomes Tj, with 6 equivalent ligand bond distances and all O-Co-O angles equal to
90° or 180°. A graphical visualization of the symmetry elements present in the point groups en-
countered for [Co(H,0)s > is presented in Figure 6. The geometrical structure of [Co(H,0)s]>+
has already been investigated thoroughly in literature. DFT studies have been performed by
both Varadwaj et al. 3> and Schmiedekamp et al.>?. Calculations have been performed at the fol-
lowing levels of theory respectively: UX3LYP and UB3LYP with a 6-311++G** full core basis set
and B3LYP with LACVP** effective core potential basis set for Co and 6-31G** basis for all other
atoms. Varadwaj et al. compared their results with 163 structures containing the [Co(H,0)]**
ion found in the Cambridge structural database (CSD) 78, Most of the structures, 122 out of the
163 found in the CSD, have 3 different pairs of bond lengths, the shortest, intermediate, and
longest bonds are 2.06+0.02, 2.09+0.02, and 2.11+0.02 A respectively. Overall, a mean Co-O
bond length of 2.09 & 0.03 A is found, with the shortest and longest value equal to 1.975 and
2.204 A respectively. Based on the computational results of Varadwaj* and Schmiedekamp>?
three main conclusions can be made. First, the calculations overestimate the Co-O bond lengths
by 0.04 A% and 0.06 A2 respectively. Second, unless the geometry is specifically constrained
, the distortions in the Co-O bond lengths present in most crystallographically determined

structures, are not reproduced. Varadwaj et al. have observed a structure with distorted bond
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lengths, however it is a fourth order saddle point. Third, the structure is slightly tilted. This
effect is also observed in the solid state structures: 74 % of the structures found in the CSD have
complementary angles that differ by more than 4° and nearly 12% have complementary angles
differing by more than 10°. Note that Varadwaj®> performed gas-phase calculations whereas

Schmiedekamp>? also studied the influence of water as a solvent.

3CZ [CZCZCZ

Figure 6: Graphical visualisation of the point groups encountered for the 6-coordinated com-
plexes, i.e., Oy, Ty, Dy, D34, and Se. In the middle pane, all symmetry elements enclosed belong
to the corresponding point group. Perfect octahedral symmetry, Oy, is indicated in dark green.
The presence of hydrogen atoms reduces the symmetry to T, and is indicated in middle green.
Elongation or contraction of the metal-ligand bonds results in D, symmetry and is shown in
light green. An increase or decrease of the ligand-metal-ligand angles leads to a tilted structure
with D3; symmetry and is presented in dark blue. When the hydrogen atoms are taken into
account in the tilted structure, the S¢ symmetry is obtained as shown in light blue.

In contrast to the results of Varadwaj and Schmiedekamp, we did not find a stable minimum
near to Tj, symmetry as negative vibrational frequencies were observed. This is in agreement
with the Jahn-Teller (JT) effect, which states that non-linear molecules with a spatially degen-
erate electronic ground state undergo a geometrical distortion in order to lower the energy of
the system””. Despite the fact that only weak JT effects are expected since the f,, orbitals are
unevenly occupied, we observed them in the geometry optimisations. We could identify an op-
timised structure with D,;, symmetry, in which the experimentally observed JT distorted bond
lengths are clearly retrieved. The observed bond lengths of the complex with D, symmetry
are 2.03, 2.10, and 2.13 A. The resulting geometric structure along with the d-orbital splitting
and atomic contributions is shown in the right pane of Figure 7. This deformed structure is
obtained via a rhombic distortion, i.e., an unequal amount of elongation or compression along
a 4-fold axis of rotation. As such, the structure remains orthogonal but the bond distances
are no longer equal. Such JT distorted [Co(H,0)6]>+ complexes have already been observed

by Vlahovic et al.%°. Following the methodology of Zlatar et al., we calculated the JT parame-
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ters8981. The results are shown in Table S2. Besides this, we also discovered a structure with
Se symmetry, acquired via a trigonal distortion of the complex, i.e., an elongation/compression
along one of the 4 3-fold symmetry axes. All ligand bond distances are equal, but the structure
is no longer orthogonal. Such distorted complexes have D;; symmetry when the hydrogen
atoms are not taken into account. For the complex with S¢ symmetry, all bond lengths are 2.10
A and the system is tilted with 3.8°. This is shown in the left pane of Figure 7. This com-
plex is slightly more stable than the complex with D,;, symmetry (-10328 kJ/mol compared to
-10311 kJ/mol). The observed point groups along with their symmetry elements are displayed

in Figure 6. The coexistence of two different distorted octahedral complexes has already been

observed in K3[MnFg]%.
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Figure 7: Splitting of the d-orbitals along with their atomic contributions for the optimised
[Co(H,0)s " complexes with S¢ (left pane) and D, (right pane) symmetry. Some bond lengths
[A] and bond angles [°] are also indicated.

The splitting of the d-orbitals is very similar to the theoretical predictions shown in Figure 3.
Some mixing with other contributions different from d-orbitals occurs, which is indicated with
dark grey. In general, each MO has a dominant contribution from a specific d-orbital. This can
then be used to label the MOs. This is especially the case for the complex with Dy, symmetry.
The resulting orbitals are shown in Figure S1 and closely resemble these in Figure 4. However,
there is more mixing within the t>; and e, set for the S¢ complex, for which the orbitals are
shown in Figure S2. For example, the highest lying t,, orbital, which contains equal contri-
butions from dyy, dy;, and dy., differs from the orbitals shown in Figure 4, but the lobes are
still oriented in between the coordinated axis. Therefore, the more general label ¢, is more
convenient. The orbitals in the ¢, set are no longer completely degenerate. This is probably
due to the presence of contributions different from d-orbitals. This is in agreement with CFT,

which reveal that a trigonal distortion splits the 5, but not the e, orbitals in octahedral com-
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plexes®. For the Dyj,-complex, also the degeneracy in the e, set is lifted. The reason for this is
that the bonds between the ligands and the metal along the x-axis are compressed, resulting in

a stronger repulsion between the d,2_» orbital and the metal compared to the d,. orbital.

The energy difference between the e; and ¢, orbital sets, A,, can be calculated as the differ-
ence between the average energy of the e, and t5, orbitals, being 9065 cm~ ! and 8836 cm !
for the Sg and Dy, structure respectively. This value is in close agreement with experimental

1.84 obtained a value of 8400 cm~! starting from experimental absorption

results. Johnson et a
spectra via the procedure outlined in Ref. 85 When comparing this value to the mean pairing

energy of Co?t, 22500 cm ™!, we indeed see that the HS state is more stable than the LS state44°.

3.3 AOC: [Co(H,0)5]*"

As discussed in Section 2, 5-coordinated complexes can be TBP or SP, with D3, and Cy, sym-
metry respectively. For the former, 2 ligands are oriented along the z-axis and the other ligands
lie in the xy-plane. This configuration can be converted into a SP structure by simple angular
distortions as shown by the green arrows in Figure 8. When the angle between the ligand posi-
tions 2 and 4 and the metal center is increased until the ligands lie along the x-axis, they form
together with 3 and 5 a square in the xz-plane indicated with green. As such, the SP structure is
obtained, which can easily be recognized after a reorientation of the coordinate axes, indicated
with blue arrows in Figure 8. Now, 4 ligands lie in the xy-plane and the remaining ligand is
situated along the z-axis. The metal center can, but does not have to be in the xy-plane. It has
been observed that most of the 5-coordinated complexes are neither perfectly TBP, nor perfectly

SP, but are situated somewhere in between 3.
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Figure 8: Transformation from a TBP to a SP complex. Ligand positions 2 and 4 are moved
until they are situated along the x-axis and from together with 3 and 5 a square in the xz-plane
indicated in green. This is indicated with green arrows. The SP structures is then obtained after
a reorientation of the coordinate axes, indicated with blue arrows.

When the intrinsic structure of the aqua ligands is taken into account, the most symmetric
[Co(H,O)5]*" complexes have Cyp, symmetry, both for the TBP and the SP structures. Optimised
geometries have been found with C;, and C; symmetry, for which the latter is slightly more
stable (-8600 kJ/mol compared to -8614 k]/mol). A graphical representation of the symmetry
elements and point groups encountered for [Co(H,O)5]?>" is shown in Figure 9. Structural

parameters of the 2 optimised complexes are listed in Table 2.

Figure 9: Graphical visualisation of the point groups encountered for the 5-coordinated com-
plexes, i.e., D3y, Cy4p, and Cp,. All symmetry elements enclosed belong to the corresponding
point group.

We performed continuous SHAPE measurements, which evaluate the magnitude of distortion

around the metal ion in various complexes 5647

, in order to determine whether the complexes
are closer to the SP or to the TBP symmetry. The resulting continuous shape measures (CShMs)

for all 5 possible geometries for 5-coordinated structures are given in Table S4, both for the C,
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and the C; complex. From this, we concluded that the Cy, structure is closer to SP, whereas the
C; structure is closer to TBP. Thus, the TBP complex is a little bit more stable than the SP one.
This is in agreement with literature, where it has been shown that the TBP structure is more
stable as there is less ligand-ligand repulsion®®. However, it has been noted that a distorted SP

structure may be only slightly less stable®.

The splitting of the d-orbitals along with the atomic contributions is presented in Figure 10,
both for the SP and the TBP complex. Again, each MO has a dominant contribution from a
specific d-orbital, which will be used to label the MOs. The orbitals are shown in Figures S3
and S4. In general, the results are in agreement with the theoretical predictions shown in Figure
3, but some differences should be mentioned. The gap between the d,>_,» and d. orbitals is
rather large for the SP complex. Furthermore, d,, and d, are not completely degenerate. This
is not surprising since the complex only has Cp, symmetry and not Cy,, for which the results are
shown in Figure 3. The degeneracy is also lifted for the TBP complex as d,./d,. and d,. 2 /Ay

are no longer degenerate.
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Figure 10: Splitting of the d-orbitals along with their atomic contributions for the optimised
[Co(H,0)5]** complexes with Cy, symmetry (left pane) and no symmetry (right pane).
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34 AOC:[Co(H,0),*t

When another ligand is removed, [Co(H0)4]*" complexes are obtained, in which the aqua
ligands are situated at the corners of a tetrahedron. When the intrinsic structure of the aqua
ligands is taken into account, the most symmetric complexes have D,; symmetry, unlike the
T; symmetry which is found for point-like ligands. In our calculations, the optimised structure
is does not possess any symmetry. The symmetry elements and point groups encountered for
[Co(H0)4]*" are represented graphically in Figure 11. Structural parameters are listed in Table

S5.

Ty

Figure 11: Graphical visualisation of the point groups encountered for the 4-coordinated com-
plexes, i.e., T; and Dy4. All symmetry elements enclosed belong to the corresponding point

group.

The splitting of the d-orbitals and the atomic contributions are shown in Figure 12 and the
orbitals are presented in Figure S5. The results are in good agreement with these obtained in
Figure 3: 2 orbital sets can be distinguished, t,g and e, where the former is less stable than the
latter. Due to the fact that the complex is not purely tetrahedral, the degeneracy in the t,, set
is lifted slightly. Furthermore, the computed value of A; is 5161 cm !, which is much smaller

than A,, as we expected from AOM.
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Figure 12: Splitting of the d-orbitals along with their atomic contributions for the optimised
[Co(H20)4]*" complex.

3.5 Comparison of AOC with UDFT

We compared the AOC results with these from UDFT calculations. The 8 d-orbital energy levels
along with their atomic contributions are shown in Figure 13 for [Co(H,0)s]?T, as calculated
with UDFT. The orbitals are presented in Figure S6 and S7 for completeness. Some major dis-
tinctions compared to the AOC results need to be highlighted. First of all, remark that the
splitting of the d-orbitals, 50288 and 53232 cm ™! for S¢ and Dy, respectively, is one order of
magnitude larger than for the AOC results and the experimentally found splitting presented in
Section 3.2. Secondly, the t,¢ set is divided into 2 low-lying orbitals and one orbital, which is
higher in energy. The reason for this is that only 2 of the B d-orbitals are occupied, resulting in

a gap between the highest occupied MO (HOMO) and the lowest unoccupied MO (LUMO).
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Figure 13: Splitting of the d-orbitals for the optimised [Co(H,0)6 " complexes with Sg (left
pane) and Dy, (right pane) symmetry calculated by UDFT. Some bond lengths [A] and bond
angles [°] are also indicated.
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Additionally, in the UDFT results of the Dy, complex, d,. is higher in energy than d,»_,», as
compared to the AOC results. A possible explanation for this observation could be that UDFT
and LFT treat the interelectron repulsion differently, as argued by Deeth et al. for square pla-
nar d® Pd-complexes®. The interelectron repulsion effects are included within a central field
approximation in LFT, whereas in UDFT no central field is assumed and the calculations are
performed using the true molecular symmetry of the complexsg. Therefore, on the one hand,
the LFT predictions are in agreement with the AOC results, in which approximate spherical
states are constructed by imposing equal fractional occupations. On the other hand, as in the
UDFT approach only dyZ and dy, are occupied, there is more interelectron repulsion along the
z-axis than along the x- or y-axis. Therefore, d_» will be higher in energy than d,»_,. Inspired
by the work of Deeth et al., we verified this by systematically removing some portion of the
electrons from d,, and dyz and placing it on dxy. Therefore, single point UDFT calculations in
which the occupation of the d-orbitals is specified, are performed. The results are shown in
Figure 14. Two observations can be made as more and more of the electrons initially on d;
and d,, are transferred to d,,. First of all, the orbitals become closer in energy and are almost
degenerate when 0.66 of an electron is placed at dy,. The reason for this is that the 2 B electrons
are now almost equally divided among the three orbitals, resulting in a similar interelectron
repulsion along the x-, y-, and z-axes. Secondly, as more of the electrons is transferred, d,. and

d»_, increase and decrease in energy, respectively. At an occupation of 0.6 electrons for dy,,

y

the two most energetic orbitals presented in Figure 14 have similar contributions of d,» and

d,2_,» and are almost degenerate. When d.y is populated even more, d,>_,» becomes higher in

y
energy than d».
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Figure 14: Variation of the splitting of the d-orbitals as a function of the electron occupation
fraction of dy, which is transferred equally from d., and d,, for the [Co(H,0) " complex with
Dyj, symmetry.

In the UDFT results for the S complex, the d,>_,» and d,. orbitals are degenerate just like in the
AOC results. Indeed, the effect of the difference in interelectron repulsion is smaller as the two
occupied d-orbitals do not only have contributions from d, and d,;, but also from d,,. This is
shown in Figure S8. As the population of the initially non-occupied orbital increases, the or-
bitals with contributions from d,, d,., and d,, become more and more degenerate. However,

the energy and contribution of the d,>_,» and d.» orbitals remain similar.

Deviations from the theoretically predicted d-orbital splittings are also observed in the 5-coordinated
complexes as shown in Figure S9. For both SP and TBP, the energy splitting is one order of mag-
nitude larger compared to the AOC calculations. Furthermore, in the SP complex, d,>_,» and
d,» are interchanged and are almost degenerate. Again, this is probably due to the different
treatment of interelectron repulsion in LFT and UDFT. In the latter, only d., and d,, are occu-
pied, resulting in more interelectron repulsion along the z-axis, and therefore d,» being higher
in energy thand,»_,.. Figure 510 justifies this statement: when d,, is occupied by more than 0.2
electron, d,»_,» is higher in energy than d... The order of d,> and d,2_,> in the TBP complex is

in accordance with the AOC results. Just like for the [Co(H2)Og]*" complex with S¢ symmetry,
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this is due to the mixed d-orbital contributions of the two lowest occupied MOs. Figure S11
indeed reveals that the orbital energies of the d.» and d,>_, vary only slightly with the orbital

population of dy,,.

For the 4-coordinated complexes, presented in Figure S12, the 2 lowest 8 e-orbitals are occupied,
and therefore, the splitting is in accordance with the AOC and theoretical results. Nevertheless,

the energy gap between the e- and t;-set is still one order of magnitude too large.

As stated in Ref.??, the observation that UDFT and AOC result in different d-orbitals does
not necessarily mean that one of these techniques is right whereas the other is wrong. Orbitals
themselves are not experimentally observable, and therefore, additional properties need to be
calculated, like for example excited states®. The excbaseitations of 6-coordinated Co®" aqua-
complexes have already been the subject of many research 3637383940, However, to the best of

our knowledge, similar studies for 5-, and 4-coordinated complexes are not presented yet.

3.6 [V(H20)6]2+, [Mn(H20)6]2+, and [Ni(H20)6]2+

In order to further test the validity of the UDFT calculations, additional calculations have been
performed on [V(H,0)s]**, [Mn(H,0)6]?", and [Ni(H,0)6]*", having 3, 5, and 8 d-electrons
respectively. These transition metals have been selected as the t; set is now completely filled
with a electrons for V2* and Mn?* or B electrons for Ni?*. This is in contrast to the partially
filled t, set in [Co(H,0) ] containing 2 f electrons. As such, no JT effects are expected for
these systems since the e, and f, sets are each evenly occupied. This is also observed from
the calculations for the V2™ and Ni?>" complexes as stable complexes with T}, symmetry are
retrieved. However, this is not the case for the Mn?* complex, for which the most symmetric
stable complexes have S¢ and D,;, symmetry. Systems with S¢ and D,;, symmetry have also
been obtained for V>* and Ni?>*. All structures have, within 3 kJ/mol, the same energy and we
will show and discuss the results for the complexes with S symmetry. The d-orbital splittings
along with the atomic contributions are shown in Figures 15, S13, and S14 for [Mn(H,0)6]%+,
[V(H20)6]*", and [Ni(H,0)]>" respectively. For Mn?* and V?* the a-electrons are shown for
the UDFT calculations, whereas the B-electrons are presented for Ni?*. The reason for this is
that the spin-allowed d — d transitions will be within a/ 3-electrons for V>* /Ni?* respectively.

For Mn2* there are no spin-allowed d — d transitions. Firstly, remark that, for all the systems,

22



both AOC and UDFT correctly predict the splitting into a ¢>¢ and e, set, which is in agreement
with the qualitative LFT results. This is due to the fact that for these systems, the tag orbitals are,
either completely filled with a-electrons, as is the case for Mn?* and V?*, or with both - and
B-electrons, as is the case for the Ni®* complex. Secondly, for [Mn(H,O)e]?>", all a-d-orbitals
are occupied, which results in a correct prediction of the magnitude of the d-orbital splitting
by both AOC and UDFT. This result is not surprising since the only differences between the
AOC and UDFT calculations are due to the spin polarization which is absent in the former.
However, as is the case for the Co?" complex, the splitting is severely overestimated by UDFT
for [V(H,0)s]** and [Ni(H2O)e]?>". This is also shown in Table 2 in which the d-orbital split-
ting obtained from experiment*’, AOC, and UDFT calculations is presented for the various
complexes. This observation is in agreement with Ref.%, in which it was argued that DFT is
expected to yield the same d-orbitals sequence as LFT in those cases where a suitable spherical
configuration is constructed corresponding to equal populations of the d-orbitals as for d'° or

HS d° complexes. Here, this observation is confirmed and extended to octahedral a3, d°, and d®

systems.
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Figure 15: Splitting of the d-orbitals for the optimised [Mn(H20)s]** complexes with Sg sym-
metry using AOC (left pane) and UDFT (right pane)

| [VH0)6*T  IMn(H0)6]*"  [Ni(H,O)6]**

AOC 11883 8104 10092
UDFT 43359 8868 52155
Experiment 49 12300 78507 8600

Table 2: d-orbital splitting of [V(H20)]**, [Mn(H20)6]?>", and [Ni(H20)6]?>" calculated using
AOC and UDFT. The experimental value is also included. * Estimated value.
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4 Conclusions

In this work, we investigated Co*" aqua-complexes with 6, 5, and 4 ligands. The ground state
properties have been examined, and a lot of attention has been paid to the electronic structure.
More specifically, we focused on the energy splitting of the d-electrons and how this depends
on the symmetry, where both the influence on the coordination environment as well as the spe-
cific point group are considered. Qualitative techniques such as CFT and LFT reveal that the
d-orbital splitting is characteristic for the number of ligands coordinated to the TM. In order
to obtain quantitative results, DFT calculations have been performed, both AOC and UDFT.
Stable Co?" aqua-complexes with 6, 5, and 4 ligands have been obtained from UDFT optimiza-
tions. We have observed a stable structure containing 6 aqua ligands with D, symmetry in
which JT distortions are clearly visible. Besides this, we also found a structure with S¢ sym-
metry. Moreover, we have shown that the AOC method is capable of reproducing the d-orbital
splittings obtained from the qualitative techniques. UDFT calculations do not succeed in this
when only part of the d-orbitals are occupied. Indeed, the energy gap between the d-orbitals as
well as the energy difference between the HOMO and LUMO are overestimated by UDFT for
6-coordinated aqua-complexes. As such, the f5, orbitals are far from degenerate as we would
expect based on qualitative techniques. Based on the work of Deeth et al., we demonstrated
that the discrepancies between UDFT and AOC are due to the different treatment of the in-
terelectron repulsion. In order to further test the performance of UDFT, other TMs have been
investigated. We selected TMs for which the t,, set is occupied evenly. The results for these
systems are qualitatively in agreement with for example LFT. Furthermore, for [Mn(H,0)s]*",
for which all « d-orbitals are occupied, even the d-orbital splitting is described correctly and in
agreement with the AOC calculations and experimental results. The proper understanding of
the electronic structure and symmetry of TMCs is a key element for obtaining insights in the

formation process of MOFs and potentially also their defect structures.

5 Supporting Information

Extra computational details, visualization of the orbitals, structural information, CShMs for the

[Co(H20)6]*" complexes, additional splittings of the d-orbitals, and geometries of optimized
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structures (PDF).
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Table of Contents synopsis

The influence of the symmetry and number of ligands on the ground state properties, and more
specifically the electronic structure, of Co*" complexes with 6, 5, and 4 aqua ligands has been
studied via computational techniques based on density functional theory. In general, average
of configuration calculations are needed to properly describe the characteristic d-orbital split-

ting.
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