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ABSTRACT: Controlling spin Hamiltonian parameters such as magnetic exchange and
magnetic anisotropy of polynuclear clusters is of great interest in the area of single
molecule magnets (SMMs). Among large polynuclear clusters, hexanuclear clusters offer
the best compromise in terms of size as they are often rigid, solution stable, and
chemically amenable. The {MO,} core is one of the common architectures known for
many hexanuclear clusters and generally reported to possess a diamagnetic St = 0 spin
ground state, barring a few exceptions. In these clusters, there are several open questions
that are poorly understood: (a) What controls the nature of magnetic exchange, which in
turn dictates the ground state spin values? (b) For clusters possessing a nonzero spin
ground state, what dictates the magnetic anisotropy? Here, using density functional
methods, we have attempted to shed light on these two question by evaluating the
exchange coupling constants in [Fes''0,(OH),{(C,N,H,SMe),C(OH)-
0},('BuCO,),o] (1), [Fe6IH(O)2(02CH2)(OZCCHZtBu)lz(py)z] (2), [Fesm(oz)'
(O)Z(OZCCM63)12(pY)2:| (3), [Femso3(02CM6)9(OEt)2(bPY)2]C104 (4),

[Mn"0,(0,CH,)(0,CPe’),,(HO,CPe'),(0,CMe)] (5), and [Ni"s(OH),(0,CBu)s(‘BuCO,H),] (6) complexes. We have
estimated all the eight near-neighbor exchange coupling constants in these clusters. Our calculations not only agree with the
experimental results but also offer insight on the origin of the spin ground state. Extensive magneto-structural correlations
developed by varying M—O—M angles and M—O distances reveal that ] values are extremely sensitive to small structural
distortions. Correlations developed indicate that both the parameters are important for Fe(III), but for Mn(III) and Ni(II), the
angles were found to play a dominant role. Quite interestingly, the computed zero-field splitting parameter Dg_s of complex 1
reveals that the exchange contribution to the anisotropy controls the sign of the ground state D value—an observation which
differs from the general perception that the ground state D is controlled by the single-ion zero-field splitting parameter.

B INTRODUCTION

The oxo-bridged triangular {M;O} units (here, M = Fe(III),
Mn(III), and Ni(Il)) are of fundamental interest as they are
the building units in some minerals," metallo enzyrnes,2 metal
storage proteins such as ferritin,’ and higher nuclearity
clusters.” They are also active centers for many catalytic
transformations’ and can exhibit fascinating magnetic proper-
ties such as single-molecule magnets (SMMs).®” This
discovery of SMM properties with [Mn;,0,,(OAc) -
(H,0),]-2HOAc-4H,0 “Mn,, acetate” offers tantalizing
applications such as high density molecular information
storage devices.” In addition to “Mn,, acetate,” the other
extensively studied SMM belongs to the Feg system,
[FegOg(OH);,(tacn)¢|Brg:9H,0 (tacn = 1,4,7-triazacyclono-
nane), both with an S = 10 ground state.'” The latter was the
first oxo-hydroxo bridged Fe(III) complex having a nuclearity
higher than three. In order to mimic the ferritin core, a crystal
of the family [Fe™ ;] has been synthesized within a pair of
cocrystallized Fe,,/Fe y species having a molecular formula of
[Fe,o(metheidi),o(OH),04(H,0),,](NO,)-24H,0.""

Among all the reported polynuclear complexes in the past
two decades,*™'* the complexes based on Fe(IIl), Mn(III),
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and Ni(II) gain much attention essentially due to two reasons:
(i) The Fe(Ill) ion offers the largest single-site spin in
transition metals, leading to large spin clusters (very large spin
ground states as high as Sy = 45 are reported with Fe(III))."
(i) Mn(III) and Ni(II) ions, on the other hand, offer large
anisotropy—an important ingredient for SMMs (very large D
values as high as —S00 cm™' are reported for Ni(II)
systems).'® While the magnetic exchange and the associated
magnetic anisotropy of these ions are studied using various
dinuclear and trinuclear systerns,”’18 there are very few studies
on how these magnetic properties translate as we move from
basic trinuclear {M;O} units to higher nuclearity clusters.
While there are numerous studies on larger polymetallic
clusters, these clusters are often made serendipitously and
hence do not offer chemical control on structural alterations
that are desired to regulate the magnetic properties.'”"’
Hexanuclear complexes seem to be the best compromise at
this juncture, as they have two {M;0} units, and often these
clusters are rigid, solution stable, and chemically amena-
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Figure 1. X-ray crystal structures of complexes (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6. 3CH, groups are removed from each ‘BuCO, for clarity;
all H atoms are removed for clarity. Scheme: pink (Fe), purple (Mn), cyano-green (Ni), yellow (S), black (C), blue (N), and red (O).

ble.'”"!#*P%¢ A very good example here would be the report of

the {Mn""¢} cluster, possessing an S = 12 ground state, with a
record high effective energy barrier of 62 em L1221 This
structure is very robust, and various modifications and
magneto-structural correlations have been experimentally
probed for this architecture. Motivated by these studies and
the corresponding architecture, here we intend to look for
structurally analogous {MO,} clusters of Fe(III), Mn(III),
and Ni(II) to understand the nature of magnetic coupling and
the associated magnetic anisotropy. In this regard, reports of
several complexes with the {Fe,O,} core and differing ground
state St values grabbed our attention. Particularly, there are
two classes of such clusters, with some clusters reported to
possesses an S = 5 ground state while others have an S; = 0
ground state.'**%*° Structurally analogous Mn(III) and Ni(II)
clusters are also reported for this architecture. Hence, we
decided to undertake a detailed computational investigation on
six different hexanuclear clusters to understand the underlying
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exchange coupling pattern and also the anisotropy. For this
study, we have chosen [Fe"0,(OH),{(C,N,H,SMe),C-
(OH)O0},(‘BuCO,),0] 1, [Feg(0),(0,CH,)-
(O,CCH,'Bu),(py).] 2, [Fes'''(0,)-
(0),(0,CCMe;) 1, (py).] 3,1 [FegO3(0,CMe),-
(OEt),(bpy),]Cl0O, 4,1%¢
[Mn40,(0,CH,)(0,CPe¢),,(HO,CPe"),(0,CMe)] §,"** and
[Ni's(OH),(0,C'Bu)s(‘BuCO,H),] 6'* complexes (see
Figure 1).

The core for all these molecules consists of two [M3"™/!(y,-
O/OH)] units. Connectivities of ligands along with the
exchange coupling of the metals are shown in Table 1 for
complexes 1—6. All complexes have an octahedral environment
around their metallic centers. Complexes 1—4 have two u,-
OH, one p,-(11,-CH,0,°7), one p-(11,11,-0,>7), and one
#4-O*” bridging group, respectively, between the two triangular
{Fe;0} metallic units. Complex $ is analogous to complex 2
except that the metal center is Mn(III). While the core
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structure of complex 6 is similar to complex 4, we would like to
note here that this is the only structure where —OH instead of
—O is bridging the metal ion, making this structure different
from the other five complexes.

Magnetic susceptibility studies reveal that complex 1
possesses a ground state of Sy = 5, while all the other
complexes have St = 0 ground state. The coordination number
around metallic centers in all complexes is satisfied primarily
by carboxylate groups with additional ligation in some metal
centers offered by coligands (in 1, L, = DTPK [di-2-(4-
methylthio) pyrimidyl-diol]; in 2 and 3, pyridine; in 4, 2,2'-
bipyridene; in 4 and S, alkoxy groups; and in 6, hydroxo
group). Another major difference between these complexes is
that complex 1 has a planar Fey array, whereas complexes 2, 3,
S, and 6 have strong distortions leading to a boat-shaped Mg
topology. For complex 4, on the other hand, a twisted boat
shape topology was detected. Experimental magnetic studies
are reported for complexes 1, 2, 4, and S. For complexes 3 and
6, the magnetic properties are reported for a structurally
analogous com})lex, and hence these data are utilized for
comparison.m’2

In this work, we have undertaken computational studies on
all these complexes (1—6) to specifically answer the following
intriguing questions: (i) How reliable are the estimate of J
values from DFT calculations in reproducing the susceptibility
data and spin ground state (S;)? (ii) Which structural
parameter controls the exchange coupling in these clusters
and how they vary as we move from Fe to Mn to Ni? (iii) How
does the magnetic anisotropy of S; = 5 state in complex 1
originate and what are the individual contributions to the
anisotropy that yield overall negative D?

B COMPUTATIONAL DETAILS

The calculations were performed in the Gaussian 09 suite of
programs™ using the hybrid B3LYP functional.”* We have
used the TZV basis set’> for all elements. Earlier studies
performed on di/polynuclear transition metal complexes using
the B3LYP/TZV methodology yielded a good numerical
estimate of | values for Fe, Mn, and Ni clusters, offering
confidence in the employed methodology.”””” In bimetallic
systems, it is very simple to calculate the energy differences
between the high spin and broken symmetry states. But as the
number of metallic centers increases in the systems, the
possible numbers of spin configurations as well as numbers of
exchange coupling constants are also increased. In our studied
systems, the possible number of local spin configurations is 32
(2°/2). Here, we have computed energies of 13 spin
configurations on complexes 1—6 in order to obtain eight
exchange coupling constants for complexes 1—3 and § and
nine exchange coupling constants for complexes 4 and 6. The
computed spin configurations include a high spin solution with
all spins up, five solutions with two spins down, six solutions
having one spin down, and one solution with three spins up
and three spins down, leading to S = 0 (all the spin projection
ways for different solutions are given in Table S1). We have
generated a system of 13 equations with eight/nine unknowns,
which are then solved using linear equations and by using the
singular value decomposition. In order to check the effect of
bridging groups, we have also performed calculations on
models.

The Heisenberg—Dirac—van Vleck Hamiltonian®® is used
for the determination and evaluation of the magnetic
susceptibility in the form of eq 1 as
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A=-) 2,5,

i (1)

We have used PHI for fitting experimental data and for
simulating the DFT calculated magnetic susceptibility plots.””
To estimate the zero-field splitting (zfs) parameters, ab initio
CASSCE calculations are proven to be valuable.'*° However,
the application of this method is limited to mono- and
dinuclear systems, as such calculations on larger clusters are
not possible at this stage. Thus, to estimate the zfs of the Sy = §
state of 1, we have utilized DFT methods. While these
methods are known to underestimate D in several mono-
nuclear complexes, for larger clusters, they tend to yield a good
numerical estimate of D, and this has been shown in many
instances.”’ We have used DFT calculations for the estimation
of the D and g tensors in the ORCA suite of programs,”
employing the B3LYP functional using quasi-degenerate
theory”” with a CP approach.”® The Alhrichs TZVPP basis
set was used for the metal ions, while for the remaining atoms
we have used the TZVP basis set. The RI approximations were
considered during the calculation with an auxiliary TZV/]
columbic fitting basis set.”® Increased integration grids (Grid S
in ORCA) along with tight SCF convergence were used. The
estimated D has both spin—spin and spin—orbit contributions.

B RESULTS AND DISCUSSION

Estimation of Magnetic Exchange Interactions in 1—
6. Complexes 1—3 and 5 have eight distinct magnetic
exchange interactions: three within each Fe; triangle and two
between the ions linking the triangles. The corresponding
exchange Hamiltonian is given below in eq 2a. However,
complexes 4 and 6 have nine distinct magnetic exchange
interactions: three within each Fe; triangle and three between
the ions linking the triangles. The corresponding exchange
Hamiltonian is given below in eq 2b:

ﬁ = _2]1(§1'§2) - 2]2(§z'§3) - 2]3(§1'§3) - 2]4(34'35)

— 2] (85:85) — 2J,(8,-85) — 2,(85-85) — 2J,(8,-S¢)
(22)

H= _2]1(§1'§2) - 2]2(§2'§3) - 2]3(31'33) - 2]4(§4'§5)
- 2]5(§s'gs) - 2]6(34'§6) - 2]7(33@5) - 2]3(§2'§6)

= 2J, (8485 + S5-S¢) (2b)
where ; are the spin operators of each paramagnetic M (II1/1I)
center and Jj; are coupling constants between the magnetic
centers.

For all studied complexes, calculated ] values are given in
Table 2 and Figure 2. Calculated magnetic coupling constants
and magnetic susceptibility plots (see Figure 3 and Figure S1)
indicate a dominant intramolecular antiferromagnetic coupling
in all of these complexes. DFT calculated yT vs T plots for all
of these complexes (shown by gray color) along with the
experimental data and experimental fits are given in Figure 3.
The computed susceptibility fits well with the experimental
data, offering confidence in the estimated exchange coupling
constants. In complex 1, all the estimated ] values are found to
be antiferromagnetic in nature with J4 being the strongest and
J4 being the weakest exchange. Within the {Fe;O} triangular
unit, clearly there are competing interactions. However, as J,
and J; interactions are dominant with J; being very weak, this
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Table 2. B3LYP Computed J (cm™") Values for Complexes
1-6

J values 1 2 3 4 S 6
I -65  —164  -360  -377  —48  —181
5 —-31.2 —-10.5 —324 —0.8 1.8 —34
Js —40.2 —-16.3 -31.6 —42.3 —-5.8 —14.3
T, —60  —163  —418  —436 -83  —I35
Js -30.8 —10.4 -31.0 +1.5 -0.6 -34
Je —409  —-165  —321  —384  -74  -—I128
J; —14.5 -7.9 —16.3 —-23.4 -1.0 -3.1
Ts —14.8 -81 177  -287  -l4 -5
T -36.7 —117

results in an S = 5/2 ground state within the triangle. The
intertriangle (J; and J;) interactions are antiferromagnetic and
are noncompeting, leading to the stabilization of the St = §
ground state for complex 1. The DFT computed magnetic
coupling values for complex 1 are in accord with the
experimental values.'* The spin-configuration corresponding

to the ground state is shown in Figure 2, and the Eigenvalues
of the spin states computed are shown in Figure 4.

As we move from complex 1 to 2, the | values become
significantly smaller, with many interactions turning out to be
equal in strength (for example, J;, J5, J, and J4), leading to
several competing interactions. Within the triangular {Fe;O}
unit, the competing interactions lead to spin frustration and,
hence, the stabilization of S = 1/2 ground state. The coupling
of two such triangles leads to an overall spin ground state of St
= 0. As we move from complex 2 to 3, the strength of the
exchange coupling constant is found to enhance; however, the
magnitude of the J's within the {Fe;O} triangular units are very
similar in strength, leading to a similar situation to complex 2.
Similar to complex 1, in complex 4 as well, the individual
{Fe;O} triangular unit yields an § = 5/2 state, as two exchange
interactions within the triangle are stronger than the third one
(see Figure 2). However, as the structural topology is different,
the intertriangle exchange couplings (J,/Js/J,) are found to be
much stronger, leading to an S = 0 ground state.

Figure 2. Metallic core structure of complexes 1—6 along with DFT computed magnetic coupling constants for complex (a) 1, (b) 2, (c) 3, (d) 4,
(e) S, and (f) 6. The blue dotted circles indicate the ground state S value obtained within the trimetallic unit utilizing the corresponding J values
using MAGPACK. The corresponding data for the {M;0} units are given in Figure S2 of the Supporting Information). Error bars for all the

calculated values are found to be less than 0.1 cm™.
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6.

If we move to complex 5, a mixture of weak ferro- and

antiferromagnetic couplings are detected with each of the

{Mn;0} units yielding an S = 2 ground state. These two S = 2

states couple antiferromagnetically to each other, leading to a
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Figure S. Spin density plots for complexes (a) 1, (b) 2, (c) 3, (d) 4, (e) S, and (f) 6 (hydrogen atoms are omitted for clarity). The iso-density

surface shown corresponds to a value of 0.001 e~ /bohr’.

net Sy = 0 ground state. Complex 6 has antiferromagnetic
interaction within the {Ni;O/OH} triangular unit with J,/J,
and J;/]Js being larger than J,/J5 and hence the stabilization of S
1 ground state. Between the two triangles, strong
antiferromagnetic interactions (J,/Js/J,) lead to a net Sy = 0
ground state. From these calculations, it is clear that various
factors influence the magnetic exchange coupling constants
within {Mg} clusters; stabilization of the nonzero ground state
St value is possible only when the peripheral exchange
coupling constants J; and J; (or J, and J4} are noncompeting
with one exchange being much larger than the other one. If the
exchange coupling constants within the triangles are very
similar (and are antiferromagnetic), this results in an Sp = 0
ground state, independent of the nature of the metal ions/
other exchange coupling constants. Thus, it is important to
design ligands that influence exclusively the peripheral
exchange coupling constants to obtain nonzero ground state
S values. It is also important to note here that the first excited
spin state is very close to the ground spin state in most of these
complexes owing to spin frustration. Particularly for complex 2,
an S = 1 state was found to lie just 18.9 cm™" above the ground
state S = 0, and in fact there are three S = 1 states that lie very
close to each other, suggesting spin frustration.
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The spin density plot of the high-spin state of complexes 1—
6 are shown in Figure S. The Fe(III) centers are found to have
a spin density in the range of ~4.25 to 4.30 ,while Mn(III)
centers are found to have a spin density of ~3.9. Ni(II) centers
have a spin density of ~1.72. Clearly, the extent of
delocalization of spins in Fe centers is found to be much
larger than that found for the other two metals. For the Fe(III)
complex, a large spin density on y;-O atoms is detected, while
only a little spin density on the same has been detected for the
Mn(III) complex. This is essentially due to the difference in
spin polarization/delocalization that is promoted by individual
ions (see Figure S and Table S2).

Magneto-Structural Correlations. Although the bridging
groups/atoms between all the metals are found to be the same
in all of the complexes, magnetic coupling constant values are
found to vary from weak ferromagnetic interaction to relatively
large antiferromagnetic interaction. In this instance, magneto-
structural correlations can offer a clue to understanding the
variation in exchange coupling constants observed among
these complexes.'* Magneto-structural correlations developed
on dinuclear Fe(Ill) compounds reveal that ] is strongly
dependent on two structural parameters, the Fe—O bond
distances and Fe—O—Fe bond angles. To comprehend how
the J's are altered here in these systems, we have decided to

DOI: 10.1021/acs.inorgchem.8b03257
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develop a magneto-structural correlation on a model system
(model 1) by varying simultaneously both the Fe(III)—O bond
distance and the Fe—O—Fe bond angle (see Figure 6a).
Similar models were also constructed for Mn(III) and Ni(II)
systems to probe the effect of metal substitution on the
estimated J's. These three-dimensional correlations developed
are shown in Figure 6.

Magneto-structural studies performed on model 1 (see
Figure 6b; the J calculated on this model is —17.2 cm™" and the
structural parameters for this model are the same as J; in
complex 1 with a change in some of the coordinating ligands)
suggest that the expected value of magnetic coupling varies
between ~+1S cm™' and —30 cm™' with a strong
antiferromagnetic coupling found when the Fe—O—Fe angles
are in the range of 111° to 127° and the Fe—O distances are
1.80—1.85 A. Strong ferromagnetic couplings are detected only
in a narrow range, when the Fe—O distances are relatively long
(from 1.9 to 2.0 A) and the Fe—O—Fe angles are very narrow
(from 85° to 95°). Moderate antiferromagnetic coupling on
the order of —30 cm™' to —5 cm ™" is found to be widespread
in the graph with larger structural variations. As the M—u,0—
M angle decreases (see Figure 6), the antiferromagnetic nature
of the magnetic coupling constant for the Fe(III)-model
complex increases very slowly up to 103° and then decreases
sharply below this value and attains a ferromagnetic nature
below 90°. We have also performed overlap integral
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calculations, which suggest a very small interaction of magnetic
orbitals between both Fe(III) centers below a 90 °Fe—O—Fe
angle, leading to a ferromagnetic coupling. At an Fe—O—Fe
angle of 94°, only one possible strong interaction (d,,lp,ld,.)
exists, leading to a small antiferromagnetic interaction. For
points above 94°, relatively stronger interactions appear (d,2_l
pild,., de_ylp,ld,, and dzllpxldxy), which strengthen the
antiferromagnetic J’s until 119°, and above this threshold,
the interactions again started to diminish (see Table S3a,b).
Clearly, in complexes 1—4, the Fe—O(u;) bond distances
are found to be in the range of 1.886—2.034 A, and Fe—
O(p,)—Fe bond angles are found in the range of 97—132°.
The computed J’s and their variations are in line with the
correlation developed. For example, the J; (or J,) is the
strongest interaction here, essentially due to a very short Fe—O
distance and relatively large Fe—O—Fe angles. Similarly, the
weakest interaction J, (or J,) is essentially due to an acute Fe—
O—Fe angle (100°, see Table 1) and a very long Fe—O
distances. Thus, these two structural parameters influence the
J's significantly not only in complex 1 but also in complexes 2—
4. The J; interactions computed for complex 4 are found to be
ferromagnetic, and this is essentially due to a very long Fe—O
distance and a very acute Fe—O—Fe angle, falling in the
narrow range predicted in our correlations (Fe—O distance
1.945 A and Fe—O-Fe angle 99°). Among all the iron
complexes 1—4, the strongest antiferromagnetic exchange was
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Figure 7. Structures of models 2—5 along with the computed spin densities on selected atoms. Magnetic coupling values for models 2—$ are
calculated to be —20.1 cm™, —5.9 cm™!, —20.8 cm™, and —24.3 cm™}, respectively.

computed to be the J, interaction in complex 4, and here, as
one can expect, the Fe—O distances are very short coupled
with a larger Fe—O—Fe angle (Fe—O distance 1.891 A and
Fe—O—Fe —123°), leading to very strong antiferromagnetic
coupling.

Magneto-structural correlation developed for the Mn(III)
model unveils a much wider ] range; however, very strong
antiferromagnetic couplings are found only when Mn—O—Mn
angles are very small (less than 100°) with much more
stringent and narrower Mn—O distances (see Figure 6c).
Moderate antiferromagnetic and ferromagnetic couplings are
widespread in the graph covering larger structural variations. In
the Mn(III) model, the antiferromagnetic coupling constant
increases slowly with the decrease in Mn—O(,)—Mn angle up
to 119°. Below 119°, it increases very drastically and becomes
strongly antiferromagnetic in nature. In complex 5, the J,
interaction is found to be strongly antiferromagnetic, and the J,
interaction is found to be weakly ferromagnetic. This is
correlated with a longer Mn—O distance and shorter Mn—O—
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Mn angles and a shorter Mn—O distance and wider Mn—O—
Mn angles, respectively. Overlap calculations suggest strong
and greater numbers of magnetic orbital interactions at the
lower Mn—O—Mn angle and smaller Mn—O distances (d,,lp,|
d,, d..lp,ld,,, and dlp,ld,,), and as the Mn—O—Mn angle and
Mn—O distances increase, these interactions start to diminish
(see Table S3c,d), rationalizing the observed behavior.
Magneto-structural correlation developed for the Ni(II)
model system reveals that stronger antiferromagnetic coupling
is generally observed here only when the Ni—O—Ni angles are
larger than 125°, however, for a wider range of Ni—O
distances. Moderate ferromagnetic coupling (between 4 cm™
and 10 cm™") is found only in a narrow range of angles (92—
101°) and Ni—O distances (1.87 to 1.96 A), though weak
ferromagnetic coupling is possible even if the parameter
deviates slightly from the quoted narrow range. Overlap
calculations suggest stronger and greater numbers of magnetic
orbital interactions at a higher Ni—O—Ni angle (d2lp,Id2_
de_ylp,d2, and dxl_yllpxldxl_yl), and as the Ni—O—Ni angle
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decreases, these interactions start to diminish (Table S3e).
Overlap integral calculations also suggest stronger d.’lp,ld,_
interaction for Ni—O distance ranging between 2.03 and 2.14
A (see Table S 3f). Above and below this range, the magnetic
orbital interactions weaken. On the basis of the outcome of our
magneto-structural studies (see Figure 6), we can say that
among these two parameters, ] more strongly depends on the
M-O distance in Fe(III) complexes, whereas in the case of
Mn(III) and Ni(II), the M—O—M angle was found to have a
stronger influence on the estimated magnetic coupling.

It is important to note here that magneto-structural studies
performed on these dimetallic models estimate magnetic
coupling values which are in very good agreement with the
DFT calculated magnetic coupling values for each dimetallic
center in hexametallic complexes. This suggests that the
structural parameters which control the magnetic coupling sign
and magnitude in dimetallic complexes are the ones to control
the same in the polymetallic complexes.

Role of Carboxylate Bridges in Mediating Exchange
Coupling Constant. To understand the complementarity and
counter-complementarity effect of bridging ligands in the
magnetic coupling mechanism, we have constructed four more
dinuclear model systems (models 2—S, see Figure 7a—d)
keeping Fe2 and Fe3 magnetic centers and estimated the
magnetic coupling constants. Model 2 has two Fe(III) centers
bridged with one p,-OH group. To prove/disprove the
counter-complementary effect of the carboxylate group (in
the presence of y,-OH group), we have an additional ,-
acetate group that bridges both Fe(III) centers (model 3).
Models 4 and 5 are tetra-metallic models where we have kept
only Fe2 and Fe3 paramagnetic centers and replaced the other
two metallic centers with diamagnetic Co(III) metals. Models
4 and S, along with one bridging u,-OH group, have one y,-
(721,-CH,0,°7) and one p4-(17,7,-0,>") bridging group,
respectively. Remaining valences are being saturated with
water molecule in all these models. Models 4 and 5 suggest the
extent of magnetic coupling mediated through both bridging
groups  (s4-(1y1-CH,0,*7) and puy-(11,-0,°7))  within a
trinuclear system.

In model 2, the computed ] originates only from the
bridging y4,-OH group (J = —20.1 cm™"). When one additional
carboxylate group is included (model 3), the magnitude of the
antiferromagnetic coupling decreases (J = —5.9 cm™'),
affirming the counter-complementarity phenomenon in these
Fe(I1I) complexes.36 When we replace these acetates with fi4-
(1121,-CH,0,%7) and piy-(1,17,-0,>7) groups, respectively, as in
models 4 and 5, then the ] values are found to be —20.8 cm™
and —24.3 cm™, respectively. This suggests weaker com-
plementarity contributions from these bridging groups. This
clearly suggests that both oxalate and carbonate bridges only
perturb the J values, while coupling two {Fe;O} units, while
the carboxylate-bridge alters the ] values significantly. Thus,
both oxalate or carbonate bridges are innocent in nature and
can be utilized to build bigger architecture without significantly
altering the exchange coupling constant of the building units.
The overlap calculation on model 2 suggests three strong (d 2l
pildy, de_ylpdd, and d,.lpld,,) and five intermediate
magnetic orbital interactions (dxylpxld;, de_ylp.ld,, dlp.
de_y, de_ylp,ldz_p and dlp,ld.; Table S4) giving a strong
antiferromagnetic interaction between both Fe(III) centers.
Whereas in model 3, only one strong magnetic orbital
interaction (dzllpxldxy) is present giving weak antiferromagnetic
interaction between both Fe(III) centers (see Table S4).
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Model 4 has the same number of strong (dyzlpxldw d/lp,ld,.,,
and d.’lp,/d,>_?) and intermediate magnetic orbital interactions
(d.lpdd,,, de_plpid,, deplpldz de_plplde 2 and dlp,l
d;?) as in model 2, yielding identical magnetic coupling
constant values (see Table S4). In model S, the number of
strong magnetic interactions is found to be seven (dlepxldyz,
d.lpd,, d.lpd>, d.lpld,, d.lpld ds_plpld and d:lp,l
d;) with only one intermediate interaction (dlp,d,,),
resulting in the strongest antiferromagnetic interaction for
model 5 out of all studied models (see Table S4).

Probing the Origin of Zero-Field Splitting of S = 5
State in 1. For SMMs, besides the spin ground-state value
(Sy), the zero-field splitting (zfs) parameters are other
important parameters that control the energy barrier for spin
reversal. Out of all studied hexametallic complexes, only
complex 1 has a nonzero ground-spin state. Elaborate EPR and
magnetic studies on complex 1 reveal Dg_g to be —0.22 cm ™
for complex 1."** Our DFT calculations yield a D value of the
St = S state to be —0.20 cm ™" along with an E value of —0.03
cm™!, which is in good agreement with respect to the
experimental D. Using the broken symmetry approach, the
ground spin-state configuration described in Figure 2a is
computed, and its corresponding spin—spin and spin—orbit
contributions to D are estimated. Various contributions to the
estimated D values are given in Table 3. The largest negative D

Table 3. Various Contributions to the Dg_; and E Computed
for Complex 1

excitations” Dg_s, cm™! E, cm

SOMO — VMO (alpha — alpha) 0.02 —0.01

DOMO — SOMO (beta — beta) 0.02 —0.00

SOMO — SOMO (alpha — beta) —-0.13 —0.02

DOMO — VMO (beta — alpha) —-0.09 0.00
“DOMO = doubly occupied molecular orbital, SOMO = singly

occupied molecular orbital, VMO = virtual molecular orbital.

contribution found to arise from SOMO to SOMO (a — )
excitations (—0.13 c¢m™), and this is essentially inter-Fe
electron transfer. For example, the Fe(1) ion with an a-spin
electron can exchange electron to Fe(2)/Fe(3) ion which
possesses a f-hole. Additionally, there are also significant
contributions from DOMO to VMO (f — a) excitations
(total contribution —0.09 cm™') to the overall D value (see
Table 3).

To further understand the origin of magnetic anisotropy in
complex 1, we have computed the single-ion anisotropy of all
the Fe(III) centers, and these values are Fe(1), +0.37 cm™;
Fe(2), —0.05 cm™; Fe(3), +0.12 cm™; Fe(4), +0.37 cm™;
Fe(5), +0.19 cm™; Fe(6), +0.13 cm™ (see Table S5 in the
Supporting Information for various contributions to these D
values). As expected, all the computed D values are very small;
however, the magnitude and also sign (in one case) vary across
different Fe centers. This is essentially due to varying structural
distortions present around the Fe(III) center that influence the
single-ion zfs, as has been noted by us earlier.'*>*’

Now that the single-ion D is available in the next step, we
aim to obtain the exchange anisotropy contribution to the Dg_g
ground state. Overall, Dg_s has various contributions that are
given in eq 3 (assuming collinearity among various
contributions):
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D = d\Dg,; + d,Dpe; + d3Dpes + d4Dpey + dsDres
+ deDres + 2d13Dreirer + 2d53Dperes + 2d13D 153
+ 2d;Dgesres + 2d56Dpesres + 2d46Dresres

+ 2d3Dgesres + 2d26Drerres 3)
Here, d,_¢ are corresponding single-ion D coefficients, and
dy; 56 are coeflicients corresponding to exchange coupled
terms. These coeflicients are estimated using the Genio
program suite. We have used the same Hamiltonian as
mentioned in eq 2a for complex 1 to estimate all the
coefficients (see Table SS). If we can add the contributions
arising from the exchange anisotropy, eq 3 becomes eq 4:

D = d\Dg,; + d,Dge; + d3Dpe + d4Dpey + dsDres

+ dDgog + 8 X 2 X 0.200Dp, (4)

Utilizing the computed single-ion D values (see Table SS)
and the Dg_g that is computed for the full cluster, the exchange
anisotropy (Dg.p.) value can be extracted, and in the present
case this turns out to be —0.115 cm™'. Interestingly, our
calculations reveal that the ground state Dg_g is negative
essentially due to significant negative D contribution arising
from exchange anisotropy, as all the single ion anisotropies are
estimated to be either positive or close to zero. Here, the
exchange anisotropy arises due to the specific electronic
configuration with four-spin-up Fe(III) centers and two-spin-
down centers allowing possible intra-Fe exchange. A similar
scenario was witnessed earlier for a {Cry,} cluster.”®

B CONCLUSIONS

Probing the magnetic exchange coupling constants and how
they are altered by structural variations in large clusters is of
great significance in the area of SMMs. Here, using density
functional methods, we have studied six different hexanuclear
clusters having the general structural motif of {M4O,} with M
being Fe(III), Mn(III), and Ni(II). Conclusions derived from
this work are summarized below.

The B3LYP/TZV method employed yielded a good
numerical estimate of ] values in all six complexes. Particularly,
our calculated J's not only reproduce the experimental
susceptibility data but also correctly predict S = S ground
state for complex 1 and St = 0 for others.

Calculations yield various J’s for four {Fes} clusters studied,
and spin frustration within the {Fe;O} triangle due to strong
and equal antiferromagnetic exchange lead to a diamagnetic
ground state. If asymmetry is induced in the {Fe;O} triangle
using targeted structural distortions or additional bridges,
which offers complementarity/counter-complementarity ef-
fects, this may lead to noncompeting J’s, which results in a
nonzero spin ground state. Particularly, the peripheral
exchange coupling constants are found to significantly
influence the nature of the spin ground state.

For the {Mn¢O,} cluster, the exchange coupling constants
are found to be weakly antiferromagnetic within the {Mn;0}
unit, and a stronger intertriangle antiferromagnetic coupling
leads to a diamagnetic ground state. For the {Nis(OH),}
cluster, on other hand, all the intratriangle magnetic couplings
are ferromagnetic, but the intertriangle couplings are
antiferromagnetic, resulting in again a diamagnetic ground
state.
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Extensive magneto-structural correlation developed on a
model system corresponding to the J’s present in these clusters
reveals that, in the case of Fe(III), both the Fe—O distance and
Fe—O—Fe angle play a proactive role in controlling the sign
and strength of J’s, while for Mn(III) and Ni(III), the M—O—
M angle dictates the sign and strength of the J’s. Despite a
complex nature of the cluster structural parameters, developed
correlation clearly reveals that it is still possible to rationalize
both the sign and magnitude of s in these clusters using the
structural parameters that govern the exchange coupling
constants. Thus, the discussion surrounding the magneto-
structural correlations is transferable to other related large
clusters, and one can utilize such plots to rationalize the J’s
obtained from the fits. This is extremely important as often
there are several J's present, and it is difficult to obtain a unique
set of J's that fit the susceptibility data.

DFT calculations are used to estimate the zero-field splitting
parameter of Dg_s, and the value estimated corroborates well
with the experimental value (—0.20 cm™ vs —0.22 cm™).
Additionally, using a breakdown approach, we have estimated
the exchange contribution to this D value. Interestingly, the
sign of D was found to be dictated by the exchange anisotropy
as single-ion D values are found to be positive or zero.

To this end, our study in these clusters reveal that the
alteration of peripheral structural parameters in these clusters
may pave the way forward to fine-tune both the ground state
St value and the corresponding magnetic anisotropy—a much
sought after combination in the area of SMMs.
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