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Introduction

OF CHEMISTRY

ESR analyses of picket fence Mn' and 6th ligand coordinated Fe'"

porphyrins (S = 5/2) and a Co'"(hfac) complex (S = 3/2) with sizable
ZFS parameters revisited: A full spin Hamiltonian approach and
guantum chemical calculations

Takeshi Yamane,? Kenji Sugisaki,® Hideto Matsuoka,? Kazunobu Sato,*? Kazuo Toyota,® Daisuke
Shiomi® and Takeji Takui*®®

The fictitious spin-1/2 (effective spin-1/2) spin Hamiltonian approach is the putative method to analyze the conventional
fine-structure/hyperfine ESR spectra of high spin metallocomplexes with sizable zero-field splitting (ZFS) tensors since early
in 1950’s, and the approach gives salient principal g*f-values far from g = 2 without explicitly affording their ZFS values in
most cases. The experimental g*-values thus determined, however, never agree with those (gt™e-values) of the true
principal g-tensors, which are obtainable form reliable quantum chemical calculations. We have recently derived exact or
extremely accurate analytical expressions for the g/gt™e relationships for the spin quantum number S’s up to S = 7/2: T.
Yamane, et al., Phys. Chem. Chem. Phys., 2017, 19, 24769-24791. In this work, we have removed the limitation of the
collinearity between g- and ZFS tensors and derived the generalized g*f/gt™e relationships. To illustrate the usefulness of the
present approach, we have revisited important typical high spin systems with large ZFS values such as picket fence
metalloporphyrins with Mn" (S=5/2) (Q. Yu, et al., Dalton Trans., 2015, 44, 9382-9390), a 6th ligand coordinated porphyrin
with Fe" (S=5/2) (Y. Ide, et al., Dalton Trans., 2017, 46, 242—-249) and a pseudo-octahedral Co" (S = 3/2)(hfac). complex (D.
V. Korchagin, et al., Dalton Trans., 2017, 46, 7540-7548), completing the ESR spectral and magnetic susceptibility analyses
and gaining significant physical insights into their electronic structures. The off-principal axis extra peaks overlooked in the
documented spectra of the picket fence Mn" porphyrins have fully been assigned, affording their accurate true g-, hyperfine
and ZFS tensors, for the first time. For the Co" complex, the occurrence of the non-collinearity between the g- and ZFS
tensors has been discussed by using the generalized g=f/gt™e relationships. We have attempted to carry out reliable DFT-
based and ab initio quantum chemical calculations of their magnetic tensors, in which spin—orbit couplings are incorporated,
reproducing the experimental true tensors. We emphasize that the incorporation of multi-reference nature in the electron
configuration is important to interpret the magnetic tensors for the Co" complex.

science relevant to high blocking temperature characterizing
single molecule magnets (SMM’s) or single ion magnets
suggests that tuning of the spin—orbit couplings is essentially

Electronic high spin states originating in open shell metal ions in
typically be seen in synthetic
implications or new
molecular functionalities, and widely seen in biological systems
such as metalloproteins.'=3 Their magnetic properties feature in
sizable zero-filed splitting (ZFS) tensors ranging from a few
tenths to hundreds of cm~2, which are mainly governed by spin—
orbit couplings intrinsic to heavy elements and their relativistic

chemical entities can

metallocomplexes with biological

effects. Noticeably, recent advance in molecular materials
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important. Another example is seen in the molecular
design/molecular optimization for molecular spin qubits or
ensemble high spin systems as quantum spin memory devices.
The tuning of ZFS parameters is also essential for the spin
memory device to couple with superconducting flux qubits or
with planar cavity modes.*> These examples imply that practical
guidelines to design and synthesize high spin metallocomplexes,
whose molecular functionalities are dominated by the spin—
orbit couplings, make important contributions to the emerging
field from the chemistry viewpoint.

From the theoretical viewpoint, reliable quantum chemical
calculations of open shell metallocomplexes with sizable
molecular structures are emerging in order to interpret their
experimental magnetic parameters including the sizable ZFS
tensors.®7 Until now theoretical calculations of ZFS tensors for
complex antiferromagnetically coupled spin systems such as Mn
clusters are intractable and only a few reports based on DFT for
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the clusters have been documented,®1° and needless to say
that broken-symmetry DFT calculations for ZFS tensors are still
problematic from a theoretical viewpoint. Thus, it is of essential
importance to experimentally determine the true g- and ZFS
tensors of high spin complexes and to compare them with
theoretical tensors. Experimental determination of the principal
axes of the magnetic tensors gives a key for some cases with
extremely asymmetric ZFS tensors.'! Only the true g-tensors
deserve the comparison with quantum chemical calculations,
giving more significant physical insights into the electronic
structures of high spin metallocomplexes than those so far
obtained in terms of traditional ligand field treatments.

As well known, the fictitious spin-1/2 (effective spin-1/2) spin
Hamiltonian approach is the putative method to analyze the
conventional fine-structure/hyperfine ESR spectra of high spin
metallocomplexes with sizable ZFS tensors since early in 1950’s,
and the approach gives salient principal g¢f-values far from g =
2 without explicitly affording their ZFS values in most cases. We
note that the approaches have been in good harmony with
advance in ligand field theory,'2715 prior to the appearance of
sophisticated quantum chemical calculations. Particularly, in
the case that the systems under study undergo the significant
departure from the axial symmetry of their ZFS tensor, as stated
above, the unexpected variation of the geff-values occurs for
half-integer high spins. Naturally, the experimental gef-values
thus determined never agree with those (gte-values) of the
true principal g-tensors in a straightforward manner, which are
obtainable from reliable quantum chemical calculations. Clear
differentiation between the two values seems important to
quantitatively interpret the electronic structures of high spin
metallocomplexes in terms of quantum chemistry, or to tune
the spin—orbit couplings by invoking molecular optimization in
synthetic strategy. We emphasize that Co" complexes in
relatively low symmetric environment give a testing ground for
the validity of the ligand field theory combined with spin—orbit
couplings and full configuration interactions within d electrons,
although this sophisticated attempt fails to interpret the
magnetic  properties the
Co(ll)porphyrins.®7

Lack of bridging the gap between the two cultures above has
hampered more extensively embracing the concept of

such as g°f-values  of

controllable spin—orbit couplings in chemistry and related fields.

Attempting to bridge the gap, we have very recently derived
exact or extremely accurate analytical expressions for the
g=ff/gtrue relationships for the spin quantum number $’s up to S
=7/2."1 The proposed method to directly convert the g*- to the
gt'“e-values is facile generalization and affords relevant ZFS
values, which gives a testing ground for both conventional and
high-field/high-frequency (HF/HF) ESR analyses of high spin
systems.

The proposed method has been underlain by exactly and
analytically solving the eigenvalue/eigenfunction problems of a
full spin Hamiltonian composed of the rank-2 ZFS tensor and
electronic Zeeman interaction terms for a given spin quantum
number up to S = 7/2, for the first time. The exact analytical
formulas are given in terms of the principal-axis coordinate
systems, and the method is free from the limitation to the
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magnitude of the microwave frequency and static magnetic
field. Instead of performing advanced HF/HF ESR spectroscopy
at cryogenic temperatures, we invoke both experiments and
theoretical considerations to analyze the conventional X-band
spectra from high spin metallocomplexes with sizable ZFS
values. The complete spectral analyses are based on the exact
diagonalization of the full spin Hamiltonians including ZFS and
hyperfine tensors and on the exact analytical formulas for the
canonical absorption peaks, which enable us to easily
discriminate them from the off-principal axis extra peaks. The
exact analytical expressions are based on the following spin
Hamiltonian as given the rank-2 ZFS tensor and electron
Zeeman interactions:

H=S-D-S+pS-g'B (1a)

= D[Sz2 —-S(S+1)/3] + E(sz — Syz) + ﬁ(ngxBx + SygyBy + S:0:B)
(1b)

where equation (1b) is described in the principal coordinate axis
system of the ZFS and g-tensors, which were assumed to be
collinearin our previous work.'* Note that we have removed the
limitation of the collinearity in this work and generalized the
proposed method, as described below. The generalization
enables us to give relationships between relative orientations
of the tensors, gaining important insights into the electronic
structure of a high spin metal ion site. In this context, we have
noted that any single-crystal ESR spectroscopy can afford key
information on the relative orientations of the true g-tensors
with respect to the principal axis coordinate system of the ZFS
tensor, particularly.t

In the previous work, we have derived the extremely
accurate analytical expressions of the geff/gtrue relationships for
high spin systems by using the genuine Zeeman perturbation
approach, where the sizable ZFS terms S+ D - S are fully
diagonalized and electronic Zeeman terms are treated as
perturbation to the desired order. The derived formula for the
geff/gtrue relationships are easy-to-access and the approach is
advantageous to the exact analytical treatment in terms of
mathematical complexity occurring with increasing the half-
integer spin quantum number S (> 3/2). In the present
generalization, we have taken advantage of the genuine
Zeeman approach, showing a facile method to analyze fine-
structure ESR spectra featuring in sizable ZFS tensors having no
collinearity with g-tensors.

In this work, we have chosen, as three typical important
examples so far documented, picket fence high spin porphyrins,
[Mn"(TpivPP)(1-Melm)] (1, S = 5/2; TpivPP = a,a,a,a-tetrakis(o-
pivalamidophenyl)-porphyrinato, 1-Melm = 1-methylimidazole),
[Mn"(TpivPP)(2-MeHIm)] (2, S = 5/2; 2-MeHIm = 2-
methylimidazole)'® and [Fe"(TMP)(4-CIPyNO),]1BF,4 (3*-BF4~, S =
5/2; TMP = tetramesitylporphyrin, 4-CIPyNO = 4-chloropyridine
N-oxide)'’, and a pseudo-octahedral cobalt(ll) complex, cis-
[Co(hfac),(H20),] (4, S = 3/2; hfac =
hexafluoroacetylacetonate).’® They all are in the electronically
high-spin ground states. The ESR spectra from the
metalloporphyrins 1-3*in their sextet state have been analyzed
on the basis of the fictitious spin-1/2 approach.’®1” We have
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revisited them and carried out the complete analyses of their
experimental ESR spectra and magnetic data in terms of the full
spin Hamiltonian approach instead of the putative method,
deriving their sizable ZFS parameters for the first time. The
analyzed data can be compared with the corresponding
theoretical values obtained by sophisticated quantum chemical
calculations developed in our group.’®?°> The magnetic
properties of the Co'(hfac), complex 4 in the spin-quartet
ground state have been analyzed in terms of a Griffith spin
Hamiltonian with ligand field parameters.'® We have applied
the currently developed generalized method to 4 and obtained
somewhat different experimental data from the documentation,
comparing them with our theoretical results. We emphasize
that the present generalized analytical approach affords a clue
to disclose the pitfalls associated with Co" complexes in the
quartet state, requiring rectified theoretical
considerations in terms of the construction of electron
configurations for the ground state.

more

Direct conversion of the effective spin-1/2 g-
values to the true g-values for the case of non-
collinear g- and ZFS tensors: Comparison with the
collinear cases for S =3/2 and 5/2

The g=ff/gtrue relationships require exact or extremely accurate
expressions for resonance fields, and thus theoretically the
eigenfield approach is the most suitable method which is
capable of giving explicit formulas for the relationships if the
linearization of the eigenfield solution is implemented.2®
Unfortunately, the mathematical complexity of the eigenfield
solution hampers its application to the derivation of the
relationships for high spin systems.'! Alternatively, there are
two approaches based on conventional eigenenergy solutions
in the following: (1) Exact analytical approach and (2) genuine
Zeeman perturbation treatment.!! The exact energies in the
principal axis coordinate system were analytically derived from
the diagonalization of the rank-2 ZFS tensor + electronic
Zeeman interaction spin Hamiltonian (Eg. 1). We have solved
the corresponding higher-order algebraic equations, whose
dimensions are reduced to be quadratic, cubic or quartic by
using the conjugation symmetry of spinfunctions, giving the
general solutions. In the genuine Zeeman perturbation
treatment, the ZFS Hamiltonian is diagonalized in order to
obtain the exact zeroth-order energies and wavefunctions, and
the electronic Zeeman terms are treated as the perturbation to
the second or third order. The geff/gtrue relationships are
obtained from Eq. (2) as a necessary condition, where +Ms and
—Ms denote the conjugate spin sublevels:

E+ms — E-ms = ge“/)’B )

where Esy;s is a function of only gt¢, D, E and B in the case that
the g- and ZFS tensors are assumed to be collinear.?

For the collinear cases:

This journal is © The Royal Society of Chemistry 20xx

For the spin-quartet state (S = 3/2), the geff/gtrue relationships in
the principal-axis system derived from the exact analytical
diagonalization arel1.27.28

gst 1-31
F =14 1+322 (32)
£f

gy 1+31

girve — 1 J1+322 (3b)
g™ T_2

‘e =1+ 3c
g;rue m ( )

where A = E/D. The upper and lower signs correspond to |Ms =
+1/2> and |Ms = £3/2> dominant transition, respectively. The
g=ff/gtrue relationships obtained from the genuine Zeeman
perturbation treatment for the spin-quartet state are
equivalent to the Egs. (3a)—(3c) because of no energy
corrections higher than the second order.

For the spin-sextet state (S = 5/2), the ZFS + Zeeman spin
Hamiltonian in the case of B//z is originally a 6 x 6 matrix and
can be divided into two conjugate matrices whose basis sets are
{1+5/2), |-3/2), |+1/2)}and {|-5/2), | +3/2), |-1/2)} due to the
symmetry of the rank-2 ZFS tensor. The eigenvalues (E,) and
eigenfunctions of the former spin-conjugate set for the principal
z-axis can be analytically obtained by the exact diagonalization
in a trigonometric form;

1 b 2nm 1 true
E, = 2acos (garccos% + T) +359: BB

a= §J7D2 + 21E2 + 6D gt BB + 3(giefB)?

40(D® — 9DE?) + 36(4D? — 3E?)gi™¢BB + D(g'"¢BB)?
b= 21(D? + 3E?) + 18D gt BB + 9(giefB)?
where n =0, 1 and 2 correspond to |Ms = +5/2), |Ms = -3/2),
and | Ms=+1/2) dominant magnetic sublevels, respectively. The
exact energies for the |Ms = =5/2), |Ms = +3/2), and |Ms = —
1/2)> dominant states are obtained by replacing B to —B in the
equations above. The corresponding g.=f/g,t" relationships are
obtained by Eq. (2). For the external magnetic field, B parallel to
the principal x- or y-axis, the cyclic permutation for D and E,

instead of formulating the original matrix for the principal x- or
y-axis, gives the corresponding eigen-values/-functions and
thus relationships of the replacement, i.e., D — (1/2)(3E — D)
and £ — (-1/2)(€ + D) for B//x, D — (—1/2)(3E + D) and E —
(1/2)(E- D) for B//y facilitate completing the derivations. All the
expressions derived fulfil the global invariance above with
respect to the cyclic permutation.2°-32

The g=ff/gtrue relationships in the principal-axis system for the
spin-sextet state (S = 5/2) derived from the genuine Zeeman
perturbation treatment are extremely accurate under the
conditions of conventional ESR spectroscopy,!! and they are
mathematically simple as given in the following:

5012 542

o5 _ ()" ()

WZW Q)
z

5+1

where A = E/D and x, denotes the eigenenergy of the ZFS
Hamiltonian in the units of D, explicitly given as follows.

oy 1 b’ +2nr[ /b
X, = 2a’ cos 3arccosza, 3
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o =2 [ vaE

40D(D + 3E)(D — 3E)
B 21(D? + 3E2)
n =0, 1and 2 correspond to the | Ms = +5/2>, |Ms=+1/2) and
|Ms = +3/2) dominant transition, respectively. The cyclic
permutation of D and E shown above gives the geff/gtrue
relationships with B parallel to the principal x- and y-
directions.??32 The global invariance holds in the genuine
Zeeman perturbation treatment, as well. We have noted that
for S = 5/2 the analytical expressions for the geff/gtrue
relationships based on the exact eigenenergy treatment are not
practically nor mathematically simple, contrasting with those
for S = 3/2. The genuine Zeeman perturbation treatment,
however, gives both the mathematical simplicity and extreme
accuracy for the spin-sextet and higher spin states, as shown
above, affording physical insights into the relationships. The
Zeeman  perturbation treatment theoretically favors
conventional X- or Q-band ESR spectroscopy
experimentally demanding HF/HF counterparts.!

!

over

For the non-collinear cases:

In some high spin metallocomplexes, the collinearity between
their magnetic tensors does not a priori hold, and we have
extended our previous approaches to such cases and derived
the geff/gtrue relationships by relaxing the assumption of the
collinearity between g- and D-tensors. We have noted that the
general but facile and simple formulas are not expected to come
out, but the derived expressions serve to check the influence
caused by the definitions for the principal effective spin 1/2 g-
values and spurious arguments for powder-pattern ESR spectral
analyses of such non-collinear cases. From the experimental
side, an elaborate single crystal experiment plays an essential
role for the occurrence of the non-collinearity.!! From the
theoretical side, the occurrence of the non-collinearity gives a
testing ground for the improvement of theory. Additionally,
reliable quantum chemical calculations make significantly
meaningful predictions for the non-collinearity. In contrast to
the simple expressions Eqgs. (3a)—(3c) derived under the
assumption of the collinearity, the non-collinearity lowers the
symmetry of the spin Hamiltonian and thus the spin-conjugate
approach cannot be applicable because the non-collinearity
gives rise to the appearance of additional off-diagonal elements
such as S,9x 6B and S,g,,8B which break the spin-conjugate
relationship, as shown below. Non-collinearity makes the
expressions for the geff/gtrue relationships with S = 3/2 more
complex, but affords the possible determination of sizable ZFS
tensors in some favorable cases of powder-pattern ESR
spectroscopy, as shown later and ESI.

The principal axis coordinate system (x, y, z) is taken as that
of the rank-2 ZFS tensor. Introducing the direction cosines, cos
Uj’s, which define the relative orientation of the non-collinear
g-tensor with respect to the ZFS D-tensor. 9y (i = x, y, z; j = X,
y’, Z’) is an angle between the i-axis of the D-tensor and the ;-
axis of the g’-tensor. Thus, a transformation matrix U is given as

4| J. Name., 2012, 00, 1-3

COS Oyy;  COSOyy, COSOyy
U =| cos ny, cos Byy, cos Gyz,
€0S O,y C0SB,y, OSSO,y

The g’-tensor is given in its original principal coordinate axis
system (x’, y’, Z’) as

g O 0
g' = 0 gy, 0
0 0 gu

The matrix U transforms g’ into g in terms of the principal
coordinate axis system (x, y, z) as

COSOyyr  COSOyy COSOyy\ (g, O 0
g=Ug'UT = cosb,,, cosb,,, cosb,, 0 gy O
€00y, COS8,y, COSH,y 0 0 gu
COS Oyy; COSOyy, COS O,y
X | €0SOyy, COsOy,y, COS0O,y,
C0S by, co0sO,, cosb,,

where UT denotes the transposed matrix of U. The rank-2 ZFS
and electronic Zeeman interaction Hamiltonian is given in the
principal axis coordinate system as Eq. (1a). When the static
magnetic field is oriented along the z-axis, i.e., with B= (0, 0, B)T,
His given as

1
H=D [522 - §5(5 + 1)] +E(S%-5,%)
+ (ngxzr + Sygyzr + Szgzzr)ﬂB

where g;- denotes the ij’ component of the g-tensor in terms of
the principal axis coordinate system (x, y, z), i.e., the one for the
ZFS tensor, defined as

!
Gxzr = 9 xz = Gxr COS Oyy, COS Oy, + gy COS Oy, COS Oy,
+ g, c0s Oy, cosb,,,

Gyz = g'yz = gxs COS yx, COS 0,5, + gy COS B, COS By,
+ g1 €08 0,5, €S 0,

— A — 2 2 2
Gzz1 = 9 22 = Gxs COS” Oy + Gy COS 0291 + G2/ COS* 05

Since there is no confusion as to the definition of the principal
axis coordinates, we introduce g’; instead of gjy for simplicity.
Throughout the derivation below, the prime of g’ is kept so as
to represent the non-collinearity of the g-tensor.

The matrix representation of the rank-2 ZFS tensor +
electronic Zeeman interaction Hamiltonian in the case of the
spin quartet state is given in the | Ms> basis set as

3 ’
D+39".PB
V3

5 (9 +ig',.)BB

V3
5 (9~ ig',.)BB V3E 0
(9'x:—i9'y.)BB V3E

1
~D+59'.PB

1, NEP.
V3E (¢ +1ig,,)BB A LE I SO

0 V3E 3,
D-59".PB /

V3

5 (9 +ig',,)BB
Note that the symmetry of the conjugate spin eigenfunctions is
broken because of the non-collinearity of the g-tensor in
contrast to the collinear case. The exact eigenenergies E can be
analytically solved as follows:

This journal is © The Royal Society of Chemistry 20xx



1
_E i1\/_+2

U = 2ag cos | Farccos 20
1

ay = 3\/pz +12r

2p3 —27q% + 72pr
3p? + 367

5
BB) =2(9' +9

q=—-4D(g',,B) +20(9',,* +¢',,%) (6B)?
—6E (g,xz2 +4g Zz) (ﬁB)z

b():

5 , 2
p=-202—6E2~= (g, ,}) (BB)?

r = (D?+3E?)? — ;Dz(g'zzﬁB)z + %Ez(g’zzBB)z
4302 (g’xzz +9,,") 6B
+ ZDE( o+, ) (BB ;
el oo
2

(g BB) (g o+ 9" (BB)?
+%(g’x2 +g'yz) BB

The corresponding eigenfunctions can also be derived
analytically. Thus, the any transition probabilities can be
obtained. The relationships between the g*ff- and gte-values
for the transition relevant to the |Ms) dominant Kramers
doublets become complex as expected for the non-collinearity
effect due to the contributions from the other principal g-values
such as gy and gy. Thus, we solve the simultaneous equations
associated with the relationships from the other principal
orientations in order to get the expressions between the geff-
and gtve-tensors. It should be noted that the genuine Zeeman
perturbation afford more facile
generalization, as described in the previous paper,'! and useful

formalism below can
approach to gain physical insights into the effects caused by the
non-collinearity and the symmetry reduction of the conjugate
spinfunctions caused by the additional Zeeman interaction
terms.

For the other principal axis orientations such as for B//x, as
well known, the cyclic permutation of the subscripts for the axes,
D, — Dy, Dx — D,, D, — D,, gives the eigenvalues and functions
relevant to the ZFS D-tensor, as the transformation procedure
explicitly described above for the collinear case.?®32 The
transformation associated with the D-tensor described in terms
of the principal axis coordinate system is straightforward
because there is no off-diagonal element of the tensor.

For the case of the non-collinearity, the equations above
include the off-diagonal elements of the g-tensors, and the
effects of any change in the principal axis coordinate system on
the transformation between two tensors, T and T should be
mentioned. The effects are described in terms of the general

This journal is © The Royal Society of Chemistry 20xx

properties of the transformation, in which the direction cosines
(aic’s) defining the relative orientation between the axes of the
two tensors. The transformation associated with the present
cyclic permutation with respect to the three orthogonal
coordinate axes involves only three non-vanishing ai’s (= 1) for
one cyclic permutation, proving that all the diagonal and off-
diagonal elements can be transformed into the elements
governed by the transformation rule, Ty =X ai a; T (k, =1, 2,
3). Thus, for the other principal axis orientations the
transformation relevant to the g-tensor can be carried out by
the cyclic permutation of the subscripts for the x, y and z axis,
i.e., for B//x the facile transformation, z > x, x >y, y —> z
affords the corresponding eigenvalues/eigenfunctions in a
straightforward manner. The global invariance of the geff/gtrue
relationships with respect to the axis transformations holds for
the non-collinear case. This is also true for the formulas derived
on the genuine Zeeman perturbation treatment for the non-
collinearity, described in ESI.

We note that the current exact analytical method is
hampered by the lack of algebraic analytical expressions for the
general solutions of quintic and higher than fifth order algebraic
equations, although there are non-algebraic general solutions
for quintic equations3? and what is worse for the non-collinear
cases the exploitation of the symmetry of spin conjugate
eigenfunctions for higher spin quantum number S’s is not
applicable. Thus, the capability of the method is limited, but we
emphasize that the Zeeman perturbation treatment, which
gives extreme accuracy for conventional X- or Q-band ESR
spectroscopy, is free from such limitation for the higher S’s. The
genuine Zeeman perturbation treatment with the aid of
hypergeometric functions3?® allows us to derive analytical
expressions for the geff/gtre relationships for the spin quantum
number S’s up to S = 9/2 without collinearity.

To illustrate the usefulness of the present method for the
non-collinearity, we have carried out model calculations of the
relationships between gef- and gte-tensors, in which the
magnetic tensors of cis-[Co(hfac),(H.0):] (4) are taken. In the
model calculations, the principal coordinate axes of the g-tensor
are rotated around one principal axis of the D-tensor. Explicit
appearance of the effects of the non-collinearity on the ESR
fine-/hyperfine structure spectra is displayed in details (see ESI:
Fig. S1).

The simulated ESR spectra and energy-level diagrams
presented in this work were calculated by using of EasySpin
(ver.5.1.12).3* The magnetic susceptibility measurements of
3 and 4 were simulated by using of the curry function of
EasySpin (ver. 5.1.12) and a laboratory-built program on
MATLAB 2014B.'* All the details of the analyses of the
magnetic data are given in ESI.

Quantum Chemical Calculations

Quantum chemical calculations were carried out in order to
estimate the theoretical magnetic tensors of the sextet (Mn(ll)
complexes 1, 2 and Fe(lll) complex, 3*) and quartet (cobalt(ll)
complex, 4) ground states, comparing them with the
experimental true g- and ZFS tensors, as determined in this

J. Name., 2013, 00, 1-3 | 5



work for the first time. Their single point calculations were
carried out by using the solid state geometries reported from
the X-ray crystallography.16-18 The electronic configuration of
the Mn(ll) and Fe(lll) center is d° in the high spin state and
therefore all valence d orbitals are singly occupied. Such an
electronic configuration can be safely described within the
framework of single-reference theory. Thus, we adopted DFT-
based approaches for the magnetic tensor calculations of the
Mn(Il) complexes 1 and 2, and Fe(lll) complex 3*. The g-, A- and
Dss-tensors of the Mn(ll) complexes 1 and 2, and Fe(lll) complex
3* were calculated at the UBP86/Sapporo-DZP by using of ORCA
(ver. 3.0.0) software,®> and the DSO-tensor calculations were
performed at the natural orbital-based Pederson—Khanna
(NOB-PK)?* method with the GAMESS-US program3® and our-
own codes. DS and D5C denote the contribution of the ZFS (D)
tensor from the spin-spin coupling and the spin—orbit
interaction, respectively. Note that in the DFT-based framework
spin—orbit Hamiltonian with effective nuclear charges was
adopted and therefore two-electron spin-same-orbit and spin-
other-orbit terms were not included, because only one-electron
density matrices are available in DFT. The NOB-PK method can
predict D5O-tensors of the transition metal complexes more
accurately than the conventional approaches like Pederson—
Khanna (PK) and coupled-perturbed (CP) methods, if the static
Jahn—Teller distortion is not present.?#2> In the NOB-PK
calculations the BP86 exchange—correlation functional was
adopted and the Sapporo-DZP and 3-21G basis sets were
employed for metal centers and other atoms, respectively.

The d-electron configuration of the Co(ll) complex 4 is d” and
therefore the two of the quasi-degenerate t,; orbitals are
doubly occupied and one of them is singly occupied in the
electronic ground state, and static Jahn—Teller distortion is
present. We emphasize that in this electron configuration the
ground state wavefunction is expected to have a strong multi-
configuration character, and many excited states are located
close to the ground state. DFT-based approaches
inadequate for the magnetic tensor calculations of such systems
and therefore we adopted the complete active space self-
consistent field (CASSCF)-based approaches. The g-tensor of the
Co(ll) complex 4 was calculated using the sum-over-states (SOS)
equation in conjunction with the state-specific CASSCF(7e,50)
wavefunction, and the DSO-tensor was computed with the help
of the hybrid CASSCF/multireference second-order Mgller—
Plesset perturbation theory (MRMP2) method, as proposed by
us.20 The def2-TZVP and def2-SVP basis sets were employed for
Co(ll) and other atoms, respectively. In the MRMP2 calculations,
the energy denominator shift technique3’” was adopted for the
intruder state avoidance, with the shift parameter A = 0.02
Hartree. The g- and DSC-tensor calculations were performed by
using ORCA and GAMESS-US programs, respectively.

are

Results and discussion

(a) [Mn'(TpivPP)X] (1, X = 1-Melm; 2, X = 2-MeHIm; S = 5/2): Picket
fence high spin metalloporphyrin in the ground state
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Porphyrin chemistry underlain by biological implications has
been expanded, and vast numbers of metalloporphyrin
complexes have been synthesized, imitating reactions in
biological systems, and the electronic structures of their open
shell counterparts have extensively been discussed in terms of
electron magnetic spectroscopy including Electron-Nuclear
DOuble Resonance (ENDOR).13842 Importantly, picket fence
porphyrins were reported by Collman and co-workers in 1975
as model compounds of hemoproteins with oxygen binding in
the biological systems.*3#4 High spin manganese(ll) porphyrin
complexes have isoelectronic structures of high spin iron(lll)
complexes, but give somewhat different spin parameters,
particularly their D-values.*> Yu and co-workers reported the
ESR spectra of 5-coordinated Mn(ll) porphyrin complexes in
their spin-sextet ground state.'® The conventional X-band ESR
spectrum of the powdered sample of complex 1 reveals at
maximum five distinguishable resonance peaks whose g-values
in terms of the fictitious spin-1/2 Hamiltonian approach range
in magnitude from 0.5 to 6. Such a wide range of the effective
g-values is indicative of the occurrence of the spin-sextet state
if they all are attributable to the same origin, but the spectral
analysis based on the fictitious spin-1/2 spin Hamiltonian
approach is hampered by a lack of any significant modification
by the ZFS tensor although the approach affords the assignment
of off-principal axis extra peaks due to large anisotropy of both
the hyperfine coupling and g-tensors. Very few papers can be
found on the full analysis (fictitious spin-1/2 spin Hamiltonian
approach) including the off-axis extra lines of ESR spectra of
Mn(ll) complexes having the ZFS parameters comparable to the
energy of the irradiating microwave (e.g., about 0.3 cm™! for X-
band).*® We point out that the angular dependence of the fine-
/hyperfine structure ESR spectra with respect to the static
field often
transitions in the range of off-principal axis directions of the

magnetic features in discontinuous-looping
magnetic field as typically shown in Fig. 1b, whose stationary
points with respect to the orientation angles give the off-axis
peaks.11.26:47-49 The complete assignment of the off-axis extra
peaks together with the principal canonical peaks in the
powder-pattern spectra can afford quantitative information on
both the ZFS and true g-tensors, which are to be compared with
reliable quantum chemical calculations. As the important model
revisited the documented
randomly-oriented ESR spectra of the two complexes,
[Mn"(TpivPP)X] (1, X = 1-Melm; 2, 2-MeHIm), whose porphyrin
scaffold is planar, by invoking the full spin Hamiltonian (the
rank-2 ZFS tensor + electronic Zeeman interaction Hamiltonian)
(Eg. 1) with the proposed method for the geff/gtrue
relationships,!? showing an intrinsic advantage over the
putative effective (fictitious) spin-1/2 Hamiltonian approach.
The principal values of the g-tensor for the complex 1 and 2,
as revisited and reanalyzed in terms of the full spin Hamiltonian
approach, are close to 2.0023, the g-factor of the free electron.
The magnitude of their D values is about 20 GHz (0.67 cm™1) and
E/D = 0.005 (see the caption of Fig. 1 and Table S2 for detail).
During the analyses, the microwave frequency available was
only of three significant figures such as 9.45 GHz given in Fig. 1.
Figure 1 shows only the simulated ESR spectrum (Fig. 1a) for the

metalloporphyrins, we have
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frozen solution sample of 2 observed at 90 K and the whole
angular dependence (Fig. 1b and 1c) of the ESR transitions
(resonance fields and their transition intensities depicted) by
using both the fictitious spin-1/2 Hamiltonian (the spectrum in
blue) and the full spin Hamiltonian (the spectrum in red). The
magnetic tensors are assumed to be collinear, and the angular
dependence in the full spin Hamiltonian approach is given in the
principal axis coordinate systems. Many off-principal axis extra
transitions are expected to appear and identified, which
reproduced the experimentally observed but unidentified peaks
in the document. As clearly seen in Fig. 1, significant
contribution from the presence of the ZFS tensor is apparent for
the off-axis extra peaks such as subtle spread of the lineshapes
(the red spectrum in Fig. 1a), while the fictitious spin-1/2
Hamiltonian method cannot afford any important information
on the off-axis extra peaks, as seen in the blue spectrum Fig. 1a.
We have noticed that such spread shows up in the documented
experimental spectra as 5-15 times magnified.!® In this context,
we emphasize that the off-principal axis extra peaks do not
appear in the spectral simulation based on the fictitious spin-
1/2 Hamiltonian for complex 2, which never reproduces the
resonance fields and lineshapes of the experimental ones
documented, ¢ illustrating a serious breakdown of the putative
fictitious spin-1/2 Hamiltonian approach. We have also noticed
that the experimental principal values of the hyperfine coupling
tensors of the Mn(ll) atom significantly differ between the two
approaches, reflecting the difference in the hyperfine
projection factor 2S relevant to the spin multiplicity.'!

Quantum chemical calculations of the hyperfine coupling
tensors should be relevant to the true hyperfine principal values
obtainable in terms of the full spin Hamiltonian approach. They
give a testing ground for reliability of the calculations, as
discussed below. Significantly, the E/D ratio of 1 is smaller than
that of 2, reflecting the higher symmetry of the porphyrin
skeleton in which the bond lengths between the manganese
and the pyrrole nitrogen atoms are almost the same, revealing
an increase in the axial symmetry.

In the full spin Hamiltonian approach, the “g*ff = 6 and 2”
lines are due to the typical | Ms=+1/2) dominant transitions for
the principal x- and y-axes and z-axis, respectively.'14¢ The
additional peaks at about 600 mT, 870 mT and 1250 mT are
assigned to the off-principal axis extra lines as identified in Fig.
1b. A part of the peak with geff = 1.23 is attributable to the | Ms
= +3/2) dominant transition in the canonical x- and y-axes (see
Table. S1 for details). The calculated transition probabilities
indicate the hyperfine forbidden transitions enhanced by the
parallel excitation along the static magnetic field. Importantly,
in the analysis revisited, the best fit spin Hamiltonian
parameters of complex 1 and 2, except for electric quadrupolar
coupling constants of the Mn(ll) atom, in terms of both the
fictitious spin-1/2 and full spin Hamiltonian approaches are
determined, and the true principal g-values and other spin
Hamiltonian parameters are accurate enough to compare with
reliable quantum chemical calculations. The magnetic tensors
are assumed to be collinear in the analyses.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Simulated X-band (9.45 GHz) ESR spectra of the rigid-glass sample of the Mn(ll)
complex 2, based on both the fictitious spin-1/2 (blue) Hamiltonian and full spin
Hamiltonian approach (red). The experimentally determined spin Hamiltonian
parameters are as follows: The blue ESR spectrum in Fig. 1a is simulated by a set of the
parameters, g1, = 5.9, g1, = 5.9, g1,°™ = 1.96, A1*(**Mn) = 750 MHz, A, ,*(>*Mn) =
750 MHz, A ,#f(>*Mn) = 240 MHz with the peak-to-peak linewidth of 7 mT. The red ESR
spectrum in Fig. 1a is simulated by a set of the parameters, $=5/2, g, = 2.19, g, = 2.12,
g, = 1.96, A(55Mn) = 280 MHz, A,(55Mn) = 270 MHz, A,(Mn) = 240 MHz, D = 0.7 cm™,
E/D = 0.004 with the peak-to-peak linewidth of 7 mT. Any strain effect on the linewidth
is not included. The angular dependence of the ESR spectra from the principal z- to x-axis
are shown for simplicity: Fig. 1b and c for the full spin Hamiltonian and fictitious spin-1/2
Hamiltonian approach, respectively. The complete angular dependence including all the
transitions to construct the powder-pattern spectra is given in ESI (Figs. S3 and S5). The
simulated spectra were obtained using EasySpin (ver. 5.1.12)** with varying the
orientation of the magnetic field one-degree stepwise. Quadrupolar interaction terms of
S5Mn(ll) were not explicitly included in the spectral simulation. Colors denote the
transition intensities; typically blue denotes the low intensity and red the high intensity.

The DFT-based quantum chemical calculations were carried
out in order to obtain the theoretical spin Hamiltonian
parameters of complex 1 and 2. The calculated parameters are
summarized in Table S3. The calculated D-values (D = +0.5578
and +0.4933 cm™ for 1 and 2, respectively by NOB-PK?*) are
positive for both the complexes. The calculations seem to well
reproduce the experimental values, while the PK method does
not. The calculated D-values are 20-30% underestimated while
the E-values are overestimated for both the complexes with
respect to the experimental results. The overestimated ratios of
| E/D| originate in the departure from the axial symmetry of the
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theoretical magnetic tensors, being indicative of requiring more
rectified theoretical considerations. Figure 2 shows the
calculated spin density distributions and principal axes of D-, g-
and A(>>Mn)-tensors of complex 1 and 2. They are collinear and
reasonably the principal z-axis is perpendicular to the porphyrin
plane and the x and y-axes lie in the porphyrin plane. We
emphasize that the theoretical principal g-values for both the
complexes satisfactorily agree with the experimentally
determined true g-values. The significantly less anisotropic
nature of the true g-tensors reflects the electron configuration
of the Mn(Il) atom. It is significant to note that the spin-sextet
Mn(Il) planar porphyrins without the 6th ligand coordination
feature in the order of +0.5 cm™! for the D-value, while spin-
sextet Fe(lll) porphyrins in one order of the magnitude large D-
values.t

@)

i
u

Fig. 2. The calculated spin density distributions and principal axes of D-, g- and A(>**Mn)-
tensors of (a) the Mn(ll) complex 1 and (b) the complex 2. The principal z-axis is
perpendicular to the Mn-N bonds and the x- and y-axes lie in the porphyrin plane.
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(b) [Fe(TMP)(4-CIPyNO)]BF,4 (3*+BF4-, S = 5/2): A spin-sextet ferric
ion porphyrin in the ground state with the 6th coordination

Ferric iron porphyrin complexes are found in hemoglobin and
myoglobin, and they are extensively distributed among
biological systems as iron carriers such as transferrins.1-3:40.42,50
Iron(l1) (3d%) ion can take three spin states, S=1/2,3/2 and 5/2
which are changeable with and without the 5th and 6th
coordination ligands, for example, oxygen molecule and/or the
side chains of amino acids. Spin crossover phenomena between
the spin states are phenomenologically triggered by various
stimuli such as temperature, pressure, light and so on. Recently,
Ide and co-workers have reported [Fe(TMP)(4-CIPyNO),]BF,4
(3*-BF47) as the 6-coordination complex with a spin-sextet (S =
5/2) ground state, which exhibits the spin
phenomena between the high spin and low spin (S = 1/2)
states.!” The X-band ESR spectrum of the high spin complex
3*-BF4~ showed the “g*ff = 6 and 2” lines in terms of the fictitious
spin-1/2 Hamiltonian approach, which are typical of the ferric
ion complex in the sextet ground state with a sizable D-value.
We have revisited complex 3*-BF,~ and carried out to estimate
the principal values of the true magnetic tensors with the help
of the full spin Hamiltonian composed of the rank-2 ZFS tensor
+ electronic Zeeman interaction Hamiltonian. We focus on the
magnitude of the ZFS parameter, D-value for the ferric iron
porphyrin with the planar porphyrin skeleton of complex 3*.
We first describe the computational results for complex 3*.
There exist two molecules of complex 3* in a unit cell with the
different energies and Fe-O bond length: 2.054 A/2.055 A for
the lower and 2.038 A for the higher. The calculations were
carried out for the molecule with the lower energy. Figure 3
shows the calculated spin density distribution and the
computational axes of 3*, which correspond to the principal-axis
systems of the magnetic tensors. A counter anion (BF4~) was not
included in the calculations, not giving significant influence on
the evaluation of the tensors. The calculated D- and E-values are
+3.1241 cm™! and —0.0830 cm™, as acquired by the improved
NOB-PK method (Table S4), indicating that significant departure
from the axial symmetry of the theoretical ZFS tensor is
expected. We note, however, that this sizable degree of the
asymmetry contradicts the experimental observation, whereas
the order of the magnitude for the D-value and its sign seems
reasonable, considering the accuracy of the theoretical method
for the 3d> electron configuration of ferric iron cases.'l>1 As
described above in (a) for the case of the Mn(ll) porphyrins, the
theory still overestimates the degree of the asymmetry.
Importantly, the theoretical D-value of complex 3+, +3.1241 cm~
1 can be compared with the experimental one, which falls in the
range of order of cm™ to 10 cm™, as determined by the
magnetic susceptibility analysis revisited in this work (see below
and Fig. S9). Referred to the theoretical principal g-values, they
all are very close to 2.00, agreeing with the experimental true
principal g-values, as given in Table 1, obtained in terms of the

crossover

full spin Hamiltonian approach.
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Fig. 3. The calculated spin density distributions and the computational axes of the ferric
iron complex 3*. The principal z-axis is perpendicular to the porphyrin plane and the
principal x- and y- axes lie in the porphyrin plane.

Sizable D- and E-values of high spin metalocomplexes can be
estimated from the temperature dependence of the effective
magnetic moment (uerr) from the experimental side. Since no
information on the ZFS parameters of complex 3* has been
documented, we have revisited the magnetic susceptibility
analysis of complex 3+.17 Although not given the detailed data
enough to complete the analysis, we have noticed that the
calculated pest/us values of complex 3* as simulated by using the
spin-sextet full spin Hamiltonian exceeded the experimental
ones even at the limit of £/D = 0 (Fig. S9). On the other hand,
the fine-structure ESR spectra documented explicitly show that
they are attributable to the case close to the limit, contradicting
our analysis of the SQUID measurements on complex 3*-BF,~.
Indeed, our present magnetic susceptibility analysis excludes
any possible contribution from nearby electronic excited states
of complex 3% consulting simple quantum chemical
considerations, but this may not be the case. We have also
excluded any possible contribution from complex 3* having the
different Fe-O bond length and energy in the present analysis.
In order to extract the ZFS parameters from the SQUID data
documented, we have safely assumed that the |E/D| value is
small, as suggested by the observed ESR spectra and the
magnetic tensors are collinear. We have derived positive D-
values smaller than 10 cm~ from the ues/us curve fitting with a
set of the fixed principal values for the true g-tensors, which
were directly obtained from the g=ff/gtrue relationships based on
the genuine Zeeman perturbation treatment (eq. 4). In the
fitting procedure, we have elaborately analyzed the initial rise
of the uest/Us curve appearing at low temperature.!’” We point
out that the D-value extracted above is reduced of any possible
experimental or theoretical corrections are made on the SQUID
data. In Table 1, the principal values of the magnetic tensors for
the Fe(lll) complex 3*-BF;~ are given together with the ratios of
g=ff/gtrue. The simulated X-band ESR spectra using the
experimentally determined spin Hamiltonian parameters are
shown in Fig. S10.

This journal is © The Royal Society of Chemistry 20xx

Table 1. The principal values of the magnetic tensors of 3*-BF,~. The columns denoted
by “true” and “effective” give the values based on the ZFS + electronic Zeeman
interaction Hamiltonian and the fictitious spin-1/2 Hamiltonian approaches, respectively.

true effective g°f/gtry
e
Ox 1.996 5.94 2.976
gy 1.965 5.94 3.023
g: 1.99 1.99 1.00
D/cm™(>0) <10.0* Not available
E/D <0.001 Not available

* The value was obtained from the analysis of the magnetic susceptibility data
documented?’ by invoking the full spin Hamiltonian approach combined with the
geff/gtrue relationships.

The angular dependence of the simulated X-band ESR spectra
suggests that the other transitions could be observed at about
2900 mT and 3200 mT for the principal x- and y-axis,
respectively (Fig. S12). These transitions are assigned to the | Ms
= +3/2>-dominant transition (Fig. $12). When the single-crystal
ESR measurement available, the additional signal could be
obtained at some angle.

(c) cis-[Co(hfac)>(H20).] (4, S =3/2)

Spin-quartet cobalt(ll) complexes in the ground state possess
sizable ZFS parameters with the implication of new molecular
functionality such as single-molecule magnets (SMMs), which
are underlain by the possible high energy barrier of the spin flip
and the long relaxation time.'%52 Recently, hexa-coordinated
(pseudo-octahedral) high spin cobalt(ll) complexes with sizable
ZFS parameters comparable to the microwave excitation energy
of X-band ESR (9.5 GHz or 0.3 cm™) have been studied.182851-64
Palii synthesized NH4[Co'"(hfac)s]
investigated the electronic structures and magnetic characters
as SMM by using of ESR spectroscopy and AC/DC magnetic
susceptibility measurements.>! From the theoretical viewpoint,
the principal values of the magnetic tensors such as the g-, ZFS
D- and hyperfine A-tensors for the 3d” electron configuration of
high spin metal ions are still the focus of the current quantum
chemical calculations..63 |[dentification of the principal axes of
the ZFS tensor with respect to the g-tensor or molecular frame
is of crucial importance, giving a testing ground for theory.! In
this context, single-crystal ESR spectroscopy gives a key to check
the reliability of both the method for spectral analyses and the
theoretical considerations, although there have not been many
single-crystal ESR studies for Co(ll) complexes in the high-spin
ground state.

A Co(ll) complex, cis-[Co(hfac)2(H20),] (4), which has recently
been reported by Korchagin and co-workers, can be an
important model compound to illustrate the usefulness of the
present approach. Their reported experimental data are as
follows: The fictitious spin-1/2 principal g-values are g;¢ff = gz~
= 5.79 (corresponding to g, in our analysis revisited), g>*f =
gxxeff = 2.67 (corresponding to g, in our analysis revisited), gseff
= gn°ff = 3.98 (corresponding to g, in our analysis revisited)
and the experimental hyperfine principal values A;*f = 603.6
MHz, A,eff = 58.82 MHz and As¢ff = 167.63 MHz, based on their

and co-workers and
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powder-pattern ESR spectral simulation. They also reported the
theoretical principal values as g¢ff = 6.29, 3.76 and 2.84 from the
ab initio calculation for the ground Kramers doublet of complex
4. The authors have claimed that the axial ligand field
parameter Aqy is negative appearing in the Griffith Hamiltonian
employed in their analysis:'® We note that a positive Aq gives a
set of the fictitious principal g-values such as gy = 5.79, gz*
= 2.67 and gxff = 3.98 (Fig. 9 in ref. 18). In the Griffith
Hamiltonian based on ligand field theory the g-value is
considered to be isotropic and the anisotropy of the g-tensor
comes from the effect of the orbital angular momentum
operator (L) and the ligand field parameters.'25° In the Griffith
Hamiltonian formalism, “the Z-axis is the axis of the low-
symmetry perturbation.” (p. 360 in ref. 12). We have revisited
to the analysis of complex 4 in order to obtain both the principal
values of the true g- and ZFS tensors and to check the
collinearity of the two tensors. We have also attempted to carry
out the DFT-based and ab initio quantum chemical calculations
for the spin-quartet ground state of complex 4.

We first summarize the experimental results revisited in
Table 2, where the set of the principal values of the g- and A-
tensors analyzed on the basis of both the fictitious-1/2 and full
spin Hamiltonian approaches are given with the ZFS
parameters.!! In the spectral analyses, the collinearity of the
magnetic tensors was assumed. The ZFS parameters were
determined from the analysis of the documented magnetic
susceptibility data combined with the experimental true g-
values determined in this work. We have noticed that
interestingly the true principal gx- and gy-values are close to
those of the previously reported complexes, EtsaN[Co'"(hfac)s]
with g = [2.448, 2.444, 2.556]°! and [Co(acac),(H20).] with g =
[2.50, 2.57, 2.40],28 and the true g,-value, g, = 2.81 for complex
4 is significantly different.

The xT-T curves of complex 4 were simulated by using the set
of the principal values of g- and D-tensors; the best fit the
magnetic parameters are shown in Table 2, g =[2.50, 2.46, 2.81]
and D = +2.0 x 103 GHz (+67 cm™), E = 260 GHz (8.7 cm™) (E/D
= 0.13) (see also Fig. S21). All these values except for g, = 2.81
are comparable to those of the previously reported spin-quartet
cobalt(ll) complex Et4N[Co'(hfac)s].°* The set of the principal
values of the A(*°Co)-tensor were estimated from the spectral

simulation of the powder-pattern ESR spectrum: A, =105.3 MHz,

A, =256.5 MHz and A, = 61.90 MHz (Fig. 4). They are subject to
the reduction due to the influence of the spin projection factor,
compared with those obtained from the fictitious spin-1/2
Hamiltonian analysis.
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Fig. 4. The simulated randomly-oriented ESR spectra of complex 4 (S = 3/2) magnetically
diluted in diamagnetic cis-[Zn(hfac),(H,0),]. The spectra in blue and red are based on the
fictitious spin-1/2 and ZFS + electronic Zeeman interaction spin Hamiltonian approach,
respectively. Microwave frequency used: 9.4715 GHz, peak-to-peak line width: 2.0 mT.
Magnetic tensors: g¢f = [5.79, 3.98, 2.67], Af(5°Co) = [603.6, 167.63, 58.82] MHz and gtrue
=[2.50, 2.46, 2.81], A"¢(>Co) = [105.3, 256.5, 61.90] MHz, D = 2.0 x 10° GHz and £/D =
0.13. The g-, A- and D-tensors were assumed to be collinear. Any strain effect of the
tensor and the linewidth is not included. The simulated spectra were obtained by using
EasySpin (ver. 5.1.12).3*

‘

Table 2. The principal values of the magnetic tensors of the Co(ll) complex 4 (S=3/2)
magnetically diluted in the diamagnetic cis-[Zn(hfac),(H,0),] host lattice. The columns
denoted by “true” and “effective” give the values based on the rank-2 ZFS + electronic
Zeeman interaction Hamiltonian and fictitious spin-1/2 Hamiltonian approaches,
respectively.

True Effective®
Jx 2.46 5.79 (gzz in ref. 17)
gy 2.50 3.98 (gyy in ref. 17)
g 2.81 2.67 (gxx in ref. 17)
A59Co)/MHz  256.5 603.6
A,(%°Co)/MHz 105.3 167.63
A,(5°Co)/MHz  61.90 58.82
D/cm™ +67 Not available
|E/D| 0.13 Not available

$ Note that the definitions for the principal axes, x, y and z are different from those
given in ref. 18.

Figure 4 shows that there is no apparent difference between
the two simulated spectra because the D-value (D > 0) is large
and no off-axis extra peaks due to sizable anisotropy of the g-
and D-tensors nor the g- and A-tensors are expected to appear.
Note that the principal axes corresponding to the reported g1
(gxx), g2 (gvv) and gs (gzz)-value’® are defined as the principal z-,
y- and x-axis in this work, respectively.

The ESR spectral simulation based on the full spin
Hamiltonian approach gives the true A-tensor under the
assumption of the collinearity between the magnetic tensors in
the present study. The ratios between the fictitious spin-1/2
and true principal values of the g-tensor can afford to convert
the principal values of the effective A(>°Co)-tensor to those of
the true A(>°Co)-tensor?8 in the following:

603.6 MHz + (5.79/2.46) = 256.5 MHz for the principal x-axis of
the true A(°Co)-tensor,
167.63 MHz =+ (3.98/2.50) =
the true A(*°Co)-tensor and
58.82 MHz + (2.67/2.81) = 61.90 MHz for the principal z-axis of
the true A(°Co)-tensor.

105.3 MHz for the principal y-axis of
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It should be noted that the above conversion implicitly includes
the influence of the projection factors of the spin multiplicities.

Complex 4 is of nearly axial symmetry in terms of the
experimental true g-tensor, but the asymmetry of the ZFS
tensor is quite sizable (| E/D| = 0.13). This contrasts to the case
of four ligand-coordinated Co(ll)octaethylporphyrin (Co"OEP, S
= 3/2) in tetragonal symmetry, whose magnetic property
features in all the principal true g-values markedly smaller than
2.0023 (negative g-shift).’? Interestingly, complex 4 is a
counterpart model for an extreme case, whose true principal g-
values are much larger than 2.0023. Thus, quantum chemical
calculations of the magnetic tensors of complex 4 are of
particular importance. The calculations were performed by
using the CASSCF method. The obtained theoretical g-tensor is
g =[2.147, 2.366, 2.635], revealing that the present theoretical
approach tends to underestimate the positive g-shift from the
free spin g-factor, 2.0023. We have noticed that for Co"OEP the
observed negative g-shift is underestimated, requiring
theoretical improvement.’* According to the CASSCF
wavefunction, the second and third #A states (the lowest and
second excited states) are mainly responsible for the g, and g,
shift, respectively. The excitation energies of the 2 A and 3 “A
states are 1649 cm~1and 2149 cm™1, respectively, and we expect
that excitation energies are overestimated in the CASSCF
method. In fact, the MRMP2 excitation energies of the 2 A and
3 4A states are 1460 cm~! and 700 cm™1, respectively, and if the
CASSCF energies in the denominator of the sum-over-states
(SOS) equation are replaced by the MRMP2 ones, the g-shifts
totally increase, affording g = [2.119, 3.010, 2.815]. The
calculated DSO-value is +75.44 cm™! and E9/DSO = 0.325.
Importantly, we have noticed that the calculated D, principal
axis is approximately parallel to the gx axis, which is the
direction along the bisector of the two Co—water coordination
bonds. In the current analysis of the powder-pattern ESR
spectra of complex 4, the collinearity of the g- and ZFS tensors
is assumed and thus the present theoretical calculations fail to
reproduce the experimental findings in a quantitative manner.
We emphasize that the identification of the principal axes is
crucial for understanding the electronic structure of complex 4
and single crystal ESR studies of complex 4 can afford a clue
because the ratio of E/D is appreciable. From the theoretical
side, DFT-based approaches break down for the case of the d’
configuration in octahedral symmetry with six ligands, failing to
describe its electron ground state. On the other hand, the
current stage CASSCF approach does not allow to corporate
inner-shell polarization effects and only affords quantitatively
poor results of the hyperfine coupling tensors of °Co nucleus in
complex 4.

This disagreement on the axis identification has urged us to
check our theoretical calculations. The excited states analysis
revealed that 2 A and 3 #A states dominantly contribute to the
DsO-tensor, while the contributions from the excited doublet
states are small compared with those from the excited quartet
states. The excitation energy of the lowest excited doublet state
is 5022 cm™1, and this excited state contributes positively to the
D, principal value. In the present calculations we adopted the
state-specific approach for the CASSCF calculation, and
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therefore the descriptions of the excited states may be poor,
compared with the ground state description. We also
performed the DSO-tensor calculations with the state-averaged
CASSCF wavefunction, but in this case the excitation energy of
the 1 2A state was calculated to be 74 cm~1 at the MRMP2 level,
which is too small to adopt the perturbation theory for the DSO-
tensor calculations. Theoretical calculations with larger active
space including coordinating lone pair orbitals of ligands may
improve the theoretical magnetic tensors, which is out of scope
of this work.

Referred to the discrepancy between the experimental
and theoretical principal axes described above, we have
attempted to relax the assumption of the collinearity
between the magnetic tensors, applying the generalized
analytical method for geff/gtrue relationships as derived in this
work and checking the breakdown of the collinearity. This
gives an alternative solution to interpret the discrepancy,
noting that a single crystal ESR spectroscopy of complex 4
gives a clue from the experimental side. Here, we have
simulated the ESR spectra in the non-collinear case. According
to the theoretical calculation, a set of the rotation angles (Euler
angles) of the g-tensor with respect to the D-tensor were fixed
to 0, 90 and 138 degrees, under whose condition the original
principal axes of the g-tensor were rotated around the z, y and
z-axes of the principal axes the D-tensor, respectively. The A-
tensor was collinear with the D-tensor. We have selected one
of the possible sets of the magnetic tensors, summarized in
Table 3 and the simulated spectrum obtained under this choice
is shown in Fig. 5 (red line). Importantly, in the collinear case,
the g;-value was larger than the gy or gy-value, while in the non-
collinear case, the g,-value was smaller than the g, or gy-value,
as shown in Fig. 6. The principal z-axis of the g-tensor was
parallel to the X-axis of the molecular coordinate axis, the
bisector of the two bonds between the cobalt and oxygen
atoms of water.

Table 3. The principal values of the magnetic tensors of the Co(ll) complex 4 (S = 3/2)
magnetically diluted in the diamagnetic cis-[Zn(hfac),(H,0),] host lattice in the non-
collinear case.

True
gx 2.7
gy 2.75
g: 2.25
Ax(*°Co)/MHz 99.2
A,(>°Co)/MHz 264.6
A,(°°Co)/MHz 61.0
D/cm™t +67
E/D 0.10
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Fig. 5. The simulated powder-pattern ESR spectra of complex 4 (S = 3/2) magnetically
diluted in diamagnetic cis-[Zn(hfac),(H,0),]. The spectra in blue and red are based on the
fictitious spin-1/2 and ZFS + electronic Zeeman interaction spin Hamiltonian approaches,
respectively. Microwave frequency used: 9.4715 GHz, peak-to-peak line width: 2.0 mT.
Magnetic tensors: g¢f = [5.79, 2.67, 3.98], A¢ff(5°Co) = [603.6, 58.82, 167.63] MHz and gtrue
=[2.7,2.75, 2.25], A'¢(5°Co) = [99.2, 264.6, 61.0] MHz, D = +2.0 x 103 GHz and E/D = 0.10.
The A- and D-tensors were assumed to be collinear, while the g-tensor was rotated 0, 90
and 138 degrees (in Euler angles) with respect to the D-tensor. Any strain effect of the
tensor and the linewidth were not included. The simulated spectra were obtained by
using EasySpin (ver. 5.1.12).34
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Fig. 6. The relationships of the g and gt™e-values calculated with the exact
eigenenergies in the non-collinear case for complex 4 (S = 3/2). The solid curves were the
calculated effective g-values from the true g-values (g, = 2.7, g, = 2.75 and g, = 2.25) as
a function of £/D for each axis. The £/D ratio used in the simulated spectrum (red line in
Fig. 5) was obtained as the crossing point between the solid and the dashed lines
corresponding to the principal axis. The g, and g,*" curves give E/D = 0.12 for the
crossing points, and the g,* one E/D = 0.10. Note that the experimental error for the
ratio of £/D was estimated to be +0.02. The experimental effective g-values (5.79, 3.98
and 2.67) denoted by the dashed lines were reported in ref. 18.

Conclusions

This work dealt with the analyses of the magnetic tensors of
high spin (S = 3/2, 5/2) metallocomplexes having sizable ZFS
tensors, establishing an easy-to-access approach to determine
their true experimental g-, A- and rank-2 ZFS tensors in the full
spin Hamiltonian, with which quantum chemical calculations
can be compared, instead of the putative fictitious spin-1/2
approaches without explicitly providing the ZFS tensors. The
present work gives more generalized analytical formulas for the
g=ff/gtrue relationships without the limitation of the collinearity
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between the g- and ZFS tensors, and the expressions are derived
in two schemes; one is exact and the other is based on the
genuine Zeeman perturbation treatment to the third order. All
the analytical expressions are given in the principal coordinate
axis systems, and thus the canonical peaks appearing in the
powder-pattern fine-structure/hyperfine spectra characteristic
of sizable ZFS tensors in the conventional ESR spectroscopy can
easily be identified. Importantly, this spectral assignment
procedure discriminates between the canonical and off-
principal axis extra peaks, and the off-axis extra ones can afford
to experimentally determine the accurate principal values of
sizable ZFS tensors in the full spin Hamiltonian.

To illustrate the usefulness of the present analytical
approach, two picket fence Mn(ll)porphyrins (denoted by
complex 1 and 2 in this work)® and 6th ligand coordinated
Fe(lll)porphyrin (complex 3*)7 as important models for S = 5/2
and a cis-[Co(ll)(hfac)2(H20).] complex (complex 4)8 for S = 3/2
have been chosen and the analyses of their ESR spectra and
magnetic susceptibility measurements revisited to carry out the
complete analyses, deriving their true magnetic tensors in
terms of the full spin Hamiltonian. We emphasize that there
have been many peaks in the documented spectra but
overlooked in terms of the spectral analyses, resulting in a
complete lack of the important information on the ZFS tensors
of the metalloporphyrins (complex 1 and 2). The observed
peaks are fully assigned to the off-axis extra peaks, affording the
accurate magnetic tensors of the metalloporphyrins (complex 1
and 2). By using the g=ff/gtrue relationship, we have determined
for the first time the experimental true g-, A- and rank-2 ZFS
tensors of the picket fence Mn(ll)porphyrins (complex 1 and 2)
and 6th ligand coordinated Fe(lll)porphyrin (complex 3*) and
compared with the theoretical tensors acquired by reliable
quantum chemical calculations with our lab-coded software.
The quantum chemical calculations have reasonably well
reproduced the experimental true magnetic tensors, affording
to interpret the detailed electronic structures in terms the
magnetic tensors.

The picket fence Mn(ll)porphyrins (S = 5/2) with the planar
porphyrin skeleton feature in relatively small positive D-values
(~ 0.7 cm™) and nearly axial symmetry of the ZFS tensors. On
the other hand, the 6th ligand coordinated Fe(lll)porphyrin
(complex 3*), which also has the planar skeleton with the nearly
axial symmetry of the ZFS tensor, is characterized by a positive
D-value as large as a few to 10 cm™L. The sizable D-value is a
comparable figure for Fe(lll)(Cl)octaethlporphyrin with the
ruffled porphyrin skeleton!! and other hemoproteins. The
experimental true g-tensor of 3*is isotropic and all the principal
g-values are very close to and less than 2.0023.

For complex 4, cis-[Co"(hfac),(H,0).] magnetically diluted in
the host metallocomplex, cis-[Zn(hfac),(H.0).], the principal
values of the true g- and A(°°Co)-tensor are [2.46, 2.50, 2.81]
(giso = 2.59) and [256.5, 105.3, 61.90] MHz (Aiso = 141.2 MHz)
and the D- and E-values are +2.0 x 103 GHz (= +67 cm™), 260
GHz (= 8.7 cm™) (E/D = 0.13), respectively, assuming the
collinearity between the magnetic tensors. The theoretical
interpretations for the true experimental magnetic tensors
were performed by using the CASSCF and the hybrid

This journal is © The Royal Society of Chemistry 20xx



CASSCF/MRMP2 method. The obtained theoretical g-tensoris g
= [2.147, 2.366, 2.635], revealing that the present theoretical
approach tends to underestimate the positive g-shift from the
free spin g-factor, 2.0023, as a similar underestimation revealed
for the case of the negative g-shift such as four-ligand-
coordinated Co''octaethylporphyrin with the ruffled structure of
the porphyrin skeleton.'! We have attempted to apply the
present generalized approach for the geff/gtrue relationships to
experimentally derive the true magnetic tensors of complex 4
with a sizable D-value and significant non-axial property of the
ZFS tensors, interpreting the complex electronic structure in
terms of the quantum chemical calculations instead of ligand
field theory. We note that in order to settle the issue of the non-
collinearity in complex 4 the single crystal ESR spectroscopy at
X- or Q-band will give a clue.

In quest of new magnetic functionalities of synthetic open
shell metallocomplexes and in emerging fields such as
implementation of molecular-spin qubit based quantum
computers and quantum spin memory devices, it is important
to evaluate true ZFS tensors, as governed by spin—orbit
couplings, whose magnitude ranges from a few tenths to
hundreds of cm~1. The present approaches are experimentally
underlain by conventional ESR spectroscopy at X- or Q-band,
attempting to strengthen the spectroscopy. We also emphasize
that sophisticated high-field/high-frequency ESR
measurements afford the determination of sizable ZFS values in
a straightforward manner. The approaches given in this work
are in good harmony with any results from the high-field/high-
frequency ESR spectroscopy, particularly because the exact
analytical approach is free from the magnitude of the magnetic
field and frequency used in ESR experiments. All the derived
and easy-to-access,
experimental true tensors with quantum chemical theoretical

formulas are analytical comparing
counterparts and thus giving physical insights in a rather

straightforward manner.
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