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Abstract: One-pot reaction of the Schiff base N,N’-ethylene bis(salicylaldimine) (H,L), CoCl,.6H,O,
and [PhySnCl;] in acetone produces the mixed valence Collcoll, compound [CollCoMy (p-L), (Ph),(u-
Cl),]-(CH3),CO-H,O (1). Our recent study already revealed that the same reaction mixtures in

methanol or ethanol produced a heterometallic Sn!VCo!™ (2) or monometallic Co™

complex (3),
respectively. Comparison of these organometallic systems shows that the 2,1-intermetallic Ph shift
occurs in any of those solvents, but their relevant structural features (mononuclear, dinuclear-
heterometallic, and trinuclear mixed valence) are solvent dependent. Geometrical structural rotation
is also discussed among the related organometallic Co''Co™'; systems. The AC magnetic susceptibility
measurements indicate that 1 is a single molecule magnet (SMM), exhibiting a field-induced slow
magnetic relaxation with two modes. The relaxation time for the low-frequency channel is as slow as

7~06satT=2.0Kand Bpc =10T.

Keywords: Schiff base; mixed valence; organometallic; pH shift; structural variation; single molecule magnet

1. Introduction

The molecules of single molecule magnets (SMMs) [1-5] exhibit slow relaxation of
magnetization after the removal of the applied magnetic field, and their magnetic memory
originates exclusively from the molecule itself, in contrast to the conventional bulk magnets
and molecule-based magnets. The area of SMMs has been a frontier research field because
of their potential application in high-density data storage devices, quantum computing,
spintronics devices, and magnetic refrigeration [6-16].

Since the discovery of the first SMM, a “Mnj,” cluster [17-20], the studies on cluster-
based SMMs of 3d metal ions have been a matter of great attention. In fact, several
manganese (Mn!"'/Mn!'/Mn!V) systems with Mn!!! as the common counterpart emerged
as SMMs, as well as compounds with other 3d-metal ions, e.g., Ccull, Nil, Coll, Felll
etc., [21-31]. Both experimental and theoretical investigations have been carried out on
several systems and resulted in significant enhancements of SMM-operating temperatures
to above 60 K with a high U [32-35]. Further explorations of such systems also required to
understand their complicated magnetic relaxation mechanism. To be noted that SMMs with
more than one relaxation modes have recently been prioritized for investigation [36—41].
Particularly, the family of cobalt(Il) complexes has been investigated for SMM proper-
ties because of the high magnetic anisotropy and strong spin-orbit coupling of cobalt(II)
ion [42-51].

We have started a structural exploration of heterometallic 3d metal-Sn(II/IV) com-
pounds derived from compartmental Schiff bases under aerobic conditions [3d metal =

Molecules 2021, 26, 1060. https:/ /doi.org/10.3390/molecules26041060

https:/ /www.mdpi.com/journal/molecules


https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-8101-2016
https://orcid.org/0000-0003-2173-6220
https://orcid.org/0000-0003-4836-2409
https://orcid.org/0000-0001-8323-888X
https://doi.org/10.3390/molecules26041060
https://doi.org/10.3390/molecules26041060
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26041060
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/26/4/1060?type=check_update&version=2

Molecules 2021, 26, 1060

20f16

Co/Ni/Cu] [52-55]. Our recent study [55] revealed that the open atmosphere self-assembly
reaction of N,N'-ethylenebis(salicylaldimine) (H,L) with CoCl,-6H,O and [SnPh,Cl;]
in MeOH or EtOH produces the hetero-organometallic Co™'Sn!V system [Co'Sn!V (u-
L)(Ph),(n-OMe)(Cl),] (2) or the mononuclear organocobalt(Ill) compound [Co™L(Ph)(H,0)]
(3), respectively, generated by a 2,1-intermetallic phenyl shift (Scheme 1) [55]. Contin-
uing our investigation to understand the role of solvents and obtain further types of
compounds formed upon such a Ph shift from the organotin reagent, we attempted the
reaction in a similar polar solvent (acetone) but with a lower bridging capacity. Interest-
ingly, we have obtained the mixed valence organometallic system [CoTCoMy (p-L), (Ph)o (p-
Cl),]-(CH3)2CO-Hy0O (1) (Scheme 1). Herein, we report its synthesis, crystal structure, and
single molecule magnetic properties. In addition, structural comparisons with relevant (2
and 3) and related (Co"'Co'™l,) compounds are also discussed.

z
o
==

H,L+[SnPh,Cl,]+CoCl,.6H,0

[Co"'Sn"(u-L)(Ph);(1-OMe)Cl;] (2)

Co) [Co"L(Ph)(H,0)] (3)

Ny \

H,0

Scheme 1. Solvent dependent synthesis of 1, 2, and 3 [55].

2. Results and Discussion
2.1. Synthesis and Characterization

The single compartment Schiff base N,N’-ethylenebis(salicylaldimine) (H,L) (Scheme 1)
was synthesized following the reported procedures [56] and, before use, its characterization
was confirmed by NMR and elemental analysis [56]. We have already reported that the
self-assembly reaction of HyL with CoCl,-6H,0O and [SnPh,Cl,] in alcoholic solvents pro-
duced either the hetero-organometallic Co'llsn!V system [Co'Sn!Y (p-L)(Ph), (u-OMe)(Cl), ]
(2) (in MeOH) or the mononuclear organocobalt(Ill) compound [Co™ML(Ph)(H,0)] (3) (in
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EtOH), generated upon 2,1-intermetallic Sn-to-Co shift of a phenyl group (Scheme 1) [55].
In the current study, the reaction in boiling acetone under open air atmosphere produces
the mixed valence organometallic system [Co"CoM(pu-L), (Ph), (u-Cl), ]-(CH3),CO-H, O (1)
(Scheme 1). Compound 1 was isolated in good yield (62%) from the reaction of the Schiff
base and the metal compounds (H,L, CoCl,-6H,0, and [SnPh;Cl,]) in the 1:1:1 ratio, but a
better yield (78%) was obtained with a lower Schiff base amount (1:2:2). Under open air and
solvent boiling conditions, oxidation of Co'! into Co™, followed by the 2,1-intermetallic
phenyl shift from tin(IV) to cobalt(Ill) would result in a {Co™(Ph)Sn!V(Ph)} moiety as
observed in the case of 2 [55]. Further replacement of the organotin(IV) moiety by CoCl,
would generate the mixed valence system 1. Analogous reactions with NiCl,-2H,O or
CuCl,-6H,0, instead of CoCl,-6H,0, were attempted but were not successful. Even the
reaction of 2 or 3 with CoCl,-6H,O in refluxing acetone did not produce 1.

In the IR spectrum, the title compound 1 exhibits a strong intense absorption at
1645 cm™ because of v(C=N). Medium intense bands at 444 and 459 cm™! can be assigned
to v(Co-N) and v(Co-O), respectively. An additional broad peak at 3480 cm™ is observed
for the non-coordinated water molecule. It was also characterized by elemental analysis
and single crystal X-ray diffraction.

2.2. Description of Crystal Structure

The crystal structure of the mixed valence complex [CoMCoM, (p-L),(Ph), (1-Cl),]
(CH3),CO-H,O (1) was determined at 298 and 150 K (see below) and is presented in
Figure 1, while some important geometrical parameters are listed in Table 1. As shown in
Figure 1, two Co! ions occupy the N,O, cavities of the tetradentate Schiff base ligand (L?™)
while the Co'! ion interconnects them through bis(p-phenoxido) and p-chlorido bridges.
While the peripheral Co(III) metal cations possess CCIN,O, octahedral geometries with
angle variances of ca. 30°2, that of the central Co(II) is constructed from two Cl and four
O-atoms and is considerably more distorted in view of the measured angle variances of ca.
144-147°2. The octahedral volumes of 10.5-10.7 A3 against 13.6 A% confirm the oxidation
states (+3 and +2, in this order) of the metals. Bridging atoms (O and Cl) along with the
metal centers (Col and Co™) form two corner-shared (the Co!l central cation) CoyO,Cl
trigonal bipyramids (Figure 1b). The Co!! cations are displaced by 0.11-0.12 A from the
corresponding least-square N O, planes and toward the phenyl ligands. Such least-squares
planes of the L~ ligands in 1 make an angle of 74.14°.

a b

Figure 1. (a) Ellipsoid plot (with 30% probability, data collected at 150 K) of the crystal structure of [Co"Co™™, (1-L), (Ph), (-
Cl)2]-(CHj3),CO-H,0 (1) with partial atom labelling scheme. Solvent molecules and H-atoms are omitted for clarity. (b)

Representation of the Co''-corner shared Co,0,Cl trigonal bipyramids.
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As expected from the metal radii (rc,>* < rco2t), the M-O distances involving the
Coll center are longer [2.092(2)-2.125(2) A] than those involving Co'll [1.894(2)-1.904(2)
AJ; the Co"'-N lie in the range of 1.862(2)-1.871(2) (Table 1). In contrast, the Co"™~Cl bond
distances are shorter than the Co''-CI (Table 1). The Co-O-Co angles (89.32(6)-90.51(6)°)
are larger than the Co—Cl-Co ones (68.71(3) and 69.63(3)°). All the trans angles around the
metal centers in 1 are lower than 180°.

Most of the geometrical parameters (bond lengths and bond angles) involving the
metal centers are typical (Table 1) and observed in other similar mixed valence Co''Co!"l,
compounds found in the Crystallographic Structural Database [57-59].

Table 1. Comparison of selected structural parameters (distances in A and angles in °) of 1 (at 150 and 298 K) and
other related Co"'Co'™, compounds. Reported compounds are presented by their CCDC reference codes and deposition

numbers [59].

1 (at 150 K) 1(at 298 K) XUHSUP XUHTAW XUHTEA
COHCOHIQ COHCOIHQ COHCOIH2 COHCOHIZ COHCOHIZ
ccpe 2016605 2016606 717829 717830 717831
1.934(2) 1.930(5) 1.939(9) 1.948(9) 1.952(7)
1,
Co™C 1.936(2) 1.937(4) 1.951(1) 2.077(1) 1.965(7) 2.074(10)
1.862(2) 1.844(8) 1.902(7) 1.861(6)
1.864(2) 1.850(4) 1.859(4)  1.879(7) 1.891(8) 1.864(5)
-
Co™-N 1.865(2) 1.863(4) 1.868(3)  1.880(7)1.895(6)  L0/0(5) 1.886(4) 1.881(5)
1.871(2) 1.844(8) 1.868(8) 1.884(5)
1.864(5)
1.871(6)
1.894(2) 1.894(3) ggég }S?ggg
Co-0 1.896(2) 1.903(2) 1.895(3) 1.900(3) ‘ 1.875(4) 1.881(3) ‘
04 15060 1.878(5) 1.879(4)
: : 1.889(6) 1.887(5)
1.892(6)
1.896(6)
2.507(3)
Colll_Cl igggg 2573(1)2.657(1)  2.532(3) 2.604(3) 2561(2) ;g?gg
: 2.625(3) :
2.080(6)
2.081(5)
2.092(2) 2.092(3) 2.083(6) 2.097(4)
2.114(2) 2.121(3) 2.088(6) 2.104(4)
1
Co™-0 2.124(2) 2.125(3) 2.100(6) 2.091(4) 2.094(4) 2.112(4)
2.125(2) 2.138(3) 2.136(6) 2.113(4)
2.194(6)
2.202(6)
2.408(2)
2.401(7) 2.395(1) 2.409(3) 2.402(2)
1
Co™-Cl 2.409(7) 2.409(1) 2.414(3) 2441(2) 2.407(2)
2.425(3)
2.835(1) 2.848(1) 2.839(2) 2.843(2) 2.835(1)
M AT
Co™-Co 2.849(1) 2.859(1) 2.850(2) 2.854(2) 2.832(1) 2.836(1)
1713(3)
1723(3)
171.25(8) 1711600 1723(3) 1715(2)
171.86(8) ' 172.5(3) 172.77(19) 1742(2)
T
N-Co™-0 (trans) 172.94(8) 171'9197(41)612%80(1) 172.9(3) 172.77(18) 175.0(2)
174.67(8) : 174.6(3) 1723(2)
174.8(3)

176.7(3)
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Table 1. Cont.

1 (at 150 K) 1 (at 298 K) XUHSUP XUHTAW XUHTEA
174.9(2) 180.0
_Coll_
O-Co-O (trans) 172.23(6) 171.95(1) 17722 180.0 176.3(2)
164.48(16)
170.20(5) 169.93(8) 164.86(18) 167.10(13)
el _
O-Co=Cl (trans) 169.57(5) 170.79(9) 166.95(18) 167.98(12)
167.43(17)
105.35(9)
—Coll_
Cl-Coll-C1 105.27(2) 104.80(4) 109.28(9) 180.0 105.79(6)
89.74(1) 88.2(2) 91.3(2)
89.32(6) 90.09(6) ‘ 90.2(2) 91.7(2) 90.33(16) 90.34(16)
__c sl
Co™-0-Co 90.17(6) 90.51(6) 90'13(113);8;16(1) 88.4(2) 92.2(2) 90.79(14) 90.87(15) 90.58(17) 90.94(16)
' 91.2(2) 91.0(2)
68.712(18) 68.43(7) 70.21(7)
_1_c A0
Col-CI-Co 69.425(18) 68.71(3) 69.63(3) 69.17(7) 70.70(7) 68.91(5) 68.86(5) 70.38(5)
Co™™...Co™...CoM 158.68 157.94 163.50(6) 163.70(6) 180.0 163.51(4)

Ph

(0]
\Co/

NN

(0)

N

H,
Mononuclear
3

2.3. Solvent Dependent Structural Variation and Rotation of Coordination Geometry

Structural variations that depend on solvent are not uncommon but always interest-
ing [55]. Distinct solvents have different properties, e.g., in terms of polarity, acidity or
basicity, coordinating or bridging ability, etc. Cases are also known where solvents do not
affect the basic structure, forming solvatomorphs [60,61].

Heterometallic 3d-tin systems synthesized under open air atmosphere show a struc-
tural diversity which includes: i) adducts, ii) non-adduct covalent compounds, iii) cocrys-
tals, iv) salt cocrystals, v) salts, or even vi) hetero-organometallic compounds [52]. In
the present work, we have found that the mixed valence CollColl, compound (1) was
isolated in acetone from a reactant mixture which was used to synthesize other com-
pounds (2 or 3) in different solvents (methanol or ethanol) [55]. The 2,1-intermetallic Ph
shift (Sn!V to Co'™!) is a common phenomenon in all the cases (1, 2, and 3), occurring
in all the tested solvents, while the Sn!V center of the methanol product (2), which is
absent in ethanol (in 3), is formally replaced by CoCl; in acetone, which bridges to an-
other Ph-Co'!! site generating 1. As presented in Figure 2, compound 3 is a mononuclear
organocobalt(Ill) and 2 is a dinuclear organocobalt(Ill)-organotin(IV) compound, while
the title compound (1) is a trinuclear mixed valence organocobalt(III)-cobalt(Il) system.
Therefore, not only the nuclearity changes (1—2—3), but also the metal oxidation state
and/or combination (Co™—CoSn!V —CoCo!!,) differ from one solvent to another, and
such a solvent-dependent behavior, to our knowledge, was not known in tin(Il/IV) sys-
tems derived from the same reactants mixture. In addition, solvents display herein three
different roles: coordinated (water in 3), bridging (methanol derived methoxido in 2), and
non-coordinated (acetone and water in 1, not shown in Figure 2).

Ph Ph Ph Ph

(o) N (0] (o) , N

o/ \Co/ @ \C°/

AN K7
Me

N

C

~
N

Dinuclear Trinuclear
2 1

Figure 2. Differences in nuclearity of the organometallic systems 3, 2, and 1.
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A search on the Crystallographic Structural Database [59] shows a considerable num-
ber (~300) of compartmental Schiff base cobalt derivatives, ca. 100 of which involve
trinuclear species. Further restriction to only dichloro-diphenoxido bridges results in only
four systems (CCDC ref. code: AKEHIJ, XUHSUP, XUHTAW, and XUHTEA, Figure S1,
Supplementary Materials) [57,58]. AKEHIJ is a Co''3 system but the remaining three are
Co''Co!™; systems containing Co''~C bonds (Table 1). In complex 1, as in XUHSUP and
XUHTEA, the chloride anions are in cis position while in XUHTAW they are mutually trans.
Our compound confirms that non-bulky ligands (phenyl groups in 1), to complete the
geometry of the peripheral cobalt cations, favor their cis geometry [57,58]. Upon redrawing
their metal coordination geometries by keeping one of the outer octahedra fixed, we ob-
serve that the other outer octahedron has rotated by ca. 75° in the sequence 1, XUHSUP-1
(cis) to XUHTAW (trans) to XUHTEA, XUHSUP-2 (cis) (Figure 3). Such a structural relation
in mixed valence trinuclear Co’Co™!, systems is worthy to be mentioned [59].

~T75° ~75°

1 XUHTEA
XUHSUP-1 XUHTAW XUHSUP-2
cis » frans » CIS

Figure 3. Rotation (by~75°) in geometrical conversion of mixed valence Co!'Co!™l, systems. Crystal structure of XUHSUP
has two isomeric units, presented as XUHSUP-1 and XUHSUP-2 [57-59].

2.4. Magnetic Properties

Mixed valence compounds are also very important in the field of magnetism [20,24,27,
46,62-68]. Their magnetic properties are usually investigated as they can show interesting
magnetic exchange coupling (ferro or antiferro) or slow magnetic relaxation (characteristic
of a single molecule magnet, SMM). The majority of mixed valence SMM systems is based
on manganese(IV /1I1/1I) [20,24,64-68]. Although cobalt(Il)-containing compounds can also
display single molecule magnetism, known as mixed valence cobalt(Il/III) SMM systems
are only a few [45,46] and one of them shows multiple magnetic relaxation [46]. Therefore,
the investigation of the magnetic behavior of such systems is promising and we have now
studied both the DC and AC magnetic properties of our trinuclear mixed valence Co"Co!™l,
system 1. However, the outer Co(Ill) ions in 1 are expected to be diamagnetic because of
the low spin d® electronic configuration.

2.4.1. DC Magnetic Data

The temperature evolution of the effective magnetic moment displays features that are
typical for a single hexacoordinate Co(Il) complex with large zero-field splitting (Figure 4).
The room-temperature value po = 5.20 yp on cooling gradually decreases to T~15 K
and then it shows a hook. The magnetization per formula unitat B=7.0Tand T=2.0K
saturates to M1 = My,o1/ g = 2.39 that is far from the spin-only value owing to the zero-field
splitting. There is a small remnant magnetization M, at both, T = 4.6 and 2.0 K, confirming
a long-range ordering. This causes a hook visible at the low-temperature effective magnetic
moment. The inverse susceptibility below 15 K turns toward zero, however on further
cooling it returns back to the linear dependence.
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Figure 4. DC magnetic functions for 1. Inset: inverse molar magnetic susceptibility. Solid lines—fitted
susceptibility data above 15 K according to the ZFS model; dashed—Ilinear regression for the data
below 8 K. Arrow indicates an anomaly.

Both magnetic data-sets were fitted simultaneously by minimizing a functional of the
form F = w- E(x) + (1 — w) - E(M) that balances the relative errors of the susceptibility
and magnetization, respectively. A zero-field splitting (ZFS) Hamiltonian working in the
space of spin-only kets

A A %2 A~ A~
A =p <s§ ~S /3) A%+ upB (8252 cos 0, + gxy Sy sinf,) it 1)

has been used with the axial zero-field splitting parameter D. The Zeeman term mimics

the powder-sample property: it depends upon the distribution of the magnetic field along

a set of uniformly separated grids at the meridian. The eigenvalues in the basis set of

spin kets enter the formulae of the statistical thermodynamics for the magnetization and

susceptibility, respectively [69]. The fitting procedure was restricted to the susceptibility

data above 15 K and it gave the following set of magnetic parameters: D/hc = 86.9 cm™!,

82 =2.030, gxy = 2.778, the molecular field correction zj/hc = +0.10 cm !, and the temperature-
independent magnetism xv = 10 x 1077 m3 mol~!. The fit is perfect as the discrepancy

factors R()) = 0.0011 and R(M) = 0.0061. The g-factors average to gav = 2.53.

A more elaborate Griffith-Figgis model working in the space of spin-orbit kets

R — — — — —
HSF = —AxA(Lp x S)h 24 upB x (g5 — AkLy)h~! @
~ %2 ~ ~
+[Aux(L%7,z - Lp/s) + Arh(L%a,x - lea,y)]l’rz
involves the spin-orbit splitting parameter A = —¢/25, the orbital reduction factor x,

the Figgis CI parameter A, and the axial and rhombic splitting parameters A, and Ay,
respectively. Owing to the T-p isomorphism the orbital angular momentum refers to
Ly, =1 [69]. The susceptibility and magnetization data were fitted with a reasonable set
of magnetic parameters: (AxA)/hc = —170 cm™l, gL = —(Ax) =-1.44, Ay /hc = —650 cm L
Am/he=25cm™, zj/he = 0.063 cm ! and ytmv = 11 x 1072 m® mol~1; R(x) = 0.0017 and
R(M) = 0.032. With negative A,x the ground state refers to the Eg crystal field term that is
further split by A, to a pair of orbitally non-degenerate terms. The results are displayed
in SL

2.4.2. Ab Initio Calculations

The central atom of Co(Il) in the present trinuclear assembly possesses a highly
distorted geometry. Three pairs of along the trans ordinate display distances {Co03-O4
2.124, Co3-02 2.125}, {Co3-CI2 2.409, Co3-O1 2.114}, and {Co3-Cl1 2.401, Co3-03 2.092} in
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A. Therefore, it is expected that the energy spectrum will not contain orbitally degener-
ate terms.

The results of the ab initio calculations using the ORCA package at the CASSCF+NEVP
T2 level gave the data as listed in Table 2. The results need to be discussed at three levels of
sophistication.

Table 2. Calculated (CASSCF&NEVPT?2) energies and magnetic parameters for complex 1. 2

1. Term energies: quartet-to-quartet transition {0, 394, 1318}(4T1g), {7061, 7365, 7630}(4T2g),

energies/cm ™! 14988(*Ag), {20620, 20951, 21786}(*T1 )
2. Effect of SOI: energies of spin-orbit
multiplets (Kramers doublets) of the ground 0, 195, 645, 952, 1653, 1763
term/cm ™!

3. Spin Hamiltonian parameters

8123 Sav 1.904, 2.303, 3.012; 2.41
D/hc/cm™! —85.27
E/D 0.32

2 Assignment of the terms in O}, symmetry.

First, the CASSCF calculations gave energies of the multielectron terms. In the light
of the crystal field theory, the ground octahedral term 4T1g is split on the symmetry
lowering to the tetragonally elongated system into the Eg (ground) and 4A2g (excited)
terms. The orbital degeneracy of the *E, term is lifted on further symmetry lowering. To
this end, the calculated energies of the multielectron terms are interpreted according to the
following scheme:

— %Ay — 3*A (1318 cm™?)
4 -1
Mg =3 L ap, ~ 204394 em ) @3)
— 1*A(0, ground)

The involvement of the spin-orbit interaction causes the splitting of the multielectron
terms into multiplets (Kramers doublets) with the relative energies {0, 195, 645, 952} and
{1653, 1763} where the first bracket arises from the mother 4Eg term and the second one
from 4A2g. It need be emphasized that four lowest Kramers doublets have no relationship
to the spin Hamiltonian parameters such as D and E because they result from the pair
of quasidegenerate terms 1A and 2%A for which the perturbation theory diverges. The
multiplet splitting § = 195 cm ™! needs to be considered as a principal and valuable result
of the calculations.

2.4.3. AC Susceptibility Data

In the first scan the AC susceptibility response is investigated at low temperature,
depending upon the external DC field, for a set of representative frequencies f of the AC
field (Figure 5). The out-of-phase susceptibility x” is silent at the zero field, however,
it rises with the applied field, passes through a maximum, and then attenuates. Such a
behavior confirms that 1 shows a field-induced slow magnetic relaxation. The frequency
dependence of maxima at x” indicates an existence of two or more relaxation channels.

The AC susceptibility data, taken for 22 frequencies ranging between f = 0.1 to
1500 Hz, are shown in Figure 6 at fixed T = 1.9 K and for an external magnetic field
up to Bpc = 1.0 T. Two maxima of the out-of-phase susceptibility confirm two relaxation
channels: the low-frequency (LF) and the high-frequency (HF). The DC field supports the
LF channel and shifts the relaxation time T = 1/ (27 f,ﬁ,’mx to higher values.
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T =2.0 K. Lines are visual guide.
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Figure 6. AC susceptibility data for 1: frequency dependence for a set of the external fields at

T = 1.9 K. Solid lines—fitted with a two-set Debye model.

The AC susceptibility data (22 points for x” and 22 points for x”) have been subjected
to the fitting procedure by employing the extended two-set Debye model

2 XTk — XS
Xw)=xs+ ) ——F3 4)
() k; 1+ (iwn) ' ™

containing seven free parameters: the isothermal susceptibilities xtx, the distribution
parameters ay, and the relaxation times T for each relaxation channel, along with the
adiabatic susceptibility xs. This equation allows separating the real (in-phase) and the
imaginary (out-of-phase) components. A joint functional F = w - E(x') + (1 — w) - E(x") is
minimized during the fitting process. The final relaxation parameters with their standard
deviations, and the discrepancy factors of the fit, are presented in Table 3. These parameters
were used in creating extrapolation/interpolation lines shown in Figure 6. Notice, at
Bpc =1.0T and T = 1.9 K the relaxation time is as long as T r = 0.59(3) s and the mole

fraction is x1r = 0.76.

Table 3. Field dependence of AC susceptibility parameters for 1at T =2.0K. ?

Bpc/T  R(xX)%  R(x")% Xs XLF XLF TLE/s XHF XHF THE/1076 s XLF
0.2 0.48 1.4 2.3(2) 4.8(3) 0.33(2) 0.08(1) 13.6(1) 0.07(1) 93(4) 0.22
0.4 0.49 2.4 0.63(18) 6.4(2) 0.38(1) 0.15(1) 12.7(1) 0.13(2) 107(5) 0.48
0.6 0.87 1.9 0.59(25) 7.4(3) 0.39(1) 0.25(1) 11.1(1) 0.11(3) 87(8) 0.64
0.8 0.79 24 0.02 7.1(8) 0.43(1) 0.44(2) 9.91(10)  0.14(6) 36(14) 0.72
1.0 0.93 2.5 0.08 6.2(17) 0.44(1) 0.59(3) 8.13(10)  0.20(13) 17.3 0.76

2 Obtained by a two-set Debye model; y in units of 107® m?® mol~!; x; p—mole fraction of the low-frequency relaxing species



Molecules 2021, 26, 1060

10 of 16

Temperature evolution of the AC susceptibility components at fixed Bpc = 0.6 T is
shown in Figure S2 (Supplementary Materials) for a set of frequencies f = 0.1-1500 Hz. The
individual frequency components x’ merge at T > 5 K that can be assigned as a blocking
temperature; simultaneously x” vanishes.

The subsequent data acquisition was done at the external field Bpc = 0.6 T for a set
of temperatures (Figure 7). Based upon the profile of the x” vs f [T, Bpc] curves, two
relaxation channels are well recognized. On heating, the LF peak progressively decays
which is confirmed by the fitted values of X1 and x;r (Table 4). Above T > 4.7 K the LE-x”
component becomes too flat, and the HF tail spans outside the limit of the data taking;
these features prevent a reliable data fitting.

T
1,BDC=0.6T T=19K
T=23K
10 A T=27K
T=31K
T=35K
= T=39K | ~—~
© T=43K ©
E T=47K £
€ €
S S
< 54 =4
g 2
= R
0 T T T T T T T T T T
10" 100 10! 102 108 10" 10° 10’ 102 108
fiHz fiHz

Figure 7. Frequency dependence of the AC susceptibility components of 1 for a set of temperatures
at Bpc = 0.6 T. Solid lines—fitted with a two-set Debye model.

Table 4. Temperature dependence of AC susceptibility components of 1 at Bpc = 0.6 T.2.

T/K R(%  R(x")% Xs XLE ®LF TLF/S XHF XHF THr/1076 s XLF
19 0.84 19 03229)  71(3)  038(1)  025(1)  11.1(1)  0.14Q3) 7809) 0.63
23 0.92 29 044(34)  55@4)  037(1)  019(1)  99(1)  0.12(3) 76(9) 0.53
27 0.49 19 04020)  392)  036(1)  016(1)  88(1)  0.13(1) 73(5) 0.41
3.1 0.49 22 041200  27()  034(1)  017(1)  80(1)  0.13() 71(4) 0.31
35 0.53 28 040(22)  19(2)  0332)  022)  72(1)  0.10() 69(4) 0.22
3.9 0.52 3.7 05024)  15(3)  034(4)  028(4)  66(1)  0.09(2) 66(4) 0.17
43 0.44 23 046(19)  11(2)  0304)  0304)  61(1)  0.08(1) 60(3) 0.11
47 0.41 18 061(18)  10(2)  0336)  037(7)  56(1)  0.06(1) 55(3) 0.09

2 Obtained by a two-set Debye model; x in units of 1076 m® mol~!.

The Argand (Cole-Cole) diagram and the Arrhenius-like plot are presented in Figure 8.
The Argand diagram is formed of two overlapping arcs of different height, position, and
flattening. The Arrhenius-like plot Int vs T~! maps a temperature evolution of the LF and
HF relaxation times. The relaxation time referring to the high-frequency relaxation channel
decreases with temperature only slightly.

In order to analyze the relaxation time for the high-frequency relaxing species of 1,
Figure 9 was constructed. Three high-temperature and three low-temperature points were
fitted via linear regression. They refer to an individual relaxation equation T~! = CT"
which yields the linearized form Int = —InC —n-InT = b[0]+b[1] - InT. The high-
temperature points gave n~1 which is a fingerprint of the direct process of the relaxation
that is usually written as ! = AB"T = AgT (For the Raman process n = 7-9 are
typical values). The second straight line possess a very small slope so that probably the
temperature-independent quantum tunneling process T~! = D(B) adopts its significance.
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Figure 9. Thermal development of the relaxation time for the high-frequency relaxing species of 1.

3. Materials and Methods

All the reagents and solvents were purchased from commercial sources and used as
received. The Schiff base HyL. was prepared according to the reported procedures [56].
Elemental (C, H, and N) analyses were performed on a Perkin-Elmer 2400 II analyzer. IR
spectra were recorded in the region 400-4000 cm™! on a Perkin-Elmer RXIFT spectropho-
tometer with samples as KBr disks.

3.1. Synthesis

To an acetone suspension (20 mL) of H,L (0.134 g, 0.5 mmol) were added CoCl,-6H,0O
(0.120 g, 0.5 mmol) and [SnPh,Cl,] (0.172 g, 0.5 mmol). The resulted reaction mixture was
refluxed for 30 min to obtain a dark red solution which was kept at room temperature for
slow evaporation. Within 3 h, the formed dark red crystals, suitable for X-ray diffraction
analysis, were collected by filtration and washed with cold acetone. Other fractions were
then obtained from the reaction mixture, one of those sent for elemental analysis. Total
yield: 0.156 g (62%). C47H46Cl,Co3N4Og (1010.60): caled. C 55.86, H 4.59, N 5.54%; found.
C 55.11, H 4.53, N 5.62%. IR data (KBr, cm~1): v(HO), 3480br; v(C = N), 1645s; v(Co-0),
459 m; v(Co-N), 444 m.

3.2. Crystal Structure Determination

An X-ray quality crystal of 1 was immersed in cryo-oil, mounted in a Nylon loop and
measured at 150 K and 298 K. Intensity data were collected using a Bruker APEX II SMART
CCD diffractometer with graphite monochromated Mo-Ka (A = 0.71073 A) radiation. Data
were collected using omega scans of 0.5° per frame and full sphere of data were obtained.
Cell parameters were retrieved using Bruker SMART software and refined using Bruker
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SAINT [70] on all the observed reflections. Raw data were corrected for absorption effects
using the multi-scan method (SADABS) [70]. Structures were solved by direct methods by
using the SHELXS-2014 package [71] and refined with SHELXL-2014/7 [71]. Calculations
were performed using the WinGX Version 2014.01 [72]. All the hydrogen atoms attached
to carbon atoms were inserted at geometrically calculated positions and included in the
refinement using the riding-model approximation. Ujs,(H) were defined as 1.2 Ueq of
the parent carbon atoms for phenyl and methylene residues and 1.5 Ueq of the parent
carbon atom for the methyl group. Least square refinements with anisotropic thermal
motion parameters for all the non-hydrogen atoms were employed. Solvent molecules
in the structure of 1 obtained at room temperature were highly disordered and could not
be modelled; therefore, they were removed by using PLATON SQUEEZE routine [73]. A
total void of 1301 A3 containing 312 electrons per unit cell was found and fits well for one
acetone (32 electrons) and one water molecule (10 electrons) per asymmetric unit. These
results are reasonably consistent with the elemental analysis and the low temperature
(150 K) X-ray data collection where such crystallization solvent molecules were located.
The final refinement converged to R; (I > 20(I)) value of 0.0334 (at 150 K) and 0.0559
(at 298 K). Crystallographic data of 1 at both 150 and 298 K are summarized in Table S1
(Supplementary Materials).

3.3. Magnetic Measurements

The DC magnetic data were taken with a SQUID magnetometer (MPMS-XL7, Quan-
tum Design) using the RSO mode of detection at Bpc = 0.1 T. Freshly prepared samples
were encapsulated in a diamagnetic gelatin-made sample holder. The molar magnetic
susceptibility data were corrected for the underlying diamagnetism and presented in the
form of the effective magnetic moment. Magnetization data were taken at T = 2.0 and 4.6 K
until Bpc = 7.0 T and presented in the form of magnetization per formula unit per Bohr
magneton, My = Mo/ (Napup). The AC susceptibility data were taken at the oscillating
field Boc = 0.38 mT for 22 frequencies in the range of f = 0.1-1500 Hz. In these measure-
ments an external magnetic field Bpc = 0.2, 0.4, 0.6, 0.8, and 1.0 T was applied at a fixed
temperature (T = 2.0 K) while at a fixed field (Bpc = 0.6) AC susceptibility data were for a
set of different temperatures (T = 1.9-4.7 K).

3.4. Theoretical Calculations

Ab initio calculations were performed with ORCA 4.0.0 computational package [74]
using the experimental geometry of the complex under study. The relativistic effects were
included in the calculations with zero-order regular approximation (ZORA) together with
the scalar relativistic contracted version of def2-TZVP basis functions for Co atom and def2-
SV(P) basis functions for other elements. The calculations of ZFS parameters were based
on state average complete active space self-consistent field (SA-CASSCF) wave functions
complemented by N-electron valence second order perturbation theory (NEVPT2) [75-77].
The active space of the CASSCEF calculations comprised of seven electrons in five metal-
based d-orbitals. The state averaged approach was used, in which all 10 quartet and
40 doublet states were equally weighted. The calculations utilized the RI approximation
with appropriate decontracted auxiliary basis set and the chain-of-spheres (RIJCOSX)
approximation to exact exchange. Increased integration grids (Grid4 and GridX5) and
tight SCF convergence criteria were used. The ZFS parameters were calculated through
quasi-degenerate perturbation theory in which an approximation to the Breit-Pauli form
of the spin-orbit coupling operator (SOMF) and the effective Hamiltonian theory was
utilized [78-80].

4. Conclusions

The mixed valence Co"'Co'™; compound [Co" Co™;(p-L)o (Ph), (11-Cl);]-(CH3),CO-H,O
(1) was obtained from the reaction mixture of the Schiff base N,N’-ethylenebis(salicylaldimine)
(H,L), CoCly.6H,0, and [Ph,;SnCl,] in acetone, while a dinuclear organocobalt(Ill)-organotin
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(IV) compound (2) and a mononuclear organocobalt(III) (3) were isolated from the same
reaction mixture but using different alcohols as solvents. The strategy revealed a few
interesting points: (i) The occurrence of the 2,1-intermetallic Ph shift (Sn!Y —Co'!!) is
independent of the solvent used; (ii) the solvent-dependent nuclearity of the metal com-
plexes [1 (in 3)—2 (in 2)—3 (in 1)]; (iii) the solvent-dependent combination of metal ions
(CoM = ColM'sn!V —CollColll,) resulting in homo, hetero, or mixed valence systems. To our
knowledge, such a solvent-dependent structural diversity in association with a solvent-
independent occurrence of Ph transfer has never been found in tin(II/IV) systems derived
from a common reactants mixture.

Further comparison of the title compound 1 with related mixed valence organometallic
Co''Co!™, systems shows that their different metal coordination geometries (involving cis
or trans chloro ligands) are related by rotations of one of the outer moieties relatively to the
other one.

The AC susceptibility measurements indicate that 1 is a single molecule magnet
showing a field-induced slow magnetic relaxation with two relaxation modes. While
the high-frequency process spans the usual range [4-7] of the relaxation time for other
single molecule magnets (Tap~10"7's), the low-frequency branch is as slow as T p~0.6 s at
T =2.0 Kand B = 1.0 T. While the barrier height and the blocking temperature for 1 are in
the range of other reported SMMs [17-51], two relaxation modes were not investigated
commonly in a Co!Co'!'; mixed valence system.

Supplementary Materials: The following are available online, Figure S1: Trinuclear cobalt com-
pounds containing compartmental salen type Schiff base ligands [57-59]. Compounds are presented
with their corresponding CCDC reference codes. Figure S2: Temperature dependence of the AC sus-
ceptibility components of 1 for frequencies f = 0.1-1500 Hz at Bpc = 0.6 T. Table S1: Crystallographic
data of 1 at 150 and 298 K.
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