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Mononuclear pentacoordinate Co™ complexes represent a rela-
tively wide group of compounds exhibiting slow-relaxation of
magnetization of purely molecular origin (so called single
molecule magnets, SMMs)." Pentacoordinate complexes can
adopt geometries of the coordination polyhedron ranging
from square pyramidal (SPY) to trigonal bipyramidal (TBY)
(Note: both geometries can be described by the Addison para-
meter 7).> For both geometries of Co" complexes a large
ground state splitting into two Kramers doublets can be
observed, but it must be emphasized that much larger values
of splitting are expected for compounds approaching the ideal
SPY geometry.® Despite this fact, the largest spin reversal bar-
riers (Ueg) for pentacoordinate Co" compounds have been
observed for compounds with the geometry close to TBY, such
as [Co(NS;"")CI]BPh, (Ueg = 32 ecm™*, NS;™*" = [2-(isopropyl-
thio)ethylJamine).* Nevertheless, it is apparent that pentacoor-
dinate Co" compounds can exhibit very interesting magnetic
properties in both geometries of the coordination polyhedron.
It is important to note that U is equal to ground state split-
ting if one considers the Orbach relaxation process only.’® The
experimentally obtained Uy values often decline from this
theoretical prediction due to the presence of other relaxation
processes (such as direct or Raman) and furthermore, the
relaxation processes can be significantly affected by non-
covalent interactions. This has been previously reported for
the compound [Co(bpp)Cl,], (bpp = 4-hept-1-ynyl-2,6-dipyrazol-
1-ylpyridine), in which a weak ferromagnetic interaction
mediated by n-n stacking of aromatic rings gave rise to a
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[Co"(dpt)(NCS),], where dpt = bis(3-aminopropyllamine, was identified as a pentacoordinate Co' com-
pound showing field-induced slow relaxation of magnetization. Furthermore, intermolecular ferro-
magnetic coupling mediated by Co---x non-covalent contacts, where n orbitals originate from the
thiocyanato ligand, is reported for the first time.

Fig. 1 Molecular structure of 1 (left). A perspective view on a centro-
symmetric supramolecular dimer {Co(dpt)(NCS),}, (right) with the high-
lighted shortest Co---C and Co---N distances (black dashed lines). The
hydrogen atoms were omitted for clarity.

second relaxation process.” Thus it is obvious that knowledge
regarding the influence of weak non-covalent contacts on mag-
netic properties of SMMs is of crucial importance.

In this article we report on the magnetic properties of com-
pound [Co(dpt)(NCS),], (1, dpt = bis(3-aminopropyl)amine),
which was previously prepared and structurally characterized
by J. Boeckmann et al.®° The molecular structure of this com-
pound (Fig. 1, left) consists of the dpt ligand coordinated to
the Co" atom in a tridentate chelate manner and two NCS~
ligands bound in a monodentate way. The primary amine
groups form two shorter Co-N bonds (2.076(1) and 2.082(1) A),
while the secondary amine group forms a longer Co-N bond:
2.197(2) A. The isothiocyanato ligands coordinate to the Co"
atom with two distinct Co-N distances (2.004(1) and 2.120(2)
A). According to the Addison parameter, the chromophore geo-
metry is almost directly in between the ideal SPY and TBY geo-
metries (z = 0.46).1 The crystal structure of 1 is composed of
[Co(dpt)(NCS),], dimers which are held together by weak
N-H---S hydrogen bonding (d(N---S) = 3.590(1) A) between the

17 =0 for ideal square pyramidal and 1 for ideal trigonal bipyramidal geometry.
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hydrogen atoms of the secondary amine groups and thio-
cyanato ligands (the one with the longer Co-N distance,
further abbreviated as Lycs;). Furthermore, it is apparent that
within the dimer there is a possible Co--N interaction
(d(Co--N) = 3.541(1) A) involving Lycs; (Fig. 1, right).

However, since the nitrogen atom from the NCS™ ligand is
essentially a sigma donor, it is doubtful to expect a direct
Co---N interaction of such an already coordinated atom. Next,
an important structural feature in 1 should be emphasized -
the centroid of the N-C bond on Lycs: has also a very short
distance from the Co" atom: 3.550 A. Also the Hirschfield
surface analysis using a CrystalExplorer package’ indicates
that the electron density located between the carbon and nitro-
gen atoms on Lycs; is involved in interaction with the Co™
atom (Fig. S1, ESIf). This indicates the Co---n type of inter-
action in which the NCS™ ligands act as a donor of & electrons.
Generally, the thiocyanato(e) ligand/anion is known to behave
as a very variable acceptor of hydrogen bonding able to accept
non-covalent interactions from all directions,® not only from
the directions corresponding to the location of the lone pairs
of the nitrogen and sulphur atoms. This is due to the delocali-
zation of the electrons over the whole NCS™ ligand which can
lead to the formation of relatively strong O/N-H:--1 non-
covalent interactions.” Such a type of hydrogen bonding is
observed also in 1 where the primary amine groups together
with NCS™ ligands are involved in N-H---n non-covalent inter-
actions (Fig. S2 in the ESIf). The M---n (M = transition metal
atoms) non-covalent interactions are well-known especially for
the coordination compounds of heavy transition metal atoms,
such as Pt", Pd", Au"™ or Ag",'° but to the best of our knowl-
edge, this type of Co---n interaction has not been reported in
the literature to date.

The static magnetic data were measured as a temperature
and field dependence of the magnetic moment. The tempera-
ture dependence of the effective magnetic moment (u.¢) and
the field dependence of the magnetization (Mpy,) of 1 are
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Fig. 2 Left: the temperature dependence of the effective magnetic
moment and molar magnetization measured at B = 0.1 T. Right: the
reduced magnetization data measured at T = 2 and 5 K. Empty circles:
experimental data. Red full lines: calculated data using eqn (1), with g =
2.34,D=-36.8cm™, E/D = 0.22 and y7p = 3.3 x 107° m® mol ™.
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shown in Fig. 2. The p.g value at 300 K is at 4.56u which is
significantly higher than the spin-only value for S = 3/2 and g =
2.0 (3.87ug). This implies a non-negligible contribution of the
spin-orbit coupling and thus g > 2.0. The ¢ value is almost
constant down to 100 K where a gradual decrease of ¢ starts.
This is a fingerprint of large magnetic anisotropy arising from
zero-field splitting (ZFS). At approximately 10 K the turnover in
the course of uc occurs and the increase of the u.g values
from ca. 3.88 to 3.96u5 is observed (Fig. 2, left). This is typical
of weak ferromagnetic interactions between the molecules
within the crystal lattice. The field dependent molar magneti-
zation saturates to 2.0 at 5 T which, again, implies a large ZFS.
Thus, the data were fitted using the spin Hamiltonian includ-
ing the ZFS parameters D and E (rhombic) of magnetic aniso-
tropy and the magnetic coupling was included by involving the
isotropic exchange constant J:

2
H=—J(81:8:) + > Di(8. = 87/3) + Ei(Sei” — 8,%) + puBgiSasi

(1)

The simultaneous fitting of the temperature and field
dependencies resulted in two sets of parameters: g = 2.34, D =
36.2 cm™, E/D = 0.33,] = +0.27 cm™" or g = 2.34, D = —36.8 cm ™},
E/D = 0.22, J = +0.25, where the fit for the negative D value is
somewhat better (Fig. 2 and Fig. S4 in the ESI{), since the fit
with the positive D value slightly overestimates the field depen-
dence of molar magnetization. Apparently, the coupling con-
stant J is almost of the same value in both fits. In order to
support the results and conclusions theoretically, we per-
formed CASSCF/NEVPT2 calculations using an ORCA 3.0 com-
putational package.'' The relativistic effects were included
with a zero order regular approximation (ZORA) and the scalar
relativistic contracted version of def2-TZVP(-f) basis functions.
The spin Hamiltonian parameters were extracted with the help
of effective Hamiltonian theory. These calculations were per-
formed for a monomeric [Co(dpt)(NCS),] moiety and the
results indicate a positive value of the axial ZFS parameter, D =
34.0 cm ™', and strong rhombicity, E/D = 0.22, with the g-tensor
for S = 3/2, g = 2.079, 2.362 and 2.497 - Fig. S5.F Such a large
rhombicity even with the positive D parameter leads to an easy
axis type of magnetic anisotropy, which is confirmed by the
values of the g-tensor parameters (1.829, 3.076, 6.376) of the
lowest Kramers doublet calculated for the effective spin Seg =
1/2, and it is also evident from a 3D plot of magnetization over-
laid on the molecular structure of 1 (Fig. 3).

Furthermore, the calculated D-value is very close to |D|
derived from the analyses of the experimental magnetic data,
and it must be also stated that in the case of large rhombicity,
E/D — 1/3, the sign of the D parameter is indistinguishable by
experimental techniques.'” The large magnetic anisotropy was
also confirmed by the additional X-band EPR spectra acquired
at T = 110 K, where despite their low quality, two effective
g-parameters at 2.85 and 5.90 were identified (Fig. S67).

The DFT calculations based on the B3LYP functional were
utilized to calculate the isotropic exchange parameter J using

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Molecular structures of 1 overlaid with a 3D plot of molar mag-
netization derived from the CASSCF/NEVPT2 energy levels with the
corresponding x, y, and z axes of the D-tensor. The molar magnetiza-
tions were calculated for T = 2 K and B = 1 T. The hydrogen atoms were
omitted for clarity.

the broken symmetry approach for the dinuclear molecular
motif [{Co(dpt)(NCS),},].

The resulting J = +0.22 cm™ calculated by the Yamaguchi
formula is in good agreement with the experimental one.

1

There are three magnetic orbitals responsible for the magnetic
exchange between the cobalt atoms as shown in Fig. S7.1 Evi-
dently, the orbitals with the largest overlap are orthogonal and
therefore responsible for the ferromagnetic exchange. These
orbitals are involved in the Co---n interaction as described
above, which is also apparent from the contour plot in Fig. 4,
where the spin density in the Co-NCS:--Co-NCS moiety is
shown. Thus, the results of the calculations strongly support
the occurrence of the superexchange pathway through the
Co---m interactions.

Next, an ac susceptibility measurement of 1 revealed non-
zero imaginary susceptibility at low temperatures when a small

y (Angs)

s 7 e
X (Angs)

Fig. 4 Spin density contour plot in the {Co-C-Co-C} plane of 1,
where C belongs to the thiocyanate ligand calculated by B3LYP/ZORA/-
def2-TZVP(-f).
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static field was applied - Fig. 5. The maxima of imaginary sus-
ceptibility were found at low frequencies (Fig. 5, middle), and
analysed with the one-component Debye’s model

x(@) = xs + (rr — xs)/[1 + (iw7)' ] (2)

which resulted in sets of isothermal (yr) and adiabatic (ys) sus-
ceptibilities, relaxation times (z) and distribution parameters
(a) (Table S1f). The 7 was found in a 10> s range, which
points to the existence of a slower relaxation process than that
typical of SMMs. A similar observation and course of the
Argand diagram were reported in ferromagnetically non-
covalently n---n coupled pentacoordinate Co" single-molecule
magnets.’

In order to more deeply elucidate the role of the Co---x
interaction in the magnetism of 1, the zinc diluted sample
1-Zn (Co™ molar fraction of 0.14, for details see the ESI{) was
prepared and its dc and ac magnetic data were measured. The
static magnetic data of 1-Zn (Fig. S8t) confirmed that dilution
with a diamagnetic transition metal is sufficient to eliminate
ferromagnetically coupled Co"™ complexes in the solid state.
This is also reflected in the dynamic magnetic data, where the
slower relaxation process was eliminated, but new faster relax-
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Fig. 5 In-phase e, and out-of-phase yimag Molar susceptibilities for 1
measured at the applied external field B4 = 0.3 T as a function of temp-
erature (top) and frequency (middle). Lines serve as guides for the eye.
Argand (Cole—Cole) plot and temperature dependence of relaxation

times (bottom). Full lines are fitted data with eqn (2).
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Fig. 6 In-phase y e and out-of-phase yimag molar susceptibilities for 1-

Zn measured at the applied external field B4 = 0.3 T as a function of
temperature (top) and frequency (middle). Lines serve as guides for the
eye. Argand (Cole—Cole) plot with full lines fitted data with eqn (2) and
temperature dependence of relaxation times fitted with Arrhenius law
(bottom).

ation process emerged and can be attributed to isolated mono-
nuclear Co" complexes (Fig. 6). A similar analysis of ac suscep-
tibility data of 1-Zn was done using eqn (2) and the
corresponding Argand plot is shown in Fig. 6 (bottom) and the
parameters are listed in Table S2.1 Subsequent analysis of the
relaxation times with the Arrhenius equation ended with Ueg =
14 K and 7, = 6.17 x 107 5. Thus it is evident that a weak ferro-
magnetic exchange in 1 is responsible for ca. 100x slowing
down of the magnetization relaxation (r ~ 10™* s in 1-Zn —
7 ~ 107> s in 1). In contrast, two relaxation processes were
observed simultaneously for n---n coupled Co" SMMs,”> a
slower one with 7 ~ 10™" s and a faster one with 7 ~ 107°-10° s.
Thus, we can speculate that the different chemical nature of
the non-covalent contacts (Co---mr vs. =---m) resulting in
different strengths of magnetic exchange couplings (J =
0.3 cm™ ' vs. J = 1.4 cm ™) is responsible for the variation of the
relaxation processes in this unique class of SMMs.

To conclude, the reported pentacoordinate Co" complex
was identified exhibiting a field-induced slow relaxation of
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magnetization and it was shown that its magnetic properties
are influenced by ferromagnetic exchange coupling mediated
by weak non-covalent contacts of the Co---x type. The magnetic
coupling through such a non-covalent contact was identified
for the first time and its deep impact on the magnetization
relaxation phenomenon was scrutinized.
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