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Can Anisotropic Exchange Be Reliably Calculated Using Density
Functional Methods? A Case Study on Trinuclear Mn"-M"-Mn"
(M=Fe, Ru, and Os) Cyanometalate Single-Molecule Magnets

Saurabh Kumar Singh and Gopalan Rajaraman*®

/Abstract: Density functional studies have been performed
on a set of trinuclear single-molecule magnets (SMMs) of
general formula [{Mn,(5-Brsalen),(MeOH),}JM(CN)¢I(NEt,) (M=
Fe" (1), Ru" (2) and Os" (3); 5-Brsalen = N,N'-ethylenebis(5-
bromosalicylidene)iminato anion). We have computed the
orbital-dependent exchange interaction for all three com-
plexes for the first time using DFT and complete active
space self-consistent field (CASSCF) methods. DFT calcula-
tions yield the anisotropic exchange as J;:=3.5cm™" for 1;
Je=121cm™", J=—69 cm ™" and J,,=—14 cm™' for 2; and
Je=237cm™ and J;y=—-11.1cm™" for 3. The computed
values are in agreement with the experimental report, and
this suggests that the established methodology can be used
to compute the anisotropic exchange in larger clusters. Our
calculations reiterate the fact that the exchange is described
by a three-axis anisotropic exchange for complexes 2 and 3

N

as evidenced by the experiments. A stronger exchange cou-
pling as we move down the periodic table from 3d to 5d is
reproduced by our calculations, and the origin of this en-
hancement in the exchange interaction has been probed by
using molecular orbital analysis. The electronic origin of dif-
ferent types of exchange observed in this series is found to
be related to the energy difference between possible degen-
erate pairs and the nature of orbital interactions. By comput-
ing the exchange interaction, the single-ion anisotropy of
Mn" and zero-field splitting of the S=°/, ground state of
complexes 1-3 using CASSCF and/or DFT methods, we have
attempted to shed light on the issue of anisotropic ex-
change and the barrier height for the magnetisation reversal
in SMMs. Comprehensive magneto-structural correlations
have been developed to offer clues on how to further en-
hance the barrier height in this class of SMMs. D

Introduction

Single-molecule magnets (SMMs)!" have gained attention in
recent years as numerous potential applications are proposed
for this class of molecules. Such application range from high-
density information storage devices to solid-state Q-bits in
quantum computing. Enhancing the barrier height (related
to the spin ground-state S and axial zero-field splitting D) for
the reorientation of magnetisation in SMMs remains one of the
primary challenges in bringing these molecules to end-user ap-
plications. Over the last decade, hundreds of SMMs that con-
tain transition-metal ions have been reported,” and a notable
achievement in this regard is the report by Brechin et al.”! on
the synthesis of an {Mn,"} SMM with a record barrier height of
86 K.

There are essentially two approaches for the synthesis of
large clusters. The first approach concerns self-assembly™ in
which metal ions are aggregated using oxygen/nitrogen or
other donor ligands. Numerous clusters have been synthesised
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using this methodology including the archetypal {Mn,,} clus-
ter” and clusters as large as {Mng,}.®) The second is a rational
approach in which targeted clusters are synthesised generally
by using ligands that yield predictable structures such as cyani-
des®™ or rigid ligands such as [-diketone™ and many
others.""'@ Although this methodology yields comparatively
smaller-nuclearity clusters, it offers a way to design the struc-
ture/properties beforehand. This methodology also enjoys the
advantage of controlling the symmetry of the structure as illus-
trated by several highly symmetric’® cyanometalate clusters.
In addition, because cyanides are a strong-field ligand they
preserve the orbital degeneracy of the coordinated metal ions
in many cases,"¥ which leads to a large anisotropy,”'"'? one
of the primary but difficult to achieve requirements for SMMs.

In recent decades much attention has been paid to the syn-
thesis of Prussian blue analogues.™ One of the challenges
often encountered with this class of molecules is the nature of
the exchange interaction, which is generally weak, and the es-
timated anisotropy, which is rather moderate."®'” To overcome
this challenge, mixed 3d-4d and 3d-5d cyanometalate clusters
have been synthesised."® The larger diffused d orbitals for 4d
and 5d ions relative to the 3d series offer a unique way to en-
hance the strength of the exchange interaction. Furthermore,
these ions also inherit a large anisotropy on account of their
larger spin-orbit coupling than 3d metal ions, and thus offer
large magnetic anisotropy to the cluster compound. The ad-
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vantage of using 4d and 5d metal ions in building SMMs has
recently been highlighted by Dunbar et al."” Furthermore, the
4d and 5d metal ions also exhibit anisotropic exchange, which
is a promising parameter to build higher-blocking-temperature
SMMs.I"® This class of molecules is also important from the per-
spective of photomagnetism," spin-crossover complexes®”
and single-chain magnets.*"

One of the challenges yet to be fully addressed in this area
is a perceivable way to control the pairwise interaction be-
tween the metal ions. The sign as well the strength of the ex-
change interaction (J) is vital for the development of futuristic
magnetic materials.” Enhancing the magnitude of the ex-
change interaction for a given molecule is a non-trivial task. By
using more-diffuse late-transition metals, Girolami and
Entley initially demonstrated that the magnitude of the J
value can be significantly enhanced. Owing to a large electron
density on the t* orbital of cyanide ions, these cyanometalates
also offer relatively larger J values than ligands such as carbox-
ylates or phosphonates, which are also used frequently in clus-
ter aggregation.’?2¥

The synthesis of novel {3d-4d/5d} SMMs demands a thor-
ough understanding and a perceivable way to achieve control
of microscopic spin-Hamiltonian parameters. Theoretical tools
are invaluable in this area as these molecules can be too com-
plex to address experimentally and numerous predictions have
been made using theoretical methods.” Some milestone ach-
ievements among others" 2! in this area include 1) Ruiz
etal., using the pairwise model, estimated the magnetic ex-
change in several cyanometalate complexes and have demon-
strated the robustness of DFT in estimating the J values in this
class of compounds;®® 2) a methodology proposed by Atana-
sov et al. to calculate the J values using computed spin densi-
ties and ligand-field-aided DFT methods"” and the role of
Jahn-Teller (J-T) distortion in the magnetic anisotropy of
SMMs; and 3) Mironov et al, who proposed a methodology to
extract anisotropic exchange in cyanide-based clusters using
kinetic exchange theory and offered insight into the nature of
anisotropic exchange in SMMs.['82"

One of the seminal works reported in this area is due to
Pederson etal.,”*3% who synthesised a series of trinuclear
SMMs with the molecular formula of [(NEt,){Mn,(5-Brsalen),-
(MeOH),}M(CN),] (M=Fe", Ru" and Os"; 5-Brsalen =N,N'-ethyl-
enebis(5-bromosalicylidene)iminato anion). All three com-
pounds are characterised as SMMs with a barrier height of 17
and 19K for Ru and Os complexes, respectively, and much
lower barrier height for the Fe analogue.”™ There are also
a few other reports of trinuclear Mn"-based cyanometalates
that possess SMM characteristics. Long et al. synthesised an
{Mn-Fe-Mn} complex®" with an effective barrier height (U of
35.7 K. Ferbinteanu et al. have reported a similar {Mn-Fe-Mn}
trinuclear complex with Me—Salen (Salen = N,N'-ethylenebis(sa-
licylimine)) ligand with an estimated Uy of 14 KB? Piggott
et al. have reported several 3d metal-ion analogues like {Mn-
Co-Mn}, {Mn-Cr-Mn} and {Mn-Fe-Mn}, which possess SMM char-
acteristics.”3¥  Although several Mn"-Fe" cyanometalate
SMMs have been reported, in none of the cases were their 4d/
5d congeners found to be SMMs except in the work of Peder-
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son et al.”**) Their report of 3d-4d/5d SMMs is the first of its
kind, and because these SMMs were found to be better than
the 3d-3d analogues, this made us more curious to determine
the role of 4d and 5d ions in magnetic coupling as well as ani-
sotropy.

To understand the nature of interaction and the origin of
the magnetic anisotropy, we have chosen the series of trinu-
clear complexes [(NEt,){Mn,(5-Brsalen),(MeOH),}M(CN),] (in
which M=Fe" (1), Ru" (2) and Os" (3)) reported by Pederson
et al?®3% and subjected it to comprehensive electronic struc-
ture studies using density functional methods. Herein, apart
from estimating the isotropic exchange, we have also comput-
ed the orbital-dependent exchange by using DFT methods for
selected cases. In addition, the ab initio and DFT approaches
have been utilised to estimate the zero-field splitting (D
tensor) for all three complexes. In general, all our computed
parameters are in good agreement with the experiments.
Moreover, we have performed MO analysis to understand the
mechanism of magnetic coupling in this 3d-4d/3d-5d class of
compounds. We have also developed several magneto-struc-
tural correlations to figure out the most influential structural
parameter that is strongly correlated to the magnitude as well
the sign of the exchange interaction.

Computational Methods

In these trinuclear complexes, the magnetic exchange interactions
between Mn" and M" (Fe, Ru and Os) and Mn"-Mn" 1,3 interac-
tions were computed using the pairwise interaction model,® in
which four spin configurations were computed to extract three dif-
ferent exchange interactions (J,-J;; see below). The following four
configurations have been computed: 1) all spin up (S=°4), 2) spin
down on Mn, (S='/), 3) spin down on Mng (S='/) and 4) spin
down on M" (M=0s, Fe) (S=7/,). The energy difference between
spin configurations is equated to the corresponding pairwise ex-
change interaction from which all three J values have been extract-
ed.

The following spin Hamiltonian is used to describe the isotropic
magnetic exchange interaction in complexes 1-3 [Eq. (1)]:

":I = _J15Mn| SOs - JZSOSSMHZ - JBSMmSMnZ (1)

DFT combined with the broken-symmetry (BS) approach has been
employed to compute the energies of the different spin configura-
tions. The BS method has proven the track record of yielding
a good numerical estimate of J values for a variety of com-
plexes.> " Here we have performed most of our calculations
using the Gaussian 09 suite of programs.*® We have employed
a hybrid B3LYP functional® along with relativistic effective-core
potential LANLO8f on Os, Ru and Fe atoms.’® The Br atom was
treated with the LANL2DZ effective-core potential basis set®” and
the rest of the elements were treated with Ahlrichs triple-C TZV
basis set.*” The self-consistent field (SCF) convergence to the de-
sired solution is challenging for trinuclear complexes and here we
have employed multiple ways to tackle the issue: among others
the fragment approach, which offers a way to control the local
spin on the metal ions as implemented in Gaussian 09, has been
used. The higher-energy configurations were then obtained by vis-
ualising the orbitals and performing orbital rotations by using vari-
able shift, which eventually reaches the default Gaussian 09 values.
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The ZFS calculations were performed using the ORCA suite of pro-
grammes.*" We have performed DFT as well as ab initio complete
active space self-consistent field (CASSCF) theory/N-electron va-
lence perturbation theory (NEVPT2) calculations for the estimation
of D and g tensors for complexes 1-3. The DFT calculations for D
tensors were carried out with quasi-degenerate theory? and the
spin-orbit mean field approach (SOMF). The Ahlrichs TZVPPP basis
set was used for Mn";*? a triple-C valence basis set for 3d/4d/5d
metal ions;“***! and a triple-C valence basis set for Br were em-
ployed during the calculations, and the rest of the atoms were
treated with the Ahlrichs TZV basis set.*” The D-tensor calculations
have been performed by incorporating the relativistic effect by
means of the zeroth-order regular approximation (ZORA) as imple-
mented in ORCA. We used the coupled perturbed (CP) spin-orbit
coupling (SOC) approach to evaluate Dgyc, and the spin-spin con-
tribution (Ds) is estimated through the unrestricted natural orbital
(UNO) method implemented in ORCA. Previous studies suggest
that the DFT studies with the UNO approach for Dy and the CP ap-
proach for Dy are the best combinations to obtain accurate zero-
field splitting (ZFS) parameters.*¥ The D-tensor calculations were
also performed by incorporating relativistic effects by means of the
Doughlas-Kroll-Hess method."*” In the ab initio framework, all the
calculations have been based on the CASSCF methodology, and
we have also focused our attention on the importance on low-
lying excited states. The spin-orbit coupling plays an important
role in the estimation of the ZFS parameter. Four active electrons
occupying the five metal d-based orbitals of Mn" has been taken
as the reference space for our CASSCF calculations. In our system
we have considered the following low-lying excited states: 1) five
quintet and 2) 35 triplet excited states for the estimation of the
single-ion anisotropy of the Mn" ions.*¥ The calculations were per-
formed with the TZVPPP basis set for all atoms on a model com-
plex of 3. To investigate the impact of dynamic correlation on the
predictions, we have used the recently implemented NEVPT2
method.”® A tight convergence has been employed throughout.
Furthermore, we have computed the Kramers doublets that arise
from the *T,, configuration for Os"/Ru"/Fe" analogues to deter-
mine the energies of the different Kramers doublets and to under-
stand their role in manifesting the magnetic anisotropy in these
complexes. All these calculations were carried out on the model
complexes using the RASSI-SO module in MOLCAS 7.6.17)

Results and Discussion

All three structures 1-3 were found to be isostructural (see
Figure 1), with the trinuclear molecules possessing two Mn"
atoms capped by the substituted Salen ligand and the hexa-
cyano Fe"/Ru"/Os" at the centre in trans-coordination mode,
thus yielding near-linear structures. The Mn" atoms exhibit J-T
distortion, and the elongated axes are found to be along the
bridging direction. Selected structural parameters for com-
plexes 1-3 are given in Table 1.

Exchange interaction in trinuclear {Mn"-M"-Mn"} complexes

Our initial focus was to compute the magnetic exchange inter-
actions in all three complexes. Much of our attention was paid
to the Os" analogue as this is the best SMM among the report-
ed series, and computations have been extended to Fe" and
Ru" complexes for comparison. The [0s(CN)s*~ under a strong
octahedral ligand-field environment has a low-spin d* configu-
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Figure 1. Crystal structure of [Mn"-Os"-Mn"] trinuclear complex. Colour
scheme is cyan: Os", violet: Mn", light brown: Br, blue: N, grey: C. Hydrogen
atoms are omitted for clarity. The exchanges J,-J; are shown with double-
headed arrows. See text for details.

Table 1. Selected X-ray structural parameters of complexes 1-3.
Complexes Mn-Fe-Mn Mn-Ru-Mn Mn-Os-Mn
Mn—N [A] 2253 2.250 2.252
Fe/Ru/Os-C-N [°] 176.6 175.9 176.2
Mn-N-C [] 145.3 144.1 1433
Mn—M, [A] 5.081 5.163 5.167
Mn—M; [A] 5.081 5.163 5.167
C-M-N-Mn [°] 13.5 14.0 14.1
M—C [A] 1.933 2.045 2.048

ration to yield a *T,, ground state. The strength of the spin-
orbit coupling and the distortion from the ideal octahedral en-
vironment in the above complex essentially lead to splitting of
the ground state. The degeneracy within the t,-like orbitals
(d,, d,, and d,,) essentially leads to orbital-dependent (aniso-
tropic) exchange. Our DFT calculations on 3 performed on
high-spin state (S="°),) yield the following as the ground-state
configuration for Os": (d,)*(d,)*(d,)" with the unpaired elec-
tron residing on the o-type d,, orbital. To check whether we
have obtained a correct ground state for the Os", Ru" and Fe"
configurations and to unequivocally evaluate the correct
ground-state configurations, we performed ab initio CASSCF
calculations with the reference space consisting of all d-based
orbitals of Os" on a monomeric model system and have com-
puted three low-lying roots with the reference space of (5,5).
The calculations confirm that the solution with the unpaired
electron residing in the d,, o-type orbital is the ground state,
with the other two roots found to be 0.04 and 0.1 eV higher in
energy (see Figure 2). Within the ground state, the d,, orbital
was found to have the weight-age of 90% relative to the d,,
and d,, orbitals, and this validates the accuracy of a single-de-
terminant solution such as B3LYP for the studied examples.
Furthermore, we have also performed an SA-CASSCF calcula-
tion on the trinuclear complex that incorporates the Mn" and
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Figure 2. CASSCF-computed energy plot for three lowest-lying states for
complexes 1-3 with their electronic configurations.

0s" d-based orbitals in the reference space of (13,13) (only the
e, orbital of Os" was neglected; see Table S1 in the Supporting
Information for details), and this expansive calculation also
suggested that the (d,,)’(d,)(d,)" configuration for Os" has
more than 90% weight-age relative to other two configura-
tions (see Table S1 in the Supporting Information). The predict-
ed orbital ordering is also consistent with the ligand-field para-
digm proposed earlier for the low-spin d® octahedral environ-
ment.*® To explicitly include the spin-orbit coupling, we also
performed RASSI-SO calculations on top of the converged CAS
orbitals to compute the low-lying Kramers doublet. This proce-
dure has routinely been used by Chibotaru et al. for heavier-
transition-metal and lanthanide complexes.***” The energies
of the computed Kramers doublet are given in Table S2 of the
Supporting Information, and this explicit incorporation of the
SO effect also suggests significant mixing of the configurations
discussed. Similar studies have also been undertaken for com-
plexes 1 and 2 (see the Supporting Information for details)

The following exchange Hamiltonian generalises the orbital-
dependent exchange that is applicable for the present scenario
[Eq. (2)I:

":Iexe(Mn -M- Mn) = Z 7'/1/4/431 gz‘ltﬂ - JZu,uSZWL§3 - J3;4/4'§1§3

u=En.8

()

in which J,;,, (u=§, n, {) are the exchange coupling constants
between the unpaired spins of the Mn" (5,/S;) and the spins
S, of the magnetic orbitals d,, (£), d,, (), and d,, () of M" The
M"-C-N-Mn" direction is taken as the z direction as this is
found to be the J-T elongated axis as per the crystal structure
parameters.

For complex 3 (see Table S3 in the Supporting Information),
the DFT calculations vyield Jizz=+23.7cm™' and Jy;:=+
23.7 cm™' compared to the experimental value of +25.5cm™
in which J,=J, is assumed in the initial report.”® A very similar
Mn" environment on both sides of Os" yields a J, ~J, scenario,
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and this is consistent with the experimental approximation.
The 1,3 Mn-Mn J; interaction is computed to be very small (+
0.01 cm™), which stands in contrast to relatively larger values
proposed by experiments (+3.2 cm™") (see the computed en-
ergies and the expectation values in Table S3 of the Support-
ing Information and Figure 1 for a pictorial representation of J
values). To estimate the orbital-dependent exchange, we have
swapped the unpaired electron from the ground-state J-type
d,, orbital to the m-type d,, (M" (d,)*(d,))*(d,,)") and then to the
n-type d,, (M" (d,)*(d,)*(d,,)") orbital within the DFT framework
and estimated the exchange interaction for each of the config-
urations. For complex 3 the J; value is estimated to be
—11.1 cm™". Due to the difficulty with convergence of one so-
lution, we were unable to estimate the J;,, for complex 3. The
full set of DFT-calculated values for complex 2 is given in
Table 2 (see all DFT-computed energies in Table S5 of the Sup-

Table 2. Orbital-dependent exchange interaction: J,.., J;;o and J,,~for
complex 2.

Solutions Jyoer lem™'T - Jyper [em™'] (projected)  Jy o [em ]
EE {(d)X(d,,)(d,)"} 12.1 75 75

E {(dy)(d,)*(d2)" —6.9 -10 )

my {(dy)X(d,)%(d,,)"}  —14. -39 —76.5

porting Information). Recently, Dreiser et al.*” employed direct
current (dc) magnetic susceptibility and frequency-domain
Fourier-transform THz-EPR (FDFT THz-EPR) to study the mag-
netic properties of complex 3 and 2 and suggested that the
magnetic exchange across the Mn—0Os/Ru is highly anisotropic
in nature with the estimate of J;;:=35cm™, J;;z;=—18.cm™
and J,,,=—-33cm™' for 3 and Jy;:=25cm™, Jy;;=—20cm"~
and J;,,=-26cm™' for complex 2% Although absolute
values are slightly underestimated in DFT calculations, overall
there is a good agreement in reproducing the sign as well the
trend among the computed three-axis J values (see Tables 2
and 3). Compared to this new set of data, it is clear that our
computed values reiterate the fact that the three-axis anisotro-
py is operational in these two complexes and this is consistent
with experimental observations.®>® Moreover, the computed J
values also provide a good fit to the magnetic susceptibility
for complex 2 (see Figure S2 in the Supporting Information)

In the absence of explicitly including the spin-orbit cou-
pling, the Hamiltonian is described as shown in Equation (3):

1

Jz O 0
0 Jz O (3)
0 0 Uy,

Inclusion of the spin—orbit coupling splits the szg state and
yields a I'; doublet as the ground state. The effective Hamilto-
nian Hy describes the exchange interaction between the T,
doublet as the ground state and the projected spin of the Mn"
ions (see the Supporting Information for details). The effective
spin Hamiltonian A can be obtained by first-order perturba-
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Table 3. DFT-computed magnetic exchange for complex 1-3 and experi-
mental values.”
Complex Jogr [em™] Jop lem ]
5 J, I3 I 1, J5
{MnFeMn} 1 EE 35 35 0.1 5.8 58 -
{MnRuMn} 2 &£ 12.1 121 0.09% 7.5 75 -
(7.5) (7.5) -
ce —6.9 —-69 0.06 —9.0 —90 -
(—=10) (—10)
nm —14.1 —14.1 0.27 —76.5 765 -
(—-39) (—39)
{MnOsMn} 3 && 237 237 0.01 255 255 3
e - - 014 - -2
7 .1 LR — 225 25 -
7 - - - -102 -102 -
[a] The values shown in parentheses are spin-projected ones.

tion theory, which relates the projected exchange (denoted
here as J) to the orbital-dependent exchange by the following
equation [Eq. (4 )]:B

e = (7-/1;; +J,1§§ +-/1;7;;) /3
'/155 = (7‘/1@{ +J,1§E - J’hm) /3 (4)

Sy = (_J1CZ +J1E§ +J1'l'7)/3

Thus the final set of projected three-axis anisotropy can be
obtained and these have been estimated for complexes 2 and
3. For complex 2 the obtained values are J,;:=7.5cm™,
—9cm™ and J

Jrge=
wy=—76.5cm™", and our DFT calculations on
projection yield J,=75cm™, J=-10cm”, J,, =
—39cm™". Here too the agreement is evident, even though
the value of J,,, is underestimated in our calculations. For
complex 3, the experimental projections yield values of J' .. =
255em™, J;=—225cm™" and J,,,=—102cm' for 3; how-
ever, since we were unable to converge the ## solution, we
could not compute the projected J' values for complex 3.

To this end, we can see there is a reasonable agreement be-
tween the computed values (see Table 2), with the exception
of the (J;,,/J1,,) values for complex 2. Although a deviation in
the estimation of J values calculated by means of B3LYP rela-
tive to the experimental data has been witnessed in some
cases in the literature,” the exact reason for underestimating
this particular pair of exchanges is unclear and might be relat-
ed to some structural distortions (see magneto-structural cor-
relations).

To gain further insight into the nature of the computed
magnetic coupling, an overlap integral analysis was performed
and the results are summarised schematically in Figure 3.

The computed spin-density plots for HS configuration for all
three electronic configurations of Ru" discussed above are
shown in Figure 4. The carbon atom of the bridging cyanide
has small but a positive spin density when the unpaired elec-
trons reside in the d,, orbital and it is relatively large and nega-
tive when the unpaired electrons are located in the d,,/d,, orbi-
tals. This indicates how magnetic exchange propagates and
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Figure 3. Representative orbital diagram qualitatively drawn from DFT-com-
puted magnetic orbitals. The overlap integral (S) has been computed be-
tween the BS orbitals. See the Supporting Information for further details.

a) b)
d)

Figure 4. Spin-density plot for trinuclear complex 2 with S=°/, and an iso-
value of 0.002 e ' bohr: a) when the unpaired electron is in the d,, orbital,
b) when the unpaired electron is in the d,, orbital, ¢) when the unpaired
electron is in the d,, orbital and d) when unpaired electron resides in the d,,
orbital of complex 3.

how the orthogonality of the orbital plays a role in determin-
ing the sign and strength of the magnetic exchange. The nitro-
gen atoms of the bridging cyanides (coordinated to Mn") have
large positive spin densities due to spin delocalisation from
the Mn", whereas other atoms on the equatorial plane of the
Mn" ions have negative spin densities due to spin polarisation.
This mixture of spin densities for Mn" has been noted by us
earlier.”" As the J-T axis is along the cyanide bridge, the mag-
netic exchange interactions are relatively stronger.""™ Across
the series, Fe has a relatively large spin density (1.231) com-
pared to Ru and Os (1.024 and 1.031).°? The magnitude of
spin densities indicates that all three ions gain spin density
through a dominant spin-polarisation mechanism (see the
spin-density plot for the all complexes 1-3 in Figure S3 of the
Supporting Information; the magnetic orbitals and the spin
densities are given in Figure S4 and Table S7, respectively, of
the Supporting Information).
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For complex 1 (see Table 3), the DFT calculations yield J, and
J, values of +3.5cm™ relative to +5.8cm™' for the experi-
mental values. A small but ferromagnetic J; interaction has
been estimated for this complex. Consistent with other conge-
ners, Fe" also has the unpaired electron in the d,, orbital and
this essentially leads to ferromagnetic coupling with a similar
mechanism proposed for the other analogues (see above).
Only the J;: exchange has been considered here to help us un-
derstand the relative strength of the J values across the series
in complexes 1-3. As shown in Table 3, the J value decreases
in the order 5d <4d <3d and this trend is also in agreement
with the experimental results. The computed overlap integral
values also reflect the observed trend (see Table S6 in the Sup-
porting Information).

Zero-field splitting

Other than the spin ground-state value S, the ZFS is another
important parameter for SMMs. In this series of complexes, the
presence of two J-T elongated Mn" ions with large single-ion
ZFS can lead to relatively large cluster anisotropy. To estimate
the Mn" single-ion anisotropy and the cluster (D.,) anisotropy
of complexes 1-3, we have undertaken ab initio CASSCF as
well as DFT calculations to estimate these parameters (see
Table S8 in the Supporting Information). To estimate the
single-ion ZFS, a monomeric Mn" complex has been modelled
from the trinuclear structure. Our DFT calculations yield a Dy
value of —3.16 cm™, which is in excellent agreement with the
Dy of —3.5cm™" reported by experiments. Furthermore,
a small E/D and an isotropic g tensor estimated for complex 3
by experimental results was also nicely reproduced in our
B3LYP results. In many instances, it has been proposed that ab
initio state-average CASSCF calculations that incorporate con-
tributions from triplet states of Mn" yield better estimates of
the ZFS."™ Thus we have also performed SA-CASSCF and
NEVPT2 that incorporate dynamic correlation to estimate the
single-ion ZFS. The computed values using these methodolo-
gies are summarised in Table 4. The estimate of D and E/D ob-
tained from NEVPT2 is slightly superior to DFT estimates and
this is in accord with the protocol proposed earlier*” The D
as well Dy individual contributions are also listed in Table 4.
From these contributions, it is apparent that a large contribu-
tion to ZFS arises from the Do parameter (85-90%).*¥ The ex-
perimental g tensor is estimated to be gy,~1.98, and our DFT
values computed using the CPPP basis set are in agreement
with these computed values. However, the NEVPT2 estimate of
the g tensor is higher, and such an overestimation of the g

Table 4. DFT- and CASSCF/NEVPT2-calculated D tensor, Dsg, Dsoc, E/D and
g tensor for the Mn monomer.

Method Dss[cm™  Dgoc [cm™  D[em™"1  E/D Gyt
B3LYP/CPPP —-1.17 —2.031 —-3.20 0.06 1.99
BP86/TZVPPP —0.01 —3.07 —3.08 0.03 2,62
NEVPT2 —0.01 —3.01 —3.28 0.06 2,62
experimental - - —35 0.057 1.98
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tensor when using the CASSCF wave function has been previ-
ously detected in trinuclear Cu" complexes.”

In addition to using DFT, we also computed the trinuclear
ZFS (D), which is estimated to be —1.09 cm™ for 3. Although
this parameter has not been directly estimated experimentally,
the inelastic neutron scattering (INS) transition indicates that
the anisotropy should be around —1.68 cm™".*® As is evident
from the computed value, the ZFS drastically decreases as we
go from Dy to the cluster D:, despite the fact that the J-T
axes of two Mn" are nearly co-linear. Various contributions to
these ZFS estimates are listed in Table 5. When comparing the

Table 5. Spin—flip excitations responsible for the spin-orbit interaction.?

Spin—flip excitations Mn monomer Complex 3
SOMO-SOMO a—a —0.424 —0.234
DOMO-DOMO B—f —0.016 —0.055
SOMO-SOMO a—f —1.544 —0.474
DOMO-VMO B —a —0.010 0.012

[a] DOMO: doubly occupied molecular orbital; SOMO: singly occupied
molecular orbital; VMO: virtual molecular orbital.

data, it is clear that the large difference between the two ZFS
parameters arises due to the difference in a-SOMO —f3-SOMO
contributions; this is essentially due to the mixing of Os" orbi-
tals with the Mn" and also because of the increase in the
number of unpaired electrons, which elevate the energy re-
quired to flip, as proposed earlier for polynuclear {Mn¢"} cluster
studies.®™ The orientation of ZFS for complex 3 is shown in
Figure 5.

We have estimated the ZFS of the D., state for all three
complexes in their ground-state (d,)*(d,,)(d,)' configuration.
This estimate helps to understand how the single-ion ZFS of
Dy translates into the ZFS of the cluster. The estimated Ds,
ZFS for the Os" analogue was found to be —1.09 cm™', where-
as for 2 it is —1.12cm™" and for complex 1 it is found to be
—0.92 cm™". All three values are drastically reduced relative to
the value computed for the Dy, and, interestingly, the Ds, for
all three complexes is similar. A large reduction in the D,
values in these cases is due to a large reduction in the spin-
flip a—f excitations (see Tables S9 and S10 in the Supporting
Information) as mentioned earlier®¥ Despite the same S and
a similar D values, the estimated barrier height differs for com-
plexes 1-3. Now the question is why.

Figure 5. CASSCF-calculated orientation of ZFS for single-ion Mn" (left) and
the DFT-calculated orientation of the D tensor for complex 3.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Orbital-dependent exchange and SMM behaviour

In this section, we focus our attention on understanding the
role of orbital-dependent exchange in magnetisation-reversal
barrier height in SMMs and how well the properties transform
as we go down the periodic table from Fe to Os. The role of
unquenched orbital angular momenta in enhancing the barrier
height in SMMs is documented in a detailed theoretical work
by Palli etal.® In particular, the magnetic anisotropy in the
polynuclear complexes arises from the anisotropic response (g
tensor) to the external magnetic field and the ZFS within the
ground-state S manifold. Although the computed g tensors for
three complexes are anisotropic, for simplicity we assume iso-
tropic g tensors for all three complexes. If the magnetic ex-
change is isotropic in nature, the ZFS parameter essentially lifts
the degeneracy of the S manifold; however, if the exchange is
anisotropic in nature, the energy levels are drastically different.
The spin spectra that focus only on the ground state and the
first excited state with variety of scenarios are shown in
Figure 6. The energy spectra of isotropic J values with and
without ZFS are straightforward and do not require any ex-
planation. For an anisotropic case with Ising-type JS7 S, ex-
change (see Figure 6; all simulations were carried out using
MAGPACK software.*®), the reorientation barrier can be consid-
erably larger compared to the isotropic counterpart.'®

For the ferromagnetic (J>>0) Ising-like spin coupling (J::#0
and J,,=J,=0), the spectrum is described by the —JmM;
(here m and M; denotes the S value of Os" and Mn", respec-
tively) pattern, which results in five doubly degenerate levels
(see Figure S6 in the Supporting Information). The ground
state is doubly degenerate with M,= +5 (see the Supporting
Information for details). The ground state is separated from
the excited state M,= +3 by |J|/2. It has been shown that in

Ising Type Three-Axis Anisotropic

I Exchange
| CE—
1
= 1
- 1
£ 160- ;=5 | —
= 1
& [,=%1 |1
= - :
§ —/]‘IZ::*:1 1
= 1
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. :I:
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Figure 6. MAGPACK-computed spin-energy levels for the {MnOs} ferromag-
netic exchange-coupled pair: a) Ising-type ferromagnetic interactions in
{MnOs} (Jge= +25.5 cm™" and J;. =J,,=0). b) Anisotropic interaction in the
{MnOs} ferromagnetically coupled pair (J;:= +25.5 cm™, J,, =—102 cm™",
Jie=—22.5 cm™"). Single-ion ZFS of Dyu=—4.0 cm™' was considered during
the MAGPACK simulations. The projection of the magnetisation along the z
axis (M,) is related to the m and M by M,=g,(Os)m + g,(Mn)Ms, in which
g,~2.00 for 0s" and g,~2.00 for the Mn" for simplicity (m="/, for Os",

whereas Ms=2 for Mn").
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such a scenario the barrier height is determined approximately
by the |J| value or it can even be larger."¥ This suggests that
the anisotropic exchange can lead to a larger barrier height
than the isotropic exchange in polynuclear transition-metal
complexes.

Within the series studied, there are two sources of anisotro-
py, the first one being the single-ion anisotropy of Mn" (ZFS;
Dy, whereas the second contribution is due to the anisotrop-
ic exchange between the two pairs. As complexes 1-3 are
nearly isostructural, the Dy, values are expected to be similar
across the series. Thus the difference in the barrier height for
reorientation of magnetisation must arise from the nature of
anisotropic exchange exhibited by the individual pairs. Within
our series studied, the Ru" and the Os" analogues exhibit
three-axis anisotropic-type exchange (see g tensors computed
for Kramers doublet in Table S3 of the Supporting Informa-
tion).”® However, the magnitude of the J values varies signifi-
cantly between the two complexes. In particular, the J;: and J,,
values differ significantly. This variation in the magnitude of J
values along with the variation in sign led to difference in the
ground-state/excited-state M, gap. A comparison of Ising and
three-axis exchange for the Mn"—0s" is shown in Figure 6 and
this also illustrates the difference in the barrier that could arise
due to the differing nature of the magnetic exchange. A stron-
ger interaction observed in the case of Os eventually led to
a larger ground-state/excited-state gap and thus a larger barri-
er height. A stronger interaction observed in the case of Os" is
routed back to a larger gap between different orbital-depen-
dent configurations (see Figure 2). This is due to the larger and
more diffused character of the 5d orbitals than 4d (Ru) and 3d
(Fe) analogues. For Ru", on the other hand, a weaker overall
anisotropic exchange® eventually reduces the gap between
the ground-state/excited-state M, gap and thus a reduction in
the barrier height (see Figure S6 in the Supporting Informa-
tion). Likewise for Fe analogues, a significant anisotropic ex-
change (that is, a non-zero J, value and likely to be antiferro-
magnetic as well) has been noted™ and this again falls in the
same category as that of the Ru" analogue.

Moreover, as we go down in the series, the strength of the
interaction significantly increases with Os" >Ru">Fe" by 400
and 500% for Ru" and Os" analogues, respectively, relative to
the J (Js2) value of Fe". This enhanced J value leads to larger
barrier heights for Os" and Ru" than the Fe" analogue. We
would like to note here that a similar Fe analogue has also
been reported with barrier height as much as 30 K;®" however,
the crystal structure and magnetic properties of this complex
are different to what we have studied here.”® The difference in
the magnetic properties, particularly the U, is attributed to
the difference in the a angle (C-Fe-C cis angles) between
these two structures. We have previously shown that this pa-
rameter is crucial in controlling the magnitude of anisotropy in
cyanometalate complexes.™ In the next section, we will dis-
cuss the magneto-structural correlations developed for the
0s" analogue. These developed correlations offer clues about
how to improve the effective barrier height by enhancing the
strength of the magnetic exchange as discussed above.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Magneto-structural correlations

Magneto-structural correlations offer a way to further enhance
the magnetic exchange by tuning a selected structural param-
eter. Within this series of complexes, we intend to develop cor-
relations for complex 3, as no correlations exist for the {Mn—
Os} pair to date. The correlation has been done only on the
ground state configuration, that is, only for the J:: interaction,
whereas the other two directional anisotropies are likely to
have different behaviour as they are involved in mt-type interac-
tions. Since Fe and Ru analogues are structurally similar, we be-
lieve a similar magneto-structural correlation to the one devel-
oped can be expected for these pairs. For cyano-bridged com-
plexes, the most influential structural parameters are 1) the
Os—C distance, 2) the Mn-N-C angle, 3) the Os-C-N bond angle
and the Mn-N-C-Os dihedral angle.

Os—C distance

We started varying the Os—C distance related to Ji: (Os—
Mn(1)) from 1.948 to 2.348 A (Figure 8a). As the Os—C distance
increases, the Jig: value decreases. The MOs and computed
overlap integral reveals that as the Os—C distance increases,
the carbon atoms develop a radical character (as evidenced
from larger spin densities) and this eventually leads to larger
0s(d,,)—-Mn(d,,) interaction, despite an increase in the distance
between the metal ions. This large overlap eventually increases
the antiferromagnetic contribution and leads to smaller J;¢
values. Furthermore, as the metal-metal distance increases,
there is also a sharp decrease in Os(d,)-Mn(d,._,.) cross-inter-
action, which leads to smaller J values. Since this interaction is
essentially d-type, the strength is correlated to distance. Quite
interestingly, the J, interaction between Os—Mn(2) is signifi-
cantly influenced by this parameter and in fact the J, interac-
tion increases as the distance increases. What is evident from
the computed spin densities is that increasing the Os—C dis-
tance alters the covalency of Os and its tendency for spin po-
larisation on the coordinated carbon atom decreases (see
Table S11 in the Supporting Information) and this eventually
leads to weaker overlap between magnetic orbitals at longer
distance and stronger ferromagnetic exchange. This parameter
particularly reveals that Os" covalency is very subtle, and an
asymmetric Os—C distance can lead to significantly different J
values and might even lead to an S='/, ground state at some
point. In addition, the Js; interaction also changes; however,
the magnitude of variation is rather small.

Mn-N-C bond angle

The experimental reports suggest that the Mn-N-C bond angle
is the most sensitive structural parameter that governs the
magnetic coupling and is often referred as the magic angle.””
We have developed the magneto-structural correlations in
which the angle is varied from 135 to 180°. As the bond angle
increases, the ferromagnetic interaction between Mn and Os
increases."'? At larger angles, the d,, orbital of the Os" is es-
sentially orthogonal to the magnetic orbital of the Mn" ions
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and this leads to an increase in ferromagnetic coupling. Fur-
thermore, a significant cross interaction between the vacant
Mn" d,. . orbital with the Os—d,j, is also detected.*! The spin-
density analysis reveals that spin density on Os" increases as
we move towards the linear structure, which clearly reveals
that the metal ion is strongly polarising at larger angles, and
this leads to a larger J;: values (see Table S12 in the Supporting
Information). The computed overlap integrals also support the
developed magneto-structural correlations (see Table S13 in
the Supporting Information).

OS-C-N angle

As we increase the angle around J,s;, the magnitude of J;;; in-
creases, whereas the J,; interaction remains constant. The
angle around the cyano carbon atom essentially leads to
a linear Mn-C-N-Os arrangement at higher angles. As the struc-
ture tend towards linearity, the d,, orbital of the Mn" with
which the d,, of Os" has a non-zero overlap will become strict-
ly orthogonal (see Table S14 in the Supporting Information for
the spin densities and Table S15 in the Supporting Information
for overlap values). This leads to a decrease in the antiferro-
magnetic contribution and hence a large increase in the net
Jig values. The Jy interaction also marginally decreases as we
increase the angle. A consistent increase in the spin density of
Os" apparently leads to large Jg: values.

¢ parameter (cis to trans)

Due to the angle around nitrogen coordinated to Mn", the
two Mn" atoms are in trans position. By using the defined ¢
parameter (see Figure 8d, inset), we have developed a correla-
tion in which we eventually go from the trans to the cis ar-
rangement. The J;.; interaction shows a sinusoidal curve and
a closer look at the MO reveals that as we rotate around the ¢
parameter the interaction of the d,, orbital of Mn" with the d,,
orbital of Os" alters with a minimum overlap at 45 and 135°,
thus leading to a maximum J value at this point (see Figure 7,
which shows zero and non-zero
overlap). The J,; interaction is
nearly constant, whereas Jyz signifi-  ¢z¢
cantly varies, and the interaction
becomes weakly antiferromagnetic
for the cis arrangement with a large
¢ parameter. A shorter Mn--Mn dis-
tance associated with larger ¢ pa-
rameter explains the larger varia-
tion observed (Figure 8).

Figure 7. Schematic diagram
for the interaction of the d,,
orbital of Os" with the d,,
orbital of Mn" by varying pa-
rameter @.

Conclusion

In the past decade, there has been a great interest in the syn-
thesis of and magnetic studies on Prussian blue analogues as
they are attractive building blocks for SMMs. An alternate strat-
egy has emerged in recent years in which mixed {3d-4d} and
{3d-5d} clusters have been synthesised, and these were
proven to be superior to 3d-only clusters in many instances.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. DFT-developed magneto-structural correlations for complex 3 by varying different structural parameters: a) Os—C distance, b) Mn-N-C bond angle,
c) Os-C-N bond angle, d) parameter ¢.

Although theoretical methods that demonstrate the role of
4d/5d metals in enhancing the barrier height reversal had
been pursued earlier, a comprehensive DFT study coupled with

CASSCF calculations that illustrates the advantages of this class

of compounds has been lacking. For the first time, we have
tackled this issue by thorough density functional calculations
on a set of trinuclear {Mn"-M"-Mn"} (in which M=Fe, Ru, Os)
cyanometalate SMMs. The conclusions derived from this work
can be summarised as follows:

1) The combination of B3LYP along with the effective-core po-

Chem. Eur. J. 2014, 20, 113-123

tential basis set when analysing Fe"/Ru"/0s" yields an ex-
cellent estimate of the exchange coupling constants for
complexes 1-3 relative to experimental results. As we go
down in the series, a trend of Os" >Ru" > Fe" has been ob-
served for the magnetic exchange interaction Jz. Com-
pared to the Jg: value of Fe, the strength of the interaction
increases by 400 and 500% for Ru and Os analogues, re-
spectively.

2) The DFT calculations suggest that the ground state for the
central d® low-spin cyanometalate system is (d,,)%(d yz) (dxy)
with the unpaired electron being in the o-type d,, orbital.
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The CASSCF computation also echoes a similar pattern,
with other two possible degenerate states lying closer to
the ground state for Fe and Ru and far away for Os.

For the first time the orbital-dependent exchange has been
successfully computed for a trinuclear complex by using
DFT for the Os" and Ru" analogues. The computed J values
(both non-projected and projected for Ru" and non-pro-
jected for Os") are in agreement with the recent thorough
experimental studies, although the exchange interaction
due to the d,, orbital is underestimated in our calculations.
Our calculations clearly reiterate the observation of three-
axis anisotropy for these two complexes and suggest that
this protocol can be employed to perform a preliminary
check on complexes that possess such anisotropic interac-
tions.

Our MO and overlap integral analysis reveals that, apart
from near-orthogonality of the Os(d,,) orbital with other
magnetic orbitals of Mn", a cross-interaction between the
Os(d,) and the vacant Mn(d,._,.) orbital lead to an overall
ferromagnetic Ising-type exchange for this pair. Interesting-
ly, this interaction was found to decrease significantly as we
go from Os to Fe in the series, and this leads to smaller J

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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values for the Ru and Fe analogues. The larger and more
diffused nature of the 4d and 5d orbitals than the 3d orbi-
tals of Fe is also evident from the computed spin densities
on the metal as well as the bridging cyanide moiety.
CASSCF and DFT calculations have been employed to esti-
mate the single-ion ZFS of Mn", and the computed values
are in excellent agreement with the experimentally report-
ed values. The ZFS values calculated for the S=°/, state
using DFT for all three complexes are nearly same and this
suggests that the ZFS of the Mn" or the ground state is un-
likely to affect the barrier height reversal for complexes 1-
3.

Our calculations reveal that the nature of exchange cou-
pling (isotropic, Ising and anisotropic exchange) is likely the
factor that leads to a difference in the barrier height for the
reversal of magnetisation in complexes 1-3.

The developed magneto-structural correlations suggest
that the Mn-N-C bond angle is an important parameter and
a larger angle enhances the strength of the exchange.
Since the strength of the exchange interaction is related to
the barrier height reversal here, a large Mn-N-C bond angle
is likely to yield a superior SMM.
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