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A hexacoordinate mononuclear [Ni(pydm),l(dnbz), complex shows
field-induced slow magnetic relaxation with two or three relaxation
channels that are strongly supported by an external magnetic field.
At Bpc = 0.8 Tand T = 1.9 K, the low-frequency (LF) relaxation time
is as slow as 7(LF) = 1.3 s with the mole fraction of x(LF) = 0.47.

Some complexes made up of the first transition metals are
examples of systems showing field-induced slow magnetic relax-
ation (SMR) as a prerequisite of single-ion magnets (SIMs)."
There are many cases of V, Cr, Mn, Fe, Co, Ni, and Cu in various
oxidation states exhibiting such properties.>* The most numer-
ous class of SIMs is represented by Co(u) systems with two to
eight coordination. On the other hand, the SIM behaviour of
Ni(u) systems was confirmed only in a few complexes: hexacoor-
dinate [Ni(pydc)(pydm)]-H,O, [Ni(NCS),(nqu),(H,0),]-2nqu,
and pentacoordinate [Ni(mdabco),Cl;]ClO,.* These are field-
induced SIMs with significant negative magnetic anisotropy
(D < 0). Multiple relaxation modes are operative in these
systems, while the complex [Ni(NCS),(nqu),(H,0),]-2nqu exhi-
bits one of the longest relaxation times in the low-frequency
range (z(LF) = 275 ms at T = 1.9 K and Bp¢ = 0.4 T). An increase
in the DC field to Bpc = 1.2 T causes a prolongation of the time
to 336 ms. The large negative value of the axial zero-field split-
ting parameter is no longer a necessary condition for SMR/SIM
behaviour, since the systems with a positive and/or negligible
value of D that show field-supported SMR are also known
nowadays."

The present study is devoted to a mononuclear Ni(u)
complex of the composition [Ni(pydm),](dnbz),, hereafter 1;
pydm - 2,6-pyridinedimethanol and dnbz - 3,5-dinitroben-
zoato(1-). X-ray structure analysis (Tables S1-S3 and Fig. S3-S5
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in the ESIt) confirms that the central Ni(u) atom is hexacoordi-
nate, with a {NiO,N,} donor set resembling a compressed
tetragonal bipyramid (Fig. 1).f This is a structural analogue of
the previously reported Co(u) complex [Co(pydm),](dnbz),,
hereafter 2, which exhibits a long relaxation time at low temp-
erature: 7(LF) = 0.13 s at Bpc = 0.4 T and 7= 1.9 K.

The DC susceptibility data were acquired using a SQUID
magnetometer (Quantum Design, model MPMS-XL7) by apply-
ing B = 0.1 T. A correction to the underlying magnetism has
been applied to raw data and then the molar susceptibility has
been transformed to the temperature dependence of the
effective magnetic moment. The magnetization data were
obtained at two temperatures, T = 2.0 and 4.6 K, for the
magnetic induction increasing up to B=7.0 T.

The temperature dependence of the effective magnetic
moment shows features typical of hexacoordinate Ni(u) com-
plexes: a linear dependence on cooling and then a drop to a
constant limit at the lowest temperatures. A slope reflects
some temperature-independent paramagnetism (Fig. 2). The
room temperature value of g.g = 3.49up gradually decreases on
cooling to T'= 15 K and then it decreases to yeg = 2.34up at T =
1.9 K. The magnetization per formula unit at 7=2.0 K and B =
7.0 T has a value of M; = My,o1/us = 1.74 that is far from the
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Fig. 1 Molecular structure of 1.
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Fig. 2 DC magnetic functions for 1. Solid lines — fitted by the zero-field
splitting model.

spin-only value. Such behaviour indicates a considerable and
negative value of the axial zero-field splitting parameter D.

The experimental data of susceptibility and magnetization
were fitted simultaneously using a joint functional F = w-E(y) +
(1 — w)-E(M); it balances the relative errors of susceptibility
and magnetization, respectively.§

The spin-Hamiltonian of the form

AT =D(8,2 — §2/3)h™2 + jyB(g,8, cos 0, + gySy sin O,)

(1)

has been used, which contains the axial zero-field splitting
parameter and the Zeeman term. The latter depends upon the
orientation of the magnetic field for a number of grids distrib-
uted uniformly over the meridian (@ = 16 for a quarter of the
meridian). The eigenvalues of the above Hamiltonian are sub-
stituted to the formulae of statistical thermodynamics for sus-
ceptibility and magnetization, respectively. The fitting pro-
cedure based upon minimization of the error functional gave
the following set of magnetic parameters: D/hc = —15.4 cm™",
g = 2.50 and gy, = 2.06; the additional corrections include the
temperature-independent (para)magnetism, ypp = 12 x 107°
m® mol™, and the molecular field correction, zj/hc =
—0.17 ecm™". The quality of the fit measured by the discrepancy
factors R(y) = 0.0015 and R(M) = 0.013 is excellent. Since the fit
gave rather large g-factor anisotropy, we have also tested the
situation with isotropic g (Fig. S6 in the ESI{). However, the fit
in this case is slightly worse.

The magnetic parameters were also calculated by an
ab initio CASSCF/NEVPT2 method.® Calculations gave the
D-parameter in good agreement with that obtained by fitting
the magnetic data: Deyc/hc = —14.65 cm™" and E/D = 0.09; g
{2.197, 2.219, and 2.321} and gjs, = 2.245. The contributions to
D, are detailed in the ESL.}

The AC susceptibility data were obtained with the same
hardware as the DC data, using the amplitude of the oscillat-
ing field B,c = 0.38 mT. Different scans of the in-phase (y’) and
out-of-phase (y”) components were obtained by selecting the
temperature, external DC magnetic field Bpg, and frequency
fof the AC field.q The field dependence of the AC susceptibility
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Fig. 3 AC susceptibility data for 1: field dependence for a set of fre-
quencies at T = 2.0 K.

response at T = 2.0 K for a set of representative frequencies is
shown in Fig. 3. At the zero DC field, the out-of-phase suscepti-
bility y” vanishes due to a fast magnetic relaxation. At the
applied DC field, it passes through a maximum and then
decreases at higher fields. This behaviour indicates that 1
shows a slow magnetic relaxation; this is field and frequency-
dependent.

A more detailed AC response is shown in Fig. 4, where the
AC susceptibility components are plotted as a function of the
frequency f for a set of fields Bpc = 0.2 to 1.0 T, at a fixed T =
1.9 K. The data confirm a massive dependence of the out-of-
phase susceptibility component on the applied external field.
Two relaxation domains are well separated: the low-frequency
(LF) relaxation process proceeds at f= 0.15 Hz, which implies
that the relaxation time is z = 1/(2nf) = 1.1 s. The high-
frequency (HF) relaxation channel occurs at about = 1000 Hz,
yielding 7 = 1.6 x 10~* s at T = 1.9 K. In-between the intermedi-
ate-frequency (IF) channel is also evidenced.

The external DC field causes a prolongation of the LF relax-
ation time, since the peaks of the LF branch are moved to
lower frequencies. Also, the height of the LF peak is supported
by the applied field, so that the mole fraction of the LF species
increases. At Bpc = 1.0, the relaxation time is 7(LF) = 1.2 s and

04 7 T T T
T=19K LF IF HF

| .
0666600000000 06y o

Zmol(10° m*mol™)
E
o
N

2'mol(10° m®mol™")

N
L

C 0,0 1

107 10° 10 102 10° 10" 10° 10! 102 10°
flHz flHz

Fig. 4 AC susceptibility data for 1: frequency dependence for a set of
external fields at T = 1.9 K. Solid lines — fitted with a two- or three-set
Debye model.
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the mole fraction is x(LF) = 0.52. Such a long relaxation time
for a mononuclear Ni(i) complex is an unexpected challenge.

The magnetic data (23 points for y' and 23 points for y”)
were fitted to the extended three-set Debye model, as explained
in the ESL{ The retrieved sets of the relaxation parameters
(the isothermal susceptibilities yx, the distribution para-
meters a; and the relaxation times 7; for each k-th relaxation
channel, along with the adiabatic susceptibility ys), Table 1,
were used in the reconstruction of the interpolation/extrapol-
ation lines that are shown in Fig. 4.

The frequency dependence of the AC susceptibility com-
ponents for a set of temperatures at Bpc = 0.6 T is shown in
Fig. 5. The LF relaxation domain is represented by a stable set
of data points as opposed to the HF one showing some scatter-
ing. The data fitting for the LF domain is well characterized
by the set of magnetic parameters as proved by their standard
deviations (Tables S5 and S6 in the ESIf). At the out-of-phase
susceptibility, the heights of the LF and HF domains are
approximately the same and they survive above 4.3 K. This is a
rather unusual feature, since, as a rule, the LF domain escapes
more rapidly with temperature. There is only a slight shift in
the peak maximum for the LF relaxation domain, and conse-
quently 7(LF) is little temperature-dependent.

A prolongation of the LF relaxation time for 1 [¢(LF) = 1.05 s
at Bpc = 0.4 T and T = 1.9 K] relative to its isostructural ana-
logue [Co(pydm),](dnbz), [¢(LF) = 0.13 s at Bpc = 0.4 T and T =
1.9 KJ* is a surprise. Note the differences in the calculated
spin-Hamiltonian parameters: [Deac/hc = —14.65 cm™, E/D =
0.09, and g{2.197, 2.219, 2.321}] for 1 and [Dea/hc =

Table 1 Field dependence of the relaxation times 7, and the mole frac-
tions x, forlatT=19K

Bpo/T  1ipls /107 s tp/107%s  xp Xip Xur
0.2 0.82(35) — 599 0.30 — 0.70
0.4 1.05(12) 0.29 798 0.33 0.21 0.46
0.6 1.29(24) 0.27 398 0.45 0.05 0.50
0.8 1.30(14) 83 503 047 007 0.6
1.0 1.22(43) 82 536 0.52 0.10 0.38
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Fig. 5 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.
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-94.8 cm ™, E/D = 0.12, and g{1.975, 2.153, 3.073}] for 2. For 2,
moreover, the application of the spin-Hamiltonian formalism
is problematic due to the quasi-degeneracy causing a diver-
gence of the perturbation theory because D; = 1/E;. The first
excited triplet term in 2 is close lying, E,_; = 447 cm™ ", and
invokes an overestimation of the first contribution D,_; =
—104 em™%; in 1, E,_; = 7258 cm™" and consequently Dy_; =
—58 em ™. The axial zero-field splitting parameter D enters the
barrier to spin reversal U = |D|S* when the Orbach relaxation
mechanism applies. The present compound 1, however, does
not show the features of the Orbach mechanism for the HF
relaxation channel at low temperature (Fig. S7 in the ESIT).

In conclusion, we have prepared a hexacoordinate Ni(i)
complex with a significantly negative zero-field splitting para-
meter D. This complex shows a slow magnetic relaxation in a
small DC magnetic field, with probably three relaxation chan-
nels. Despite D < 0, the Orbach mechanism is not operative in
this case. At Bpc = 0.8 T and T = 1.9 K, the low-frequency relax-
ation time is 7(LF) = 1.3 s, which is the slowest value in the
class of proven Ni(u) SIMs (Table S7 in the ESIY).
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Notes and references

i Crystallographic data: A single crystal of 1 was mounted on a Stoe StadiVari
diffractometer possessing a PILATUS3R 300 K detector and a microfocused
sealed tube Xenocs Genix3D Cu HD (4 = 1.54186 A) at 100 K. The structure of 1
was solved using SUPERFLIP and refined using SHELXL (ver. 2018/3).”® The
structure was drawn using OLEX2 and MERCURY 4.0 programs.” Crystal data for
1: C,H,,NgNiO,g, triclinic P1, a = 7.9708(2), b = 13.7985(4), ¢ = 14.6800(4) A, a =
96.452(2), = 103.366(2), y = 100.715(2) deg, V = 1522.94(7) A%, Z=2, D. = 1.656 g
em™, p =1.733 mm™", F(000) = 780, T = 100(1) K, 20ax = 142.306° (=9 < /1 < 6,
—15 < k <16, —18 < [ < 16). Final results (461 parameters and 0 restraints): R, =
0.0308 and WR, = 0.0799 [I > 26(I)], and R, = 0.0316, WR, = 0.0805 and S = 1.052
for all 25529 reflections. CCDC reference number 1915427.1 CrystalExplorer'®
was used to calculate the Hirshfeld surface and associated fingerprint plots (see
the ESIf)."

§F =w(1/n) [Z—W;@m

m 0 __ agc
+(1—w)(1/m) {Z‘MjMioqu ., w=0.8.
J J

fTechnical note: Some AC susceptibility data are seriously scattered owing to a
small amplitude of the AC field and a weak signal arising from the S = 1 spin
system. The fluctuations of the DC magnetic field increase the possible scatter-
ing as well. Each experimental point results from an average of ten scans
(averaging four blocks) with the omission of data outside 0.8¢ interval.
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