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Abstract

Four new dinuclear complexes, [Co(u-L)(u-CClzCOQ)Y(NOs3).]-2CHCI3-CH3CN-2H20 (1),
[Co(p-L)(u-CH3COO)Y(NO3)2]-CH3CN (2), [Co(u-L)(u-PhCOO)Y(NOs3)2]-3CH3CN-2H20
(3) and [Co(u-L)(u-"BuCOO)Y(NOs)2]-CHCI3-2H,0O (4) having a Co'"Y'' core have been
synthesized by employing a ferrocene based compartmental ligand. In all the complexes the
main structural motif is kept similar by only slightly varying the substitution on the bridging
acetate groups. This variation has resulted a small but subtle influence on the magnetic
relaxation of all these four compounds. Ab initio CASSCF/NEVPT2 calculations were carried
out to assess the effect of the different substitutions of the bridging ligands on the magnetic
anisotropy parameters and on orbital arrangements. Ab initio calculations yield very large
positive D value which is consistent with the geometry around the Co(ll) ion and easy plane
anisotropy (gxc>gzz) with the order of the calculated D in the range of 72.4 to 91.7 cm™ is
estimated in this set of complexes. To ascertain the sign of zero-field splitting in these
complexes, EPR spectra was recorded which support the sign of D values estimated from ab

initio calculations.



Introduction

Single-molecule magnets (SMMs), single-ion magnets (SIMs) and single-chain magnets
(SCMs) are families of molecular magnets that seem to have considerable promise as materials
of the future in applications as diverse as data storage to quantum computing®. While it is true
that realization of even some of these applications can only be attempted after major challenges
in this field are overcome, research in this area continues to grow unabated, driven by an
academic interest. One of the qualitative understandings that has emerged as a result of
investigations over the last two decades is that in order for a molecule to exhibit the
phenomenon of SMM behavior it should possess a large ground state spin and a large magnetic
anisotropy such that a bistable ground state, with an energy barrier equal to |D| s for integral
spin values and |D|s%-1/4 for non-integer spins values, can result (S is total spin and D, a
second-order axial anisotropy parameter having value < 0). The negative sign of D is an
important parameter for assembling good SMMs because it favors high |ms| states as the ground
state. Thus, several complexes have been reported where the value of axial zero field splitting
parameter was negative (D < 0) and found to be good SMMs with slow magnetic relaxation.?
In contrast when D > 0, the ground state will be the |ms| = O for systems with integer S and the
Ims| = £1/2 Kramer’s doublet for those with non-integer S. In this case it seems that a system
with D > 0 should have no energy barrier for spin reversal, as the spin is free to rotate within
its easy plane. Interestingly, slow magnetic relaxation has also been observed in systems with
an easy plane anisotropy (D > 0).2 This fact can be explained by the presence of the rhombic
zero-field splitting i.e. in plane anisotropy given by a E(Sx?-S,?) term where E is second-order
rhombic anisotropy parameter and whose value is limited to 0 < E/|D| < 0.33. For high positive
D values the ground state is well separated from the excited state manifolds of the spin
multiplets that are not thermally accessible. In such cases the direct relaxation process and two-

phonon Raman process becomes significant over Orbach process of the magnetic relaxation.



In 2014 Ruiz and colleagues reported an extensive theoretical study on a model complex of
Co'!, [Co(acac)2(H20)2] (acac = acetylacetonate) having D > 0 and stated that slow relaxation
of magnetization naturally occurs following the Kramer’s theorem, irrespective of the sign of
D.% Co' being a Kramers ion (S=3/2) is thus a good choice for assembling complexes that can
be potential SMMs. We reported the first example of a Co'-Ln""" based SMM, [LCo"-Gd"'-
Co''L]*, (LHs = (S)P[N(Me)N=CH-CsH3-2-OH-3-OCHs]s, a cationic trinuclear complex
several years ago.® This was followed by other examples of Co'-Ln'""' based SMMs.* © A
couple of examples of Co'-Y!"" complexes where Co'" is the only paramagnetic center, with a
diamagnetic Y"' metal ion as the neighbor, have been reported to act as single ion magnets
(SIM).” The oxygen bridged diamagnetic metal center not only increases the electron density
on the bridged oxygen atom and thereby influencing the electronic environment around the
paramagnetic metal center but also provides a diamagnetic surrounding that may help to
prevent the intermolecular spin-spin interaction increasing the efficiency of single ion magnet
behavior. This hypothesis has been tested in some 3d/4f complexes where the 3d metal ion is
diamagnetic.®. On other hand examples of 3d/4f complexes where the 3d metal ion is
paramagnetic and the adjoining metal ion is diamagnetic are still sparse. There are a few Co'"'-
Co'' complexes where this phenomenon has been realized.®

Recently we have designed a ferrocene-supported ligand, LH2, {LH> = Fe[(CsH4){-C(Me)=N-
N= CH-CgH3-2-OH-3-OCHg3}]-}, that allowed us to assemble dinuclear 3d/4f complexes.’® We
were interested in examining if this ligand would be amenable to construct Co(l1)/Y(lI)
complexes. Accordingly, four complexes [Co(u-L)(u-RCOQ)Y(NOs3)2] (Scheme 1) were
prepared where a bridging carboxylate group between the Co(ll) and the Y(III) center is
systematically varied [RCOO™ = CCI3COO for 1; CH3COO" for 2; PhCOO"for 3, 'BuCOO" for
4 respectively]. In the following we report the synthesis, structure, magnetism and theoretical

studies on these complexes.



Experimental Section

All the solvents were purified by adopting standard procedures.!! Acetyl chloride
(Spectrochem, Mumbai), ferrocene (Sigma-Aldrich, USA), aluminum chloride, hydrazine
hydrate (Spectrochem, Mumbai, India), o-vanillin, pivalic acid, benzoic acid, trichloroacetic
acid (S.D. Fine Chemicals, Mumbai, India), Co(OAc)2-4H.0, Y(NO3)3-xH.O and
Co(ClO4)2-6H20 (Sigma-Aldrich, USA) were used as purchased. Diacetylferrocene and 1,1'-
diacetylferrocene dihydrazone were synthesized and purified according to reported

procedures.®
Instrumentation

Melting points were measured using a JSGW melting point apparatus and are uncorrected. IR
spectra were recorded as KBr pellets on a Bruker Vector 22 FT IR spectrophotometer operating
at 400-4000 cm™. *H NMR spectra were recorded on a JEOL JNM LAMBDA 400 model
spectrometer operating at 500 MHz. Chemical shifts are reported in parts per million (ppm)
and are referenced with respect to internal tetramethylsilane (*H). Elemental analyses of the
compounds were obtained from Thermoquest CE instruments CHNS-O, EA/110 model.
Electrospray ionization mass spectrometry (ESI-MS) spectra were recorded on a Micromass
Quattro 11 triple quadrupole mass spectrometer. Methanol was used as the solvent for the
electrospray ionization (positive ion, full scan mode). Capillary voltage was maintained at 2
kV, and cone voltage was kept at 31 kV. Variable-temperature EPR spectra of compounds 2-4
in powdered were recorded at 5K and 10K using a Bruker spectrometer operating at Q-band
(35 GHz) frequency, and the EPR simulation was performed with Easyspin software (version
5.0.0). The dc magnetic susceptibility measurements were performed on solid polycrystalline
samples (the microcrystallites were immobilized in pellets) with a Quantum Design MPMS-

XL SQUID magnetometer between 2 and 300 K in applied magnetic field of 2 kOe in the 2-20



K temperature range and 10 kOe above 20 K. All the measurements were corrected for the
diamagnetic contribution as calculated with Pascal’s constants. The ac magnetic susceptibility
measurements were performed on both Quantum Design MPMS-XL SQUID and Quantum

Design PPMS magnetometers.
X-ray Crystallography

The SCXRD data for the compounds have been collected on a Bruker SMART CCD
diffractometer (MoKa radiation, A = 0.71073 A). Collecting frames of data, indexing
reflections, and determining lattice parameters was done by the program SMART, integrating
the intensity of reflections and scaling was done by SAINT'?, SADABS'® for absorption
correction, and SHELXTL for space group and structure determination and least-squares
refinements on F2. The crystal structures were solved and refined by full-matrix least-squares
methods against F? by using the program SHELXL-2014% using Olex? software'®. Some
solvent molecules in 1 and 4 have been found to be highly disordered and have weak residual
Q peaks. These were masked using Olex? program. The void volumes and the possible masked
out electron counts have been included in the corresponding CIFs. All other non-hydrogen
atoms were refined with anisotropic displacement parameters. The position of the hydrogen
atoms were fixed at calculated positions and refined isotropically thoroughly. The
crystallographic figures have been generated using Diamond 3.1e program?®’. The crystal data
and the cell parameters for compounds 1—4 are summarized in Table 1. Crystallographic data
(excluding structure factors) for the structures of compounds 1-4 have been deposited with the
Cambridge Crystallographic Data Centre (CCDC no 1904649-1904652). Copies of the data
can be obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
U.K.: http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi, e-mail: data_request@ccdc.cam.ac.uk, or

fax: +44 1223 336033.



Computational Details

All calculations were performed on the X-ray structure and the spin Hamiltonian parameters
were calculated using CASSCF/NEVPT2 approach. We also compared our results with
CASSCF/RASSI-SO/SINGLE_ANISO calculations. For this we have used ORCA 4.0 and
MOLCAS 8.0 suit program.'® Using ORCA suite state averaged complete-active space self-
consistent field (CASSCF) wave functions was complemented by N electron valence second
order perturbation theory (NEVPT2) to assess the role of dynamic correlation. The active space
for the CASSCF involves 7 d electrons of the 5 3d orbitals [CAS9(7,5)]. For our calculations
we have computed 10 quartets and 40 doublets states. The polarized triple-C-quality of DKH
type basis set [DKH-def2-TZVP] was used for Co and Fe whereas for Y [Sapporo-DKH3-
DZP-2012], for C, N, O and Cl DKH-def2-TZVP(-f) , for H DKH-def2-SVP was used. For the
CASSCEF step we have used TrafoStep RIMO approximation and for NEVPT2 RI-NEVPT2
approximation was utilised to speed up the calculations. The spin-orbit coupling was taken
into accounts through QDPT approach and for the ZFS and g tensors the effective Hamiltonian
approach were employed.!’® For MOLCAS 8 package we have gone through the
CASSCF/RASSI/SINGLE_ANISO module of program. The same CAS space and roots were
taken as mentioned earlier for the ORCA calculations. The basis set used were of ANO RCC
type with triple zeta polarization. For carbon C. ANO-RCC...4s3p2d.,H.ANO-
RCC...2s.,0.ANO-RCC...3s2p1d.,N.ANO-RCC...3s2p1d., cobalt Co. ANO-
RCC...6s5p3d2flg., yttrium Y.ANO-RCC...7s6p4d2flg. The magnetic properties were

obtained from the SINGLE_ANISO module.?°

Synthesis
The ligand (H.L) was synthesized by following a previously published method.°

Preparation of complexes 1, 3, 4



A general procedure for the synthesis of the complexes 1, 3, 4 is as follows. HzL (0.053 mmol)
was taken in a chloroform—methanol (30 mL, v/v, 1:1) mixture. To this, Co(ClO4)2-6H20
(0.053 mmol) was added and stirred for 10 minutes followed by addition of
Y (NO3)3-xH20(0.053 mmol) and then EtsN (0.159 mmol). After stirring for another 10 minutes
the corresponding acid, RCOOH (0.053 mmol) was added and the final solution was stirred for
next 8 hours at room temperature. Removal of the solvent afforded a reddish solid which was
washed by Et2O followed by re-dissolution in CH3CN-CHCIz (20 mL, v/v, 1:1), which

produced suitable crystals for SCXRD upon slow evaporation.

Preparation of complex 2

To a (30 mL, v/v, 1:1) chloroform—methanol solution of LH (0.053 mmol) was added EtzN
(0.106 mmol) followed by Y(NOz)3-xH2O (0.053 mmol) and the solution stirred for 10
minutes. After this Co(OAc)2-4H20 (0.053 mmol) was added at once and the solution heated
to reflux for 3 h before the solvent was completely stripped off in vacuo, resulting in a red
powder which was washed by Et>O. Single crystals suitable for SCXRD were obtained by slow
evaporation after dissolving the red powder in CH3CN-CHCIs (20 mL, v/v, 1:1). Specific
details of all corresponding reactions, yield and the characterization data of the complexes are
given below.

[Co(u-L)(u-CClzCO0)Y(NOs)2]-2CHCI3- CH3CN-2H20 (1)

Quantities: LH2 (0.03g), Y(NO3)-6H20 (0.0203 g), Co(Cl04)2-6H20 (0.0195 g), CCIsCOOH
(0.008 g),EtsN (0.0161 g), yield: 0.038 g, 53.5% (based on Co?*). M.P: > 260 °C. FT-IR (KBr)
cm™': 3388 (b), 2942 (w), 1656 (S), 1606 (s), 1595 (s), 1511 (s), 1476 (s), 1361 (S), 1294 (s),
1220 (s), 842 (s), 742 (s). Anal. Calcd. for C3sH4oCloCoFeN7O1sY (1333.502): C, 32.42; H,
3.02; N, 7.35. Found: C, 32.68; H, 3.17; N, 7.54.

[Co(u-L)(u-CH3COO)Y(NO3)2]-CHsCN (2)



Quantities: LH2(0.03g), Y (NOs)-6H20 (0.0203 g),Co(OAC).-4H20 (0.013 g), EtsN (0.0106 g),
yield: 0.0289 g, 58% (based on Co?* ).M.P: > 260 °C. FT-IR (KBr) cm™': 3374 (b), 2936 (w),
2836 (w), 1668 (w), 1607 (s), 1464 (s), 1384 (s), 1297 (s), 1270 (s), 1219 (s). Anal. Calcd. for
CasH37CoFeN7O13Y (955.381): C, 42.74; H, 3.90; N, 10.26. Found: C, 42.68; H, 3.57; N, 10.54.
[Co(u-L)(u-PhCOO)Y (NOs3)2]-3CH3CN-2H20 (3)

Quantities: LH2 (0.03g), Y(NOs)-6H20 (0.0203 g), Co(ClOa4)2:6H20 (0.0195 g), PhCOOH (
0.007 g), EtsN (0.0161 g), yield: 0.0299 g, 49.5% (based on Co?*).M.P: > 260 °C. FT-IR (KBr)
cm': 3388 (b), 2947 (W), 1607 (s), 1554 (s), 1467 (s), 1401 (s), 1297 (s), 1238 (s), 1220(w).
Anal. Calcd. for C43H49CoFeNgO15Y (1135.585): C, 45.48; H, 4.35; N, 11.1. Found: C, 45.68;

H, 4.57; N, 11.04.

[Co(u-L)(u-'BuCOO)Y(NOs3)2]-CHCI3-2H20 (4)

Quantities: LH> (0.03g), Y(NOs)-6H20 (0.0203 g), Co(ClO4)2-6H20 (0.0195 g), 'BUCCOOH (
0.005 g), EtsN (0.0161 g), yield: 0.0335 g, 56.5% (based on Co?*).M.P: > 260 °C. FT-IR (KBr)
cm™: 3372 (b), 3124 (W), 2959 (w), 2320 (W), 1609 (s), 1559 (s), 1473 (s), 1423 (), 1294 (s),
1238 (s), 1216 (s), 970 (s), 738(s). Anal. Calcd. For C3sHasClsCoFeNsO1sY (1111.817): C,

38.89; H, 4.08; N, 7.57. Found: C, 38.61; H, 4.17; N, 7.24.

Results and Discussion
Synthesis

We have previously demonstrated the utility of ferrocene-supported ligands for the preparation
of heterometallic 3d/4f complexes.’® Thus, the ferrocene-based compartmental hexadentate
LH> ligand comprises of two specific coordination pockets, an inner coordination pocket (P1,
Scheme 1) composed of two imine nitrogen and two bridging phenoxy oxygens (N202) which

specifically bind with 3d ions and an outer coordination pocket (P2, Scheme 1) consisting of



two phenoxy oxygens and two methoxy oxygen atoms (O4 coordination environment) which
preferentially bind to 4f metal ions. The reaction of LH> with Co(OAc)2-4H.O and
Y (NO3)3-xH20 in the presence of EtsN as base in the molar ratio of 1:1:1:2 under reflux
conditions yields the complex [Co(u-L)(u-CH3COO)Y(NOz)2]-CH3CN (2); here the acetate
ion acts as the bridging ligand linking the Co(Il) and Y (I11) metal ions. Under approximately
similar reaction conditions the reaction of LH»> with Co(ClO4)2-6H20 and Y(NO3)z-xH20 in
the presence of trichloroacetic acid or benzoic acid or pivalic acid and EtsN as the base in the
stoichiometric ~ ratio  of  1:1:1:1: afforded the  complexes, [Co(p-L)(p-
CCI3CO0)Y (NO3)2]-2CHCl3-CH3CN-2H20 (1), [Co(p-L)(p-
PhCOO)Y(NO3)2]-3CH3CN-2H20  (3) [Co(p-L)(n-BusCOO)Y(NO3)2]-CHCl3-2H20  (4)
respectively (Scheme 1). All the complexes possess a similar type of core and only differ in

the number/nature of solvent molecules of crystallization.
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Scheme 1. Synthesis of complexes 1-4.

For investigating the structural integrity of the 1-4 in solution, we have carried out ESI-MS
studies which revealed parent ion peaks for corresponding complexes, although in lower
abundance relative to other fragments. A representative ESI-MS spectrum of 1 is given in
Figure 1 while spectra for the rest of the complexes are given in the Supporting Information.
Interestingly, all the complexes, 1-4, show a distinct peak with very high abundance at around
m/z = 802. This is presumably due to the common dinuclear fragment, [Co(u-L)Y (OEt)2]*,

independent of the nature of the bridging ligand present in these complexes.
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Figure 1. ESI-MS of [Co(u-L)Y(OEt)2]* (fragment) (a) theoretical simulation (red lines); (b)

experimental spectrum simulated (blue lines) for complex 1.

X-ray Crystallography

Among the four heterometallic dinuclear Co''Y"' complexes, 1, 2 and 4 crystalized in the
triclinic P-1 space group while complex 3 crystallized in the monoclinic P21/c space group. In
view of the structural similarity of the complexes, 2 is taken as a representative example to
describe the structural features of this dinuclear complexes family.

In complex 2 the Co"' center occupies the inner coordination pocket P1 of the ligand with a 2N,
40 coordination environment. The coordinating atoms involved are as follows: two nitrogen
atoms, N1 and N2, from the imine part of the ligand [Co-N1, 2.162(3) A; Co-N2, 2.109(3) A];
two phenoxide oxygen atoms O4 and O5 of the ligand [Co-04, 2.062(2) A; Co-05, 2.083(2)
AJ; one oxygen atom O1 from the bridging carboxylate ligand [Co-O1, 2.032(2) AJ; finally O3
from water molecule [Co-03, 2.123(2) A]. The overall coordination geometry around Co'" can
be described as distorted octahedral geometry. The coordination environment around Y'"" is 90
and the coordination geometry can be described by the continuous SHAPE analysis?! to be
Muffin-shaped (MFF-9) in Cs symmetry. The Y"" ion is ensconced in the outer coordination

pocket P2 of the ligand. The total coordination arrangement around Y'"' ion occurs in the



following manner: two bridging phenoxide oxygen atoms 04 and O5 [Y-04, 2.282(2) A; Y-
05, 2.083(2) A]; one oxygen atom O2 from the bridging carboxylate group [Y-02, 2.284(2)
AJ; four oxygen atoms 07, 08, 09 and 010 from two chelating nitrate groups [Y-07, 2.438(2)
A; Y-08, 2.478(2) A; Y-09, 2.399(2) A; Y-10, 2.435(3) A] and two oxygen atoms O6 and

011 from two methoxy groups of the ligand [Y-06, 2.533(2) A; Y-011, 2.606(2) A].

Figure 2. a) Full molecular structure of 2 (selected hydrogen atoms and solvent molecules are
removed for the sake of clarity) ; b) distorted octahedral geometry around the Co' ion; c) two

molecules of complex 2 showing intermolecular hydrogen bonding (light blue colored dotted



bonds), d) coordination environment around the Y"' jon. Ellipsoids are drawn at 40 %

probability for non-metallic atoms and at 50 % probability for metallic atoms.

The phenoxide bridging action between the Co'" and Y"' centers results in a CoYO; four-
membered ring (see Figure S6). Within this ring it is interesting to note that the two Y-O-Co
bridging angles (Co-04-Y and Co-O5-Y) are not the same in all the complexes. Also it is worth
mentioning that the O4-Co-O5 angle is always greater than the O4-Y-O5 angle for each

complex.

As the nature of the bridging carboxylate groups are different in each complex, in spite of the
overall structural similarity, certain small but subtle differences are noticed in the four
complexes. The obtained CShM values from continuous SHAPE measurement? for
OC6+TPR6 deformation pathway show that the structures are much closer to the OC-6
geometry (see Table 1) and reveals that the degree of distortion continuously increases from 1

to 4 regularly.

Table 1. CShM values obtained from continuous SHAPE analysis for complex 1-4

Complex Complex 1 Complex 2 Complex 3 Complex 4
CShM value for the 0.758 0.763 0.800 0.859
OC-6 polyhedron

The differences in crystallographic parameters around the Co' center that are summarized in
the Table 2 also act in support of the difference in distortion from perfect geometry among the

complexes.

Table 2. Selected bond parameters for complexes 1-4



Bond/Angle Complex 1 Complex 2 Complex 3 Complex 4
description
Co-01 2.099(64) 2.032(23) 2.073(49) 2.067(26)
Co-03 2.111(64) 2.123(24) 2.153(55) 2.125(29)
Co-04 2.071(47) 2.061(23) 2.075(51) 2.082(2)
Co-05 2.079(5) 2.083(22) 2.062(56) 2.069(2)
Co-N1 2.135(69) 2.162(25) 2.136(73) 2.138(27)
Co-N2 2.124(64) 2.109(26) 2.137(71) 2.147(23)
01-Co-03 176.294(22) 177.093(94) 177.426(2) 177.946(98)
01-Co-04 88.866(21) 88.826(92) 90.461(2) 89.624(92)
01-Co-05 88.386(22) 89.017(9) 88.325(2) 88.938(88)

Colacio et. al. previously reported two sets {(1a,1b,1c)’® and 2a™}of Co"Y"' complexes

(Figure 3) that also have distorted octahedral Co'' and nine-coordinated Y centers.. The bond

parameters observed in the present instance are consistent with these literature precedents.

o (0]
\/ L0
L N /
N/70 \ /N—O
° NO;y” for 1a
BzO" for 1b
° 9AC for 1c
AcO” for 2a

Figure 3: Compounds 1a, 1b, 1c and 2b known in literature.’



Magnetic Properties

The thermal variations of ymT (ym, the molar magnetic susceptibility; T, the temperature in
Kelvin), for the four compounds are very similar. Thus, the ywT is around 3 cm® K mol™ at
room temperature and monotonically decreases on cooling down to reach 1.84, 1.63, 1.68 and
1.51 cm® K mol™ for compounds 1 to 4 at 2 K, respectively (Figure 4). The room temperature
values are much higher than expected for isolated S = 3/2 with g = 2.0 (1.875 cm® K mol™) but
match with the commonly accepted values for high spin octahedral Co(ll) with spin orbit
coupling in the orbitally degenerate ground state “Tiq and distortions of the octahedral
coordination sphere.?? The low temperature values also match with the stabilization of a Sefr =
1/2 effective spin with getr close to the 4.33 value expected in the absence of distortion.® The
first magnetization curves at 2 K are represented also on Figure 4. They tend to saturate at
values close to 2.2 N for all compounds in agreement with the expected value of 2.165 N8

for the effective spin %2 with g = 4.33.
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Figure 4. Thermal variation of ymT with the first magnetization curves at 2 K for 1-4 in the
inset. The ymT and the magnetization experimental values are fitted using PHI software with

the NEVPT2 calculated D and E parameters.

None of the four compounds display an out-of-phase signal of the ac magnetic susceptibility,
ym”’, in the absence of an external dc field down to 2 K in the frequency range v = 110000
Hz of the oscillating field because of possible quantum tunneling of the magnetization (QTM).
However, such QTM can be suppressed by the application of a moderate external dc field
inducing a slowing down of the relaxation of the magnetic moment of Co''. It is characterized
by the appearance of a maximum on the ym’’ vs. v curves between 100 and 1000 Hz for
compounds 1, 3 and 4 while the maximum is located at higher frequency (>1000 Hz) for 2
(Figure S8). It is not the only major difference between the four compounds. Indeed, for 1 a
“so-called” optimum field (the field for which the relaxation is the slowest) is clearly visible
around 1200 Oe with an amount of relaxing matter (the amplitude of ym’’ near the maximum)
almost constant above 500 Oe while for 3 and 4 the relaxation accelerates continuously with
the field and the amplitude of ym’” increases. Compound 2 seems to behave similarly to 3 and
4 with however the maximum which potentially falls at higher frequencies than 1000 Hz.

The four compounds were studied under an applied magnetic field of 1200 Oe. All the
compounds displayed strong frequency dependence of the magnetic susceptibility between 2

and 15 K (Figures 5 and S8).
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Figure 5. Frequency dependence of yv’ between 2 and 10 K for compounds 1-4 (a to d,

respectively) under a 1200 Oe applied magnetic field.

The AC data for 1-3 were fit in the framework of the extended Debye model?®?* for a
single relaxation process with a distribution (o) of relaxation times (7) (Table S1-S3) while for
4 the frequency maxima are manually selected due to the large out-of-phase signal of the
magnetization at low temperature (Figure 5d). The high temperature part of the log(z) versus
T curves seems to follows the Arrhenius law 7= exp(A/KT) with 7 = 3.2(4)x10° s and A =
8.4(6) K for 1, m = 2.5(2)x10° s and A = 11.0(4) K for 2, = 2.6(4)x10° s and A = 13.7(8) K
for 3 and m = 7.4(9)x107" s and A = 18.7(6) K for 4 (Figure S9). The thermal dependence plots
of the relaxation time clearly show a deviation from the linearity below 4 K a sign of other
operative relaxation mechanisms. The much lower experimental energy barrier of the four
compounds compared to the calculated values (301.1 K, 256.2 K, 303.6 K and 222.6 K
respectively for 1-4 compounds) is an indication of a negligible contribution of the Orbach

process with respect to Raman, QTM and Direct relaxations. Magnetic relaxation through



Direct mechanism can be observed on the scan field of the magnetic susceptibility for 2 and 3
since increasing the magnetic field value induced shift to the ym” maxima at higher frequency
(Figure S7). Therefore, the log(z) versus T curves in 2-6 K can be analyzed using the following

expression:

= ATH + CT" + tn’t

log(t) /s
log(t) /s

(b)

log(t) /s
log(t) /s

) S

T/K T/K
Figure 6. Arrhenius plots of the relaxation times in 1200 Oe applied magnetic field for 1-4 (a

to d, respectively) (black disks). Full red lines are the best-fit curves (see text).

The best fit for compounds 2-3 were obtained using the combination of Raman and Direct
processes as reported by E. Colacio and coll.” for similar Co''Y"' compounds with the
parameters depicted in Table 3. On contrast the best fit for 4 was obtained by the combination

of Raman and remaining QTM while 1 was obtained using a pure Raman process (Table 3).



For the latter the absence of QTM is explained by the AC measurements under the optimal

field of 1200 Oe while for 2-4 the optimal magnetic field value cannot be reached.

Table 3. Fitting parameters with associated errors given in brackets for 1-4.

1 2 3 4
C (K™ | 252 (30) 90 (16) 37 (29) 154 (51)
n 2.96(10) 3.6(1) 3.7(4) 3.06(19)
o1™ (S) / / / 2.74(37)x10™
A (sTK™) / 1.54(4) x 10° | 9.6(10) x 102 /
M fixed to 4

The extracted values for the n parameter are in agreement with those expected for
Kramers ions when both optical and acoustic phonons (n = 1-6) are involved in the relaxation
mechanism.?® As a consequence, 1 is the slowest and 2 is the fastest with 4 and 3 the

intermediates.

Theoretical Studies

To illustrate various experimental observations and also to probe the origin of the slow
relaxation in the presence of field, we have undertaken a detailed ab initio calculations using
two approaches (see computational details for further information). The computed spin
Hamiltonian parameters are given in Table 4 and the estimated values are in general agreement
with the values obtained from experiments. The estimated axial (rhombic) ZFS parameters, D
(E), are given in Table 4 for complexes 1-4. The E/D values are significant and this corroborate
well with larger E values. The values obtained from NEVPT2 calculations are very similar to

the values obtained from CASSCF and also using MOLCAS (see Table 4 in ESI, also see



Figure S11 and S12 in the ESI for computed D orientation with respect to the molecular
framework). Positive D obtained for all complexes is in agreement with the experiments where
relaxation is observed only in the presence of an applied field.* 26 Additionally such a large
computed D value suggests that the system can be described using a pseudo spin %2 system.
Using pseudo-spin ¥ estimates the low temperature limit of ymT can be calculated: 2.06, 2.02,
2.12 and 1.88 cm® K mol™ for 1 to 4, respectively. These values are in relatively good
agreement with the experiment and also corroborated by the saturation values of the
magnetization recorded at 2 K which match the expected 2.2, 2.18, 2.07 and 2.13 N for 1 to
4, respectively. Additionally we have simulated the susceptibility and the magnetization data
for these complexes using the ab initio estimated parameters and very good match has been

found offer confidence on the estimated parameters.

Table 4. Estimated D, E and g-tensors for 1-4 using ab initio calculations.

Complexes | CASSCF/RASSI-SO NEVPT?2 Ox g |
Dcallcm-l Ecallcm-l Dcallcm-l Ecallcm-l
1 101.9 13.7 87.9 11.6 7.075 | 3.105 | 2.178
2 88.8 3.5 91.7 23.0 6.984 | 3.227 | 2.198
3 93.8 27.9 90.0 18.5 7.296 | 2.932 | 2.026
4 76.8 54 72.4 18.3 7.218 | 2.881 | 1.955
Ground state 15 excited state
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Figure 7. Orbital energies computed for the ground and first excited state of complex 2. The

percentage mention reveals the % of the corresponding configuration mixing.

The ground state electronic configuration for the Co(ll) ion is found to be strongly multi-
determinantal in characteristics for all four complexes. For example in complex 2, the ground
state has (Oxz)?(xy)*(dyz)?(dxe-y2)'(d-?)* configuration that is dominant (36%) and is mixed
strongly with other two states with the weightage of 20% (See Figure 7). This is expected for
the six-coordinate Co(ll) possessing unguenched orbital contribution leading to larger D
values. The dominant contribution to the positive D value is found to arise from the two close
lying quartet states, particularly the first quartet state is found to contribute more than 50% to
the net D value for all four complexes. The first excited state is also found to be multi-
determinantal in character with strong mixing and transition from dx; = dxy orbital found to
contribute significantly to the total D value. As the two orbitals involved have different m,

levels, the sign of D is found to be positive for all four complexes.?’

Since the first excited state contributes significantly to the D value, the gap between the ground
to the first excited state is strongly correlated to the magnitude of D value. The trend in the
computed D is found to be 2>3>1>4 with the D value computed for complex 4 found to be
smaller than other three complexes. The magnitude of the computed D is found to correlate
with the ground to first and second excited states which are the dominant contributor to the D
value. The energies computed for the first and second excited states along with their
contribution to the D values are given in Figure 8 and Supporting Information. Particularly for
complex 4 both the first and second excited quartet states are strongly destabilized compared

to complexes 1-3 leading to a smaller D value.
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Figure 8. The energy gap between the ground, first and second excited quartet states computed
for complexes 1-4. The numbers mentioned below the line reveal the contribution to the D

value by that particular state (in cm™).

The computed g-tensors for complexes 1-4 are given in Table 4. Clearly, as we expected for a
positive D value, the gxx values are found to be much larger than gz.. Due to the low symmetry
of the complexes the g-; and D, axes are found to be non-coincident for these complexes (see
Figures 9 and S11 and S12). This low symmetry leads to significant E value for all the four
complexes and this is reflected in the E/D value, where a high value indicates the rhombic

nature of the transverse anisotropy leading to non-coincidence of the D;; and g,; axes.



Figure 9. Computed orientation of D, and g.; axes for complex 1.

The dx; > dxy transition is the prime contributor to the positive D and the computed trend for
the magnitude of D among complexes 1-4 is also reflected in the contribution arising from the
first excited state (i.e. 2>3>1>4). Qualitatively the first excited state reflects the energy gap
between the dx; and dxy orbitals. Since the dxy orbital is orthogonal to the acetate bridge, its
energy is expected to be only marginally influenced by the substitution in the acetate group,
however the energy of the dx. orbital is significantly influenced as this orbital has a weak *
antibonding interaction with the acetate oxygen atom. The substitution at the acetate position
tends to stabilize or destabilize the dx. orbital leading to a variation in the dx. to dxy gap and

hence the variation in the magnitude of D value among complexes 1-4.

EPR Studies

To have a clear idea on the sign of D we have recorded Q-band EPR spectra of these complexes
on powder samples of 2-4 (Figure S14). All the recorded EPR spectra were characteristics of
high spin Co'" (5=3/2) with very high positive ZFS parameter D as no transition were observed
for ms=x1/2 to ms=£3/2 levels since the energy gap between the two levels are much higher

(consistent with values obtained from the CASSCF and NEVPT2 results, 150 cm™ to 210 cm"



1) and validate the pseudo-spin approximation that was adapted as discussed earlier. The
recorded EPR spectra are very similar to the EPR data reported earlier for the octahedral Co(ll)
complexes possessing positive D and offer confidence on the estimated parameters. "'
The observed transition could be attributed to the transition between the ms=+1/2 levels, hence
the ms=%1/2 is the ground state suggesting positive D. For D< 0 case, the low lying state is
KD=x3/2 and the transition within these states are generally less visible in the recorded
frequency leading to absence of any features in the EPR spectra.’
To further understand the nature of the EPR spectra we have simulated the EPR spectra of
complex 3 using NEVPT2 estimated D, E and g-values and with minor perturbations to the g-

tensors. Many of the experimental features are reproducible offering confidence on the sign of
the assigned D.
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Figure 10. Experimental and simulated Q-band EPR spectra for complex 3. Blue=

Experimental, Red= simulated. Simulation is performed using the following set of spin

Hamiltonian parameter D = 93 cm™, E/D =0.3, gux =4.8, 0yy,=2.93, gz-=1.8 and Line width 65.



Conclusion

Proper understanding of the relations between geometric and electronic structure with magnetic
properties are still a wide field left to be covered well. In this work we have synthesized four
Co''Y!"" systems in a targeted way by altering different acetate bridging ligand. With the help
of these four molecules we have tried to explore how the electronic properties of the bridging
acetate ligands in the Co''Y'"" systems controls the magnetic anisotropy as well the magnetic
slow relaxation. The six coordinated distorted octahedral geometry around the Co" center
within the molecules dictates the molecule to show a field induced magnetic relaxation. The
extracted energy barriers for the high temperature region for the molecules are seen to be
dependent on the nature of the bridging ligand. Ab initio calculation showed that all the
molecules have positive D values which is largely due to the contribution of the transition from
dx. to dxy orbitals for the molecules. Also it was calculated that although the effect of bridging
ligand on dxy orbital is not so prominent but the dx. orbital is in direct interaction with the
n*orbital of the O atoms of the bridging ligand. So subtle changes in the electronic properties
on the bridging ligands stabilize or destabilize the dyx. orbital leading to a variation in the

magnitude of D value for the complexes 1-4.
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Four iso-structural molecules having common Co"Y'! core have been synthesized where the
bridging acetate groups between Co' and Y!" are altered. The effect of substitution on bridging

ligands on magnetic properties of the molecules has been estimated by combined experimental

and theoretical studies.



