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Abstract

With the ongoing efforts on synthesizing mono-nuclear single-ion magnets (SIMs)
with promising applications in high-density data storage and spintronics devices, the
linear Fe(I) complexes emerge as the enticing candidates possessing large unquenched
angular momentum. Herein, we have studied five experimentally synthesized linear
Fe(I) complexes to uncover the origin of single-molecule magnetic behavior of these
complexes. To begin with, we benchmarked our methodology on the experimentally
and theoretically well studied complex, [Fe{C(SiMe3)}3]~!] (1) (SiMez = trimethylsi-
lyl) which is characterized with large spin-reversal barrier of 226 cm~! [Nat. Chem.
2013, 5, 577-581]. Further, the two Fe(I) complexes, i.e., [Fe(cylDep)a] ™ (2) ((cyIDep
= 1,3-bis(2',6'-diethylphenyl)-4,5-(CHz)4-imidazol-2-ylidene) and [Fe(sIDep)s]™!] (3)
(sIDep = 1,3-bis(2’,6'-diethylphenyl)-imidazolin-2-ylidene) are studied that do not pos-
sess SIM behavior under ac or dc magnetic fields, however, they are reported to exhibit
large opposite axial zero field splitting (-62.4 and +34.0 cm~! respectively) from ab ini-
tio calculations. Employing state-of-the-art ab initio calculations, we have unwrapped

the origin of this contrasting observation between experiment and theory by probing



their magnetic relaxation pathways and the pattern of d-orbitals splitting. Additionally,
the two experimentally synthesized Fe(I) complexes, i.e., [(n°-CgHg)FeAr*-3,5-Pri] (4)
(Ar*-3,5-Pr = CgH-2,6-(CgH2-2,4,6-P1%)2-3,5-Pr}) and [(CAAC)oFe] ™! (5) (CAAC =
cyclic (alkyl)(amino)carbene) are investigated for SIM behavior, since there is no report
on their magnetic properties. To this end, complex 4 presents itself as the potential

candidate for SIM.

1 Introduction

Single-ion magnets (SIMs) are the centrepiece of numerous areas of research with promising
applications in quantum computing,’? molecular spintronics,® classical data storage?* etc.
These are distinct molecules displaying slow relaxation of magnetization that is characterized
by an energy barrier (U.ss) for reversal of total molecular spin. The energy barrier further
depends on the total spin of the system and is given by U.;; = S?|D| and (S*1/4)|D|
(for integer and non-integer spin states respectively), where D is the axial zero field splitting
parameter.® Complexes based on lanthanides (Ln) have gained much popularity as propitious
candidates for SIMs since the report of phthalocyanine Th(III) complex, TbPcs in 2003 owing
to huge magnetic anisotropy and large spin ground state.® Followed by this, a plethora of
Ln-based complexes have been synthesized and characterized with high anisotropic energy
barriers. They exhibit large unquenched angular momentum and strong spin-orbit coupling,
which are solely responsible for their magnetic behaviors.” 2

Transition metal (TM) complexes have also entered the spotlight in recent years, offer-
ing tantalizing alternatives to be utilized in prospective applications.!3 !5 In this regard, in
mononuclear complexes containing 3d-metal ions, it is essential to maintain the first-order
orbital angular momentum to accomplish large magnetic anisotropy on a level comparable
with Ln based complexes. '6'7 Controlling various chemical modifications in the coordination
environment, such as the coordination number, geometry of the complex and nature of lig-

and atoms directly bonded to the metal center, assists in the conservation of the first-order



orbital angular momentum. In TM complexes with coordination number greater than 4,
the ligand field largely quenches the orbital angular momentum as a result of Jahn Teller
distortion.'® However, the complexes with high axial symmetry, show signs of unquenched
angular momentum and hence moderate magnetic anisotropy, but the molecules with high
local symmetry are quite scarce.'® The breaking of symmetry significantly lowers the magni-
tude of magnetic anisotropy as elegantly reported by Feng et al. where the Fe(III) complex

1 which lowers

i.e. [(PMes)2FeCls] with appropriate local symmetry results in D = -50 cm™
to -17 em™! in [(PMeyPh)yFeCl;] complex with the broken symmetry.?® Prompted by the
high D value for the symmetrical Fe(III) TBP complex, we also modelled 14 complexes by
varying the axial ligands with Group 15 elements and equatorial ligands with halides on the
reported symmetrical complex [(PMes),FeCl;] and obtained significant D values in the range
-40 to -60 cm ™! for 8 complexes.?! To overcome these ligand field effects, the low-coordinate
complexes (coordination number <4) renewed the interest of researchers, since, they favor
degenerate ground states resulting in minimal quenching of orbital angular momentum. To
this end, linear or quasi-linear two-coordinate complexes emerge as the choicest complexes
for mitigating these effects and eventually resulting in large anisotropic energy barriers. 2?25
The stability and isolation of these low coordinated complexes necessitate sterically encum-
bered ligands. A copious number of two- and three-coordinate complexes featuring Fe(II)
center are already reported with intriguing magnetic properties. 3126728 Nearly, all these
complexes anchorage sterically bulky ligands. However, in Fe(II) based complexes, the slow
relaxation of magnetization is observed only in the presence of d.c. field owing to Fe(II) being
a non-Kramer ion. Therefore, taking advantage of Kramer’s theorem and thus, attenuating
quantum tunneling of magnetization (QTM) within ground doublet, Zadrozny et al. reported
the first prominent example of two coordinate complex of Fe(I) i.e. [Fe(C(SiMes)s)a]” with
an exceptionally high energy barrier of 226 cm™! under zero applied field.?*3° Later on,

Werncke et al. reported another Fe(I) complex, [Fe(N(SiMes)s)s]~, but with a very small

energy barrier of 64 cm™! which is attributed to the reduced symmetry of the complex.3!



Another Fe(I) complex [Fe(N(SiMe3)Dipp)s]~ (Dipp = CgHs-2,6-Pry) was synthesized by
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Power et al. and characterized with the sizable D value of -65 cm Further, two linear and

one T-shaped Fe(I) complexes employing bulky NHC (N-heterocyclic carbene) ligands were

1.3 Later on, they carried the magnetic characterization of these

synthesized by Ouyang et a
complexes explaining multiple magnetic relaxation pathways existing in the three co-ordinate
complexes.3* Another Fe(I) complex [CpA"Fe(IiProMey)] (CpA” =C5(CsHy-4-Et)5 ; TiProMes
=1,3-diiso-propyl-4,5-dimethylimidazolin-2-ylidene) has been synthesized and characterized
with spin-reversal barrier of 64 cm~! by Chakraborty et al.®

In recent years, although two-coordinate Fe(I) complexes with sterically bulky ligands
have been synthesized,?3637 but a thorough study to underpin the origin of magnetic
anisotropy in these complexes has not been done yet. The present work aims to gain an
in-depth understanding of magnetic anisotropy in a series of linear two-coordinate Fe(T) com-
plexes, employing state-of-the-art ab initio calculations. To this end, we have chosen 5 exper-
imentally reported Fe(I) complexes, namely, [Fe{C(SiMe3)}3]™ (1),%0 [Fe(cyIDep)o|™ (2),
[Fe(sIDep)a| ] (3),2® [(n®-CeHg)FeAr*-3,5-Pri] (4)3¢ and [(CAAC),Fe]™ (5)37 as shown in
Figure 1. Since complex 1 is experimentally characterized with high spin-reversal barrier, it
is plumped for benchmarking the methodology. Complexes 2 and 3 are experimentally syn-
thesized and are reported to possess large axial zero field splitting parameter with opposite
signs (-62.4 cm™! for 2 and +34.0 cm™! for 3) from ab initio DDCI3 calculations. Despite the
large values reported for the complexes, both do not possess SIM behavior under any applied
fields. We have explicitly studied the electronic structure of these complexes to have a fun-
damental understanding of this peculiar behavior. We strive to accomplish this by probing
their magnetic relaxation pathways. Complexes 4 and 5 are also experimentally synthesized
by Ni et al.?0 and Ung et al.®” respectively. However, to the best of our knowledge, there
is no report on the magnetic characteristics of the complexes. Possessing underlying requi-
sites for superior SIMs i.e., linear structure and Fe(I) metal center and hence, unquenched

orbital angular momentum, we speculate if the later complexes could manifest themselves



as potential contenders for SIMs. Consequently, we have scrutinized the two complexes to

investigate their magnetic anisotropy and hence, their potential to act as SIMs.

1

Figure 1: Complexes under study. [Fe{C(SiMe3)}5]~' (1); [Fe(cyIDep)s]™ (2);
[Fe(sIDep)a| 1] (3); [(75-CeHg)FeAr*-3,5-Pri] (4); [(CAAC)yFe]™ (5). SiMez = trimethylsi-
lyl; cylDep = 1,3-bis(2/,6'-diethylphenyl)-4,5-(CHsy),-imidazol-2-ylidene; sIDep = 1,3-
bis(2’,6'-diethylphenyl)-imidazolin-2-ylidene; Ar*-3,5-Pry, = CgH-2,6-(CgHy-2,4,6-P1})9-3,5-
Pry ; CAAC = cyclic (alkyl)(amino)carbene. Colour code: Pink for Fe, Blue for N, Green
for Si, Gray for C. Hydrogens are omitted for clarity.

2 Computational Details

All the ground and excited state energies and wave function calculations are performed on
the experimentally reported X-ray crystal structures’ geometries. The molecular coordinate
system is chosen in such a way that Fe(I) is the origin of the coordinate system and the
z-axis points approximately towards the ligands. The correlated calculations are done using
Complete Active Space Self Consisent Field (CASSCF)?® together with N-Electron Valence

Perturbation Theory (NEVPT2).39 The Fe(I) possess d’ electronic configuration giving rise



to 10 quartets (S=3/2) and 40 doublets (S=1/2) states. To benchmark the methodology,
we performed the calculation for complex 1 considering all the roots of quartet and doublet
and another calculation with all roots of quartet only. However, the doublet states do not
show any significant contribution to the D values, therefore, the calculations are performed
accounting for only 10 quartet states (see Table S1 in SI). The CASSCF energy levels are ob-
tained by state-averaging these states in the active space consisting of 7 electrons distributed
in 5 3d orbitals i.e., CAS (7,5). The effect of dynamical correlations is included by performing
NEVPT2 calculations on top of CASSCF converged wavefunction. Scalar relativistic effects
are taken into account employing second-order Douglas-Kroll-Hess triple-DKH-def2-TZVP

t40 and auxiliary basis set is generated automatically using AUTOAUX keyword.*!

basis se
Tight self-consistent field (SCF) convergence criteria (107! au) is used in all the calcula-
tions. The spin-orbit interactions along with the zeeman interactions are incorporated by the
quasi-degenerate perturbation theory (QDPT) approach.?*% Magnetic parameters (D, E/D
and g-tensors) have been computed using effective Hamiltonian theory as implemented in the
ORCA (4.0.1.2) program package.?®%® Ab initio ligand field theory (AILFT) analysis based
on wavefunction obtained from SA-CASSCF/NEVPT2 has been employed to obtain precise
d-orbital splitting pattern of the studied complexes.*® Ab initio blocking barriers for relax-
ation mechanisms have been computed from SINGLE ANISO module as implemented in
Orca v5.0.1. The ab initio CASSCF and CASPT2 calculations are also performed in Open-
Molcas (19.11).4748 For CASSCF calculations in OpenMolcas, the relativistic contracted
atomic natural orbital type basis sets i.e., [ANO-RCC...5s4p2d]| for Fe, [ANO-RCC...4s3p]
for Si, [ANO-RCC...3s2p] for N and C and [ANO-RCC...2s] for H are employed.*® To account
for spin-orbit effects, AMFI spin-orbit operator is used and DKH Hamiltonian is considered
for scalar relativistic effect. The AMFI (atomic mean field integral) spin—orbit operator
is introduced to account for the spin—orbit effects. The scalar relativistic effect is consid-
ered using the DKH Hamiltonian. The resolution-of-identity approximation is employed to

accelerate the calculation.®



3 Results and Discussion

3.1 ZFS parameters and g tensors

For complex 1, the alternating current magnetic susceptibility measurements yield high
value of spin reversal barrier i.e., Ugry = 226 cm™'.?° The large U.s; value is the result of
unquenched orbital angular momentum, thereby, maximizing the magnetic moment. The
computed D value from SA-CASSCF calculations is -102.16 cm™! which further enhances
to -109.13 cm~! when dynamical correlations are taken into account employing NEVPT2.
Since for non-integral spin complexes, U.s; corresponds to |D|(S*-1/4), the D value of -
109.13 em™! leads to Ugss of 218.26 cm™'. The value is in nice agreement with the exper-
imentally observed value of 226 cm™!. Moreover, the D value of -108.55 cm™! is obtained
from MS-CASPT?2 calculations, in nice agreement with that obtained from NEVPT2 For all
the studied complexes, the SA-CASSCF/NEVPT2 and MS-CASPT2 computed D values are
collected in Table 1. For complexes 2, 4 and 5, negative D value is obtained from NEVPT?2
with moderate magnitude in the range -33 to -80 ecm™!. However, a positive D value of 40.30

Lis observed for complex 3. CASPT?2 also results in negative D values for complexes

cm™
2, 4 and 5 with comparable magnitude as obtained from NEVPT2 calculations. However,
a discrepancy is observed between the computed D value for complex 3 for which NEVPT?2
yields +45.34 cm™! in contrast to the CASPT2 value of -25.84 cm ™!, although +34 cm™! is
reported by DDCI3 calculations by Meng et al.3* The value reported by CASPT?2 in contrast
to NEVPT2 and DDCI3 may be attributed to the issue of intruder states. Owing to large D
value, complex 4 proffers itself as the second Fe(I) centred complex with large ZFS among
other linear Fe(I) complexes reported so far with relatively low spin-reversal barrier.

For complexes with negative value of D, the Kramers doublet with the maximum spin

projection is the ground-state while reverse is true with positive D value.?® The negative

value of D for all complexes except 3 implies that the Kramers doublets (KDs), with the



projection of total angular momentum m; = +7/2 is the ground state for these complexes.

However, for complex 3 with positive D value, the ground state KDs has m; = £1/2 as the

projection of total angular momentum.

Table 1: SA-CASSCF/NEVPT2 and MS-CASPT2 computed D values for all the studied

Fe(I) complexes.

Complexes SA-CASSCF* SA-NEVPT2* SA-CASSCF’  MS-CASPT?’
D |E/D| D |E/D| D |E/D| D |E/D|

1° -102.16 0.0004  -109.13 0.0004  -106.08 0.0003  -108.55 0.0002

2¢ -68.89 0.1745  -33.32 0.0475  -78.85 0.1223  -28.32 0.0824

3¢ 4238 0.0918 4030 0.2475 4534 0.1244  -25.84° 0.3219

4 -90.23  0.0038  -79.06 0.0046  -90.29 0.0049  -67.97 0.0067

5 2477 0.2837  -65.10 0.0467  -27.24 02071  -21.96 0.2282

*The calculations are performed with DKH-def2-TZVP basis set in Orca.

*The calculations are performed with ANO-RCC-VDZ basis set in OpenMolcas.

“The spin reversal barrier (U.ss) of 226 cm™! is reported experimentally.®

9The D value of -62.4 cm™" and 34.0 cm™! for 2 and 3 respectively are reported from
DDCI3 method by Meng et al.?!

°The contrasting negative sign of D is may be due to the issue of intruder states in
CASPT2.

For a molecule to possess uniaxial anisotropy with slow relaxation of magnetization un-
der no applied field, apart from negative axial ZFS (D), the negligibly small rhombicity i.e.,
|E /D] ratio is required.®® The non-zero value of E allows mixing of +M, levels, leading
to relaxation of electron through quantum tunneling.’® The SA-CASSCF/NEVPT2 com-
puted |E/D| ratio of all the complexes are collected in Table 1. Complexes 1 and 4 exhibit
negligibly small rhombicity i.e., |E/D| <0.005 (Table 1) indicating infinitesimal transition
probability of relaxation through quantum tunneling of magnetization (QTM) within the
ground-state Kramers doublet. Complexes 2 and 5 possess small |E/D| ~0.04, imply-
ing partial relaxation through quantum tunneling of magnetization within the ground-state
Kramers doublet. However, for complex 3, large |E/D| is observed indicating relaxation of
magnetization through the ground-state Kramers doublet.

Besides ZFS parameters, the ¢ tensor corresponding to a pair of KDs, which imparts

the preferential direction of magnetization in a particular spin-orbit state, is an important



parameter for governing the efficiency of SIMs.”* Complexes with g, > g, ~ g, are char-

acterized with easy axis anisotropy with ¢, as the favorable direction of magnetization. In

contrast, g, ~ ¢, > ¢. signifies easy plane anisotropy and g, > ¢, > g, represents the case

of triaxial anisotropy.®®

Table 2: Computed g tensors for the lowest four Kramers doublets for all the complexes

Complexes Kramers doublet gz gy g. g. angle

(cm™1) (deg)

0 +7/2 0.0021 0.0021 9.9706 0

1 218.27 +5/2 0.9850 0.9868 5.8763 0.05
460.56 +1/2 0.9646 1.0073 1.8743 0.41

710.06 +3/2 0.0110 0.0154 2.0360 0.02

0 +7/2 0.3881 0.4128 10.2543 0
9 66.88 +5/2 2.7605 3.6506 7.3288 67.51
124.74 +1/2 0.3713 0.8840 7.9411 89.14
328.16 +3/2 0.2771 0.6426 9.1012 83.49

0 +1/2 1.6345 3.2055 7.5223 0
3 87.70 +3/2 1.8871 1.9675 5.5227 89.98
754.08 +7/2 0.7034 1.9056 8.6470 89.88

940.57 +5/2 2.3501 3.3439 3.4798 4.07

0 +7/2 0.0291 0.0299 9.5162 0

4 158.13 +5/2 3.4048 3.4129 4.2463 0.0
523.70 +1/2 0.2080 3.2439 3.5724 89.99

701.54 +3/2 0.1144 0.1323  2.6439 0.0

0 +7/2 0.3104 0.3611 9.7200 0

5 130.64 +5/2 0.4034 0.9040 5.7278 6.17
293.58 +1/2 1.8417 3.0274 4.3019 89.27
084.26 +3/2 1.5647 1.8859  3.6593 89.71

The g tensors for the ground-state and the lowest three excited states of all the complexes

are shown in Table 2. For complexes 1 and 4, the computed ¢ tensors in the ground-

state KDs are observed to show ¢, >> g, = g¢,, indicating ¢, as the favorable direction of

magnetization with strong Ising type nature. This uniaxial magnetic anisotropy signifies

negligible relaxation of magnetization from the ground state Kramers pair. However, for



the first and higher excited states, the extent of uniaxiality is reduced. Moreover, along
with the changes in g, the direction of magnetization of the excited state from the ground
state (measured as g, angle in Table 2) also deviates. These decreased uniaxiality and non-
coincidence of the anisotropy axis of excited state with respect to the ground-state leads to
faster relaxation of magnetization from the corresponding state.’® For complexes 2 and 5,
although the g-tensor show axiality with g, >> ¢, = g¢,, but lacks pure Ising nature. This
suggests partial tunneling within the ground state KDs along with faster tunneling through
the excited state with reduced uniaxiality and deviation of anisotropy axis from the ground
state. Complex 3 is a peculiar case possessing triaxial anisotropy with g, > g, > g,. This
triaxial anisotropy has been observed earlier also for Co(Il) compounds by Mgller et al.5?

and Korchagin et al.5

3.2 Origin of ZFS

To gain a better understanding of the observed magnitude as well as the sign of D values for
the studied complexes, we have analyzed the pattern of molecular d-orbitals splitting of these
complexes obtained from AILFT analysis as shown in the top panel of Figure 2. For 1, the
d-orbital splitting is observed where the d.> is lowest in energy followed by closely degenerate
pairs of d,2_,» and d,, and then by d,. and d,.. The stabilization of d.2 is a result of strong
3d,2-4s mixing as reported by Zadrozny et al.?? Visual inspection of the shape of d,» orbital
(bottom of Figure 2) reveals an appreciable overlap where the donut-like ring in the zy plane
of d.» orbital mixes with the 4s orbital. This 3d,2-4s mixing is observed for all the complexes.
Moreover, this 3d,2-4s is also evident from the analysis of Lowdin orbital composition of the
3d-orbitals (Table S2). The d,» orbital is observed to have a composition of ~80% with
appreciable s-orbital character (~10%), however, the other d-orbitals are pure with ~95%
composition. This pattern of d-orbital ordering of complex 1 results into the ground state
with dominant electronic contribution from d%d2._ »d}, d;.d; . and the first excited state has

the major electronic contribution from d%.d},_.d>,d; d, .. Since the energy gap between the
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ground and first excited state is very small i.e., 56.0 cm™! (Table 3) and the excitation of an
electron from ground to first excited state takes place between the same |m,| states, thus,
the spin-conserved transition from d,2_,2 to d,, leads to large negative contribution to the D
value. The second excited state is composed of several determinants with major contribution
from d.,d%>_ »d7,d}.d, . Here, the electron promotes to the states with different || values
and the energy difference between the ground and second excited state is quite large (Table
3), hence, it gives a small positive contribution to the D value. Since the first excited state
lies close to the ground-state, it governs the overall sign and magnitude of D leading to a
high negative D value of -109.13 cm™! for complex 1.

For complex 2, d,» orbital is again stabilized, however, in this complex, d,. and d.

orbitals are more stabilized as compared to d,, and d,2_,» orbitals which is in contrast to

Yy
the d-orbital splitting pattern observed for complex 1. The significant interactions of the d,.,
and d,, orbitals of the Fe atom with the m-orbitals of the carbene ligand via pr-dr interactions
lead to stabilization of d,, and d,,. A considerable overlap between the carbene pr type
orbitals and metal d,. and d,. orbitals is visualized in Figure 2. Although the d,. and d,. are
lower in energy, the complex possesses non-Aufbau ground state with electronic configuration,
d%d} d, d3, )2, The non-Aufbau electronic ground-state was also observed by Bunting
et al. for Co(IT) complex?® and Ruiz et al. for ferrocenium complex.®” The viable reason for
this anomalous configuration is the small energy difference of d,» with d,. and d,, i.e., 0.097
and 0.174 eV respectively (Table S4). Since these d-orbitals are quasi-degenerate, therefore,
to avoid inter-electronic repulsion for the Aufbau configuration i.e., d%d; d,.d} d\>_, , the
complex exhibits non-Aufbau (d2.d, d, d3,d,._,,) electronic arrangement. Further, the first
excited state will be attained by promoting an electron from d,, to d,2_,» with small energy
difference (52.0 cm™!) and between same |m,| states leading to large negative contribution
to the D value. The second excited state has the major contribution from d2d, d2.d}, d}>_

attained by transfer of an electron from d,, to d,, with small energy difference (143.7 cm™"),

leading to significant positive contribution to the D value. Thus, although the overall D
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value is negative but the magnitude is smaller due to large positive contribution from the

second excited state.

Complex 5

dxz_yz% . S
dXZ

Complex 3
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dy % 4dx2-}’2 "

1

Complex 1 : Complex 2
1
1

d22_+__1_

d22+% " d
N

d, _H_

Complex 1
dxy dxz dyz
Complex 2
d.: d,, d, d,, dy.,
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Figure 2: The pattern of d-orbital splitting of all the complexes and the molecular d-
orbitals obtained from SA-CASSCF/NEVPT2 calculations with active space of CAS(7,5)
for complexes 1, 3 and 4.

In complex 3, the imidazolin ylidine ligand is substituted which, due to better m accepting

ability than imidazol ylidine®® (in complex 2), renders more pronounced dn-pr interactions

12



and hence, stabilizes the d,. orbital compared with the d,» and d,, which are almost degen-

erate (Figure S1). As a consequence of this pattern of d-orbital splitting, the ground state

1

acquires non-Aufbau electronic configuration, d3,dL.d> d._,

2dy, (similar to 2). Since, the
first and second excited states are achieved by promoting an electron from d,, to d,2_,2 and
d,, respectively with different |m| states, both of them give a positive contribution to the D
value. Hence, the complex exhibits an overall positive D value. Thus, the different splitting
pattern due to better m-acceptor imidazoline ylidine than imidazol ylidine (in 2) results in
opposite signs of magnetic anisotropy for the two complexes. Another difference between the
two molecules is the dihedral angle between the ligands attached to the complexes. Complex
2 renders dihedral angle of 14° in contrast to the large dihedral angle of 70° exhibited by
complex 3 (tabulated in Table S10). The different dihedral angles can also be the underlying
rationale for the contrasting signs of magnetic anisotropy for the complexes 2 and 3 as also
158

observed in Co complexes by Meng et a

The complex 4 is a peculiar case where quasi-degenerate d,, and d,2_,» are lower in

-y
energy as compared to d,2. The analysis of molecular orbitals as shown in Figure 2 reveals
a substantial overlap between the d,, and d,2_,» orbitals of Fe with the m-electron cloud
of the benzene ring which is binding to the Fe through 7° fashion making a half-sandwich
complex. The m-electron cloud of the benzene ring and the d,, and d,2_,2 orbitals of the Fe
atom are lying perpendicular to the molecular axis. These orbitals can be considered as a
linear combination of pm orbitals of the benzene ring and d-orbitals (d,, and d,2_,2) of Fe
atom indicating significant interactions and hence leading to substantial stabilization of these
orbitals followed by d,» and subsequently by a closely degenerate pair of d,. and d,,, orbitals.

The outcome of this d-orbital ordering is the ground-state with electronic configuration

e 2 i.e., between same |my|

diyd}ng_ygdzgdl dl,. The promotion of electron from d,, to d,2_,
states and with small energy difference (298.3 cm™) leads to first excitation providing large
negative contribution to D value. Further, the second excited state is obtained by transfer

of electron from d» to d,2_,2 causing small positive contribution to the D value, with overall
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negative magnetic anisotropy for the complex.

Complex 5, accomodating CAAC ligand, a good m-accepting ligand, possesses d-orbital
splitting pattern similar to that obtained for complex 3 with the only difference showing inter-
change of d,, and d,, orbitals. However, unlike complex 3, the ground state electronic config-
uration for this complex is different with dominant contribution from d_d..d} d2._ .d}, and
the first excited state is obtained by transfer of electron from d,2_,2 to d,, with significant
negative contribution to D value due to smaller energy gap (54.0 cm™!). The second excited
state is attained by electron transfer from d,,, to d.2 giving notable positive contribution to
D value. And the complex exhibits overall negative D value.

Thus, the different D values exhibited by these complexes are a result of distinct d-orbital

splitting patterns caused by different ligands attached to the metal center, Fe(I).

Table 3: Lowest spin-free energy levels of the complexes with their individual contribution
to D computed using SA-CASSCF/NEVPT2 with (7,5) active space.

Complex Excited states Spin-free states Contb. D

(cm~') (cm™')

) 1 56.0 -119.02
2 5380.2 02.94

0 1 52.0 -103.54
2 143.7 31.26

5 1 791.5 24.41
2 1459.3 09.85

4 1 298.3 -85.19
2 924.7 01.43

. 1 54.0 -112.24
2 774.0 22.23

3.3 Mechanism of magnetic relaxation

To have a qualitative understanding of the mechanism of magnetic relaxation, we have plot-
ted ab-initio blocking barriers computed from SINGLE__ANISO approach as implemented in
Orca as shown in Figure 3. The relaxation of magnetization can occur through three proba-

ble mechanistic pathways namely a) quantum tunneling of magnetization (QTM) within the
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ground KDs b) Orbach/Raman relaxation process where Raman relaxation process takes
place through virtual transitions c¢) thermally assisted quantum tunneling of magnetization
(TA-QTM) within excited KDs.'® In the computed relaxation mechanism, the KDs are pre-
sented according to their magnetic moments. The numbers at each arrow connecting any
two energy levels represent the matrix elements of transition-magnetic-moments between the
connecting energy levels.

For complex 1 and 4, the transition-magnetic-moment matrix elements between the
ground state KDs are negligibly small i.e., 0.0007 and 0.009 respectively, ruling out the
possibility of QTM through the ground state in these complexes. In addition to this, the
calculated transition-magnetic-moment matrix element between the ground and first excited
KDs of opposite magnetic moments are also very small in magnitude (0.0008 and 0.01 for
1 and 4 respectively), implying slow Orbach relaxation. However, the large transversal-
magnetic-moment (0.32 for 1 and 1.1 for 4) for the first excited state suggests relaxation to
be operative through first excited state via TA-QTM.

In the case of complexes 2 and 5, the computed transveral-magnetic-moment is 0.14 and
0.1 respectively in the ground state suggesting partial QTM to be operative through the
ground state KDs. The larger magnitude of transition-magnetic-moment matrix elements of
1.3 and 1.1 for 2 and 5 respectively for the first excited state for both the complexes mark
the major relaxation to proceed through this state. Besides, the off-diagonal matrix elements
between the ground and first excited KDs of opposite magnetization are also moderate (0.42
and 1.0) opening up further relaxation pathways via Orbach relaxation. Therefore, for these
complexes, multiple relaxation pathways are operational. On the other hand, for complex
3, the m; = +1/2 is the ground state with a barrierless potential well which is also signified
by the high magnitude of transition-magnetic-moment matrix element i.e., 1.8, suggesting

faster relaxation within the ground state for this complex.
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Figure 3: Ab initio magnetization blocking barrier for all the complexes. The black lines
represent the Kramers doublets (KDs) as a function of the magnetic moment. The dotted
red lines represent the QTM /TA-QTM. The dotted green lines denote the Orbach relaxation
pathways. The dotted blue lines show the most probable relaxation pathway. The numbers
at each connecting arrow represent transition-magnetic-moment matrix elements.

These relaxation pathways provide the plausible reason for no SIM behaviors under any
applied field for complexes 2 and 3 as observed by Meng et al.3* Since for complex 2, due to
multiple relaxation pathways i.e., partial QTM through the ground-state KDs and Orbach

relaxation, the complex shows absence of SIM behavior. In contrast, complex 3 possessing
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barrierless potential well leads to relaxation within the ground-state KDs. Thus, both the

complexes do not show any signatures of SIM behavior.

4 Conclusion

We have investigated the origin of single molecule magnetic behavior of a series of linear or
quasi-linear Fe(I) complexes employing state-of-the-art ab initio calculations. The different
d-orbital splitting patterns are manifested by the complexes which is the ramification of the
intrinsic nature of the ligands attached to the complex. Since the energetic ordering of d-
orbitals is the decisive parameter for the magnitude and sign of zero field splitting parameter,
all complexes except 1, possess the non-Aufbau electronic ground state due to small energy

I and even

difference in the d-orbitals showing a range of D values from -33 to -109 cm™
positive D value for one of the complex. Complexes 2 and 3 are reported with absence of SIM
behavior under any field, however, opposite signs of D value (negative for 2 and positive for
1) are shown from ab initio calculations.®* This observation is rationalized based on different
patterns of d-orbital splitting and their ground state occupancy. Moreover, the existence of
multiple relaxation pathways with partial relaxation within ground state KDs for complex
2 and barrierless potential well triggering faster relaxation within the ground state KDs in
complex 3 provides signatures for the absence of SIM behavior in these complexes. Thus,
moderate magnitude of magnetic anisotropy and faster quantum tunneling of relaxation are
found to co-exist in these complexes. Moreover, the experimentally synthesized complexes
4 and 5 are characterized with large magnetic anisotropy of -79.06 and -65.10 cm™! but
complex 5 exhibits multiple relaxation pathways with partial tunneling within the ground
state KDs. Therefore, it is speculated to possess SIM behavior under applied field. However,
complex 4 possessing Ising type anisotropy and TA-QTM provide the potential to behave

as superior SIM under zero applied field. Moreover, complex 4 is the second Fe(I) complex

to possess large ZFS value of -79.06 cm™! followed by complex 1 (D=-109.13 cm™!) among

17



all other Fe(I) linear complexes reported so far.
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