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Introduction

Syntheses and magnetic properties of a
bis-bidentate nitronyl nitroxide radical based on
triazolopyrimidine and its metal complexes¥

Cheng-Cai Xia,® Xin-Yu Zhang,® Cheng-Cheng Zhang,® Gang Li,? Hai-Yan Wei (2 *°
and Xin-Yi Wang (2 *2

A novel bis-bidentate nitronyl nitroxide radical based on triazolopyrimidine, NIT-2-TrzPm (NIT-2-TrzPm = (2-
(2'-triazolopyrimidine)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide)) and six new transition
metal complexes of this ligand, namely [M(hfac),(NIT-2-TrzPm)]-CH,Cl, (M = Mn (n,) and Co (2co), M
(hfac),l>(NIT-2-TrzPm) (M = Mn (3m,) and Co (4¢o)), IMN(NIT-2-TrzPm),(MeOH),](ClO,4),-MeOH (5un), and [Co
(NIT-2-TrzPm),(MeOH),]5(ClO,4)4-4MeOH (6¢,) were prepared and characterized structurally and magnetically.
These complexes can be selectively synthesized by controlling the reaction ratio of M(hfac),-2H,O to the
radical ligand (for 1m, to 4¢o) or using metal perchlorates as the starting materials (for 5y, and 6¢o). Single
crystal X-ray crystallographic analyses confirmed that 1mn, and 2¢o are isostructural 3d—2p M"-radical com-
plexes, in which the NIT-2-TrzPm radical acts as a terminal bidentate ligand chelating to one 3d ion, while 3y,
and 4c, are isostructural 3d—2p—3d M'"-radical-M" complexes with the NIT-2-TrzPm radical acting as a brid-
ging ligand between two 3d ions. For complexes 5mn and 6¢o, two NIT-2-TrzPm ligands from the equatorial
positions coordinate with the metal center to form the 2p—3d—2p structures with the axial positions occupied
by two methanol molecules. Magnetic analysis on the Mn'" complexes revealed the existence of a strong anti-
ferromagnetic interaction between the Mn" and the NIT radical spin, while weak ferromagnetic coupling for
Mn:--Mn and Rad---Rad in the Mn—NIT—Mn and Rad—Mn-Rad spins was confirmed. Interestingly, although the
NIT-bridged complexes 3m, and 4¢, possess significantly different magnetic anisotropy, field-induced slow
magnetic relaxation can be observed in both complexes, which was assigned to the phonon bottleneck effect
for 3mn and field-induced SMM behavior for 4¢,. To the best of our knowledge, 3umy, is the first example of the
NIT-bridged binuclear Mn'" complex undergoing slow magnetic relaxation.

ling can influence the SMMs and SCMs in the following manners:
leading to isolated ground states with large S values,*® increasing

In the past three decades, various high-performance molecular
nanomagnets, including single-ion magnets (SIMs), single-mole-
cule magnets (SMMs), and single-chain magnets (SCMs), have
been reported and shown promising potential applications in the
areas of high-density information storage, quantum computing,
and molecular spintronics." In SMMs and SCMs, the magnetic
coupling between the spin centers usually plays crucial roles in
their performances. Generally speaking, the strong magnetic coup-
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magnetic anisotropy through the anisotropic magnetic exchange
coupling,?” creating a correlation energy barrier for SCMs,* creat-
ing the exchange bias for SMMs,*? suppressing the quantum tun-
neling of magnetization (QTM) in SMMs,> and so on. Strong mag-
netic coupling in SMMs and SCMs is desired and has been highly
pursued. In this respect, much attention has been paid to the
design and synthesis of molecular nanomagnets where the metal
ions are coordinated or bridged by the organic radicals, which are
well known to transfer strong magnetic coupling.’ Some high-per-
formance radical bridged SMMs and SCMs with different types of
spin centers (p-d/p-f/[p-d-f) have been reported.” Representative
examples of these materials include SMMs containing bridging
radicals like N,™~ ({[(Me;Si),N](THF)Ln},(u-n*n>N,)"),**” bptz'~
({[Dy(tmhd)s ], (bptz)}),* tppz~ ((Cp*2Dy)a(p-tppz)] )™ HAN"
(Cp*eLns(p3-HAN)),* [(Cp*>Ln)y(-5,5-R,bpym)](BPh,), ¥ [K(THF)e]
{Col(1 HAN)RE,Cp* L}, [K(Crypt]b{Co[(ksHAN)RE,Cp*4 o},
[(Cp*,Ln)*(tz'),]-3(CeHs),”" and Ln,@Cgo(CH,Ph)* and SCMs with
metals ions bridged by nitronyl nitroxide radicals.”

This journal is © The Royal Society of Chemistry 2023
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Among all the radical ligands used in the construction of
molecular nanomagnets, the nitronyl nitroxide radicals (NITR
= 2-(R)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-
oxide) have been widely used.® Since the two NO groups on
both sides of the imidazole ring can directly coordinate with
the paramagnetic metal ions, they can act as bridging ligands
between two metal centers. Moreover, NITR radicals are highly
stable and can be chemically modified with various functional
groups. Magnetic complexes with diverse structures and inter-
esting magnetic properties ranging from mono-’ and multi-
nuclear® SMMs to one-dimensional SCMs have been con-
structed from these radicals.” Among them, the most interest-
ing materials are probably NITR bridged 1D compounds with
Co" and the lanthanide ions. The very strong magnetic coup-
ling transferred through NIT and the strong magnetic an-
isotropy of the metal centers led to remarkable SCMs."
Actually, the first reported SCM'%* and SCMs with very large
energy barriers and astonishing high coercive fields are all
one-dimensional Co"-NIT compounds.*°*~*

However, being very weak Lewis bases, NITR radicals
cannot easily coordinate with the metal centers. Strong elec-
tron withdrawing groups like the hfac™ anion (hfac™ = hexa-
fluoroacetylacetonato) are generally needed to realize the M-
NIT coordination. An alternative strategy is the introduction of
auxiliary functional groups such as imidazole'! and benzimi-
dazole,'? forming NITR radicals with chelating sites, such as
NIT-2-ImH and NIT-2-BzImH shown in Scheme 1. In these rad-
icals, both the N and O atoms can coordinate with the metal
centers in a terminal or bridging mode, which leads to the
preparation of magnetic complexes of 1D chains and even 2D
magnets with interesting magnetic properties.'™'* In some
cases, the H atoms on the N atoms of the NIT-ImH and
NIT-BzImH radicals are not deprotonated, which might
prevent them from bridging metal ions.'*” As an alternative
strategy, we introduced the 2-pyrimidine group to the NIT
ligand and prepared a new bis-bidentate NIT bridged ligand
(NIT-2-Pm, Scheme 1)."* This ligand provides both chelating
and bridging sites to the metal centers and leads to the prepa-
ration of two Co" complexes, an NIT coordinated mononuclear
complex (NIT-2-Pm)Co(hfac), and an NIT bridged binuclear
complex (p-NIT-2-Pm)Co,(hfac),, the latter being the first
reported NIT bridged field-induced SMM." In fact, radicals
containing the 2-pyrimidine group such as pmvd'* and
pmDTDA™ have also been designed and used to construct
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Scheme 1 Structures of several NIT radicals with chelating and brid-
ging abilities.
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SMMs with effective exchange coupling between two metal
centers.'*1°

In addition, to further enforce the bridging and chelating
ability of the NIT ligand, two more pyridine groups were added
to both sides of the NIT-2-Pm radical, leading to the new bis-
tridentate radical NIT-Pm2Py (Scheme 1) and several new com-
plexes based on this radical, some of which behave as
SMMs.'7'® However, despite the chelating and bridging ability
of NIT-2-Pm and NIT-Pm2Py radicals, we have not been able to
prepare new complexes with higher nuclearities and dimen-
sionalities. Successful preparation of the metal complexes of
these ligands is still limited to the metal salt of the hfac anion,
which is of very high steric hindrance. Considering the
different electron density and Lewis alkalinity of the imidazole
and triazole rings compared to the six-membered pyrimidine
ring,'® radicals containing imidazole or triazole might have a
different coordination ability from those containing pyridine
or pyrimidine. With these in mind, we designed a new radical
ligand NIT-2-TrzPm (NIT-2-TrzPm = (2-(2'-triazolopyrimidine)-
4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide),
Scheme 1) with both bridging and chelating abilities by intro-
ducing 2-triazolopyrimidine to provide additional coordination
sites. The coordination ability of the triazole group in this new
radical might favor its coordination to the metal centers
without the chelating hfac anions. In comparison with NIT-2-
ImH and NIT-2-BzImH, the nitrogen atoms of NIT-2-TrzPm
which provide bridging and chelating sites do not need to be
deprotonated and can directly coordinate with metal ions.
Therefore, new magnetic compounds, including extended
magnetic clusters or polymers based on this new ligand, are
thus expected. Herein, we reported the synthesis and charac-
terization of this new ligand and three series of mononuclear
and  binuclear complexes, namely [M(hfac),(NIT-2-
TrzPm)]-CH,Cl, (M = Mn (1mn) and Co (2co)), [M
(hfac),],(NIT-2-TrzPm) (M = Mn (3py,) and Co (4¢,)), [Mn
(NIT-2-TrzPm),(MeOH),](ClO,),-MeOH (5p,) and [Co(NIT-2-
TrzPm),(MeOH),],(ClO4),-4MeOH (6¢,). In complexes 1y, and
2co, NIT-2-TrzPm serves as a terminal ligand leading to a 2p-
3d two-spin system, while the binuclear 3d-2p-3d three-spin
system was found in complexes 3y, and 4¢, with NIT-2-TrzPm
acting as a bridging ligand. For complexes 5y, and 6¢,, two
NIT-2-TrzPm ligands from the equatorial position chelate the
M" center to form the mononuclear 2p-3d-2p three-spin struc-
ture. Magnetic measurements revealed field-induced slow
magnetic relaxation in 3y, and 4¢,. To the best of our knowl-
edge, 3un is the first NIT-bridged Mn" complex undergoing
slow magnetic relaxation.

Experimental section
Materials and physical measurements

All preparations and manipulations were performed under
ambient conditions. The solvents and metal salts were com-
mercially purchased and used as received. The starting
material [1,2,4]triazolo[1,5-a]pyrimidine-2-carboxaldehyde was
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synthesized according to a reported method.>® Powder XRD
patterns were obtained on a Bruker D8X diffractometer with
monochromatized Cu-Ka (4 = 0.15418 nm) radiation at room
temperature, and the data were collected in the 26 range of 5°-
50° on ground single-crystal samples for all compounds
(Fig. S17). The ATR FT-IR absorption spectra were recorded at
room temperature in the range of 4000-400 cm™" (50 scans,
resolution: 4 cm™') using an FT-IR Bruker model Vertex 70 V
spectrometer (Germany) using a Platinum-ATR (Bruker) acces-
sory equipped with a pure diamond crystal (Fig. S2-S87).
Elemental analyses for C, H, and N were performed using an
Elementar Vario MICRO analyzer. Magnetic measurements
were performed using a Quantum Design SQUID VSM or
PPMS magnetometer on ground single crystal samples for all
compounds. Direct current (dc) measurements were con-
ducted from 300 to 2 K under an external magnetic field of 1
kOe. The field-dependent magnetization was measured at 2 K
with a dc magnetic field between 0 and 70 kOe. Alternative
current (ac) susceptibility measurements were performed with
a 2 Oe ac oscillating field in an operating frequency range of
1-1000 Hz under a dc field of 0 or 1 kOe. All magnetic data
were corrected for the sample holder and for the diamagnetic
contribution of the sample.

Synthesis of the ligand NIT-2-TrzPm. This NIT ligand can be
obtained following the reported Ullman’s method®' using
[1,2,4]triazolo[1,5-a]pyrimidine-2-carboxaldehyde as the start-
ing aldehyde and further purified by flash column chromato-
graphy (silica gel, mixtures of MeOH/CH,Cl,, 1:1, v/v) (see
Scheme S171 for details). Yield: 55%, purple powder. Purple
rod-like crystals suitable for single-crystal X-ray analyses can be
obtained readily by slow evaporation of the ethanol solution of
NIT-2-TrzPm. Elemental analysis (%) calculated for NIT-2-
TrzPm (C,H;5N0,): C 52.36, H 5.49, N 30.53. Found: C 52.29,
H 5.41, N 30.47.

Syntheses of [M(hfac),(NIT-2-TrzPm)]-CH,Cl, [M = Mn (1y,)
and Co (2¢,)]- M(hfac),-2H,O (0.1 mmol) was dissolved in
20 mL of dry boiling n-heptane. The solution was heated to
reflux for 2 h and then cooled to 75 °C, after which a solution
of NIT-2-TrzPm (0.028 g, 0.1 mol) in 10 mL of CH,Cl, was
added. The solution was stirred briefly for 1 min and filtered
before being cooled to room temperature. Block dark blue
single crystals of 1y, and 2¢, suitable for single crystal X-ray
diffraction were obtained in two days. The crystals were fil-
tered, washed with n-heptane, and dried in the air. Yield: ca.
52-56%. Elemental analysis (%) calculated for 1ypp
(Ca,H,,F1,MnNgOg): C, 35.50; H, 2.30; N, 11.29. Found: C,
35.43; H, 2.36; N, 11.36; 2¢, (C2,H;,F1,CoNyOg): C, 35.31; H,
2.29; N, 11.23. Found: C, 35.23; H, 2.22; N, 11.16. Note that the
experimental elemental analysis results for these two com-
plexes agree well with the calculated desolvated formula, indi-
cating that they could easily lose the crystallized CH,Cl, mole-
cule after they were removed from the solution.

Syntheses of [M(hfac),],(NIT-2-TrzPm) [M = Mn (3,) and
Co (4¢o)]- Complexes 3y, and 4¢, were synthesized as rod-like
dark blue single crystals in a similar way to complexes 1y, and
200, €xcept that the ratio of M(hfac),-2H,0 to NIT-TrzPm was

8966 | Dalton Trans., 2023, 52, 8964-8974
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changed from 1:1 to 2:1. Yield: ca. 55-58%. Elemental ana-
lysis (%) calculated for 3y, (C3,H1oF24Mn,NgO;50): C, 31.68; H,
1.58; N, 6.93. Found: C, 31.76; H, 1.67; N, 6.85; 4co
(C3,H1oF24,C0,NgOy): C, 31.47; H, 1.57; N, 6.88. Found: C,
31.39; H, 1.49; N, 6.81.

Syntheses of complexes [Mn(NIT-2-TrzPm),(MeOH),]
(Cl04),MeOH (5mpn) and [Co(NIT-2-TrzPm),(MeOH),],(ClO,),:
4MeOH (6¢,). Complexes 5y, and 6¢, were synthesized by
mixing a 3 mL methanol solution of NIT-2-TrzPm (0.055 g,
0.2 mol) and a 3 mL methanol solution of M(ClO,4),-6H,O
(0.1 mmol) together, stirring for one minute at room tempera-
ture before being filtered. The filtrate was diffused with diethyl
ether vapor at room temperature. Block-like black crystals of
5mn OF 6, suitable for X-ray diffraction were obtained. Yield:
ca. 62%. Elemental analysis (%) calculated for S5yy
(C26H35CI,MNN,,04,): C, 35.96; H, 4.41; N, 19.35. Found: C,
35.92; H, 4.45; N, 19.41; 6, (Cs,H,Cl,C0,N,,0,5): C, 35.79; H,
4.39; N, 19.26. Found: C, 35.74; H, 4.33; N, 19.19. The experi-
mental elemental analysis results for these two complexes also
correspond to the calculated desolvated formula without the
lattice methanol molecules.

The purity of these complexes was confirmed by PXRD, where
the experimental patterns agree with the theoretical patterns cal-
culated from the single crystal data (Fig. S1t). Slight differences
in the PXRD patterns might be due to the desolvation of the
single crystals. The FT-IR absorption spectra for these com-
pounds recorded at room temperature are shown in Fig. S2-S8.}

X-ray crystallography

Single crystal X-ray data were collected at room temperature
using a Bruker APEX II or APEX Duo diffractometer with a
CCD area detector with a Mo-Ka radiation (A = 0.71073 A) or
liquid-metal-jet X-ray source (Ga-Ka radiation, A = 1.34139 A)
under a nitrogen flow at 193 K. Since crystals of 1yp-2co and
5Mn—6co €asily lose the lattice solvents, these crystals need to
be covered with oil and quickly put into the nitrogen flow at
193 K. The APEX II program was used to determine the unit
cell parameters and for data collection. The data were inte-
grated and corrected for Lorentz and polarization effects using
SAINT.>* Empirical absorption corrections were applied using
SADABS.*® The structures were solved by direct methods and
refined by the full-matrix least-squares method on F* using the
SHELXTL crystallographic software package.”* All the non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
of the organic ligands were refined as riding on the corres-
ponding non-hydrogen atoms. Additional details of the data
collection and structure refinement parameters are provided
in Table 1 for 1y4,—6¢, and Table S1} for NIT-2-TrzPm. Selected
bond lengths and bond angles are listed in Tables S2-S8.7

Results and discussion
Synthesis

Using the general Ullman’s method,>" we designed and syn-
thesized a new bis-bidentate NIR radical containing a nitro-

This journal is © The Royal Society of Chemistry 2023
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Table 1 Crystallographic data and structure refinement parameters for complexes 1m,—6co

2C0 3Mn 4Co 5Mn 6C0

an

Complexes

Cs56Ho,Cl,C0,N»,03,

1873.19
193

C57H4,Cl,MnN;,0;5

900.56
193

C32H19C0,F»4N6010

1221.39
193

C32H19F24Mn,NgO1

1213.41
193

Cy3H;9Cl,F1,CoNGOg

833.27
193

Cy3H 9Cl,F1,MnNgOg

829.28
193

Formula

Formula weight

T/K

Monoclinic

P2,/c

Triclinic
1

Triclinic

Triclinic

Triclinic

Triclinic
1

Crystal system
Space group

P

1
12.2502

13.4340
14.5990
88.8480
73.7910
75.9650
2235.25

P

1
12.4524(7)

P

1
9.5397(14)

12.2112(18)
15.954(3)
68.656(6)

P

P

alA

10%
12.4972(6)

90
106.946(2)

18.7524(10
18.2753(
90
4096.9(4)

2

11.1394(9)
12.6882(11)
14.9298(13)
92.069(2)
100.953(2)
108.176(2)
1958.0(3)

2

0)

0)
0)
2)

13.4497(7)

5)

(
(

72.820
69.263(4)
1589.0(4)

10)
)
)

1635.98(12)

2

)
5

9.5400(4
12.2077(
16.3666(6
68.5020(
74.357(2
69.152(2

b/A
c/A
al°
pl°
l°
VIA®
Z

1948.0

934.0

1206.0

1198.0

832.0

828.0

F(000)

38308
9400

16 264
8897

20599
10000
0.0278
1.032

21780
10279
0.0269
1.022

17 287
5652

15752
7445

Collected refl.
Unique refl.

Rint
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0.0362
1.028

0.0305
1.057

0.0491
1.051

0.0273
1.040

GOF

0.0434, 0.1176

0.0447, 0.1233

0.0571, 0.1569 0.0480, 0.1220 0.0448, 0.1220

0.0600, 0.1567

R, WR,? (I > 26(1)
Ry, WR; (all data)

0.0587, 0.1586 0.0588, 0.1306 0.0537, 0.1303 0.0542, 0.1302 0.0542, 0.1260

0.0734, 0.1681

2)2]}1/2.

o

F,

“Ry = X||Fol = |Fel l/ZIFo|- " WRy = {Z[W(Fs* — F)Y Z[w(
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gen-rich triazolopyrimidine group (Scheme S17). As expected,
this new radical ligand has two bidentate chelating pockets
and possesses both bridging and chelating abilities to the
metal centers. Compared with the widely used NITR radicals
bearing the imidazole and benzimidazole groups, this ligand
can use both of its chelating pockets without deprotonation.
Reactions with this ligand with the transition metal salts lead
to the isolation of a series of radical coordinated or bridged
complexes (Scheme 2). Interestingly, we noticed that using the
M(hfac),-2H,0 (M = Mn and Co) starting materials, radical co-
ordinated mononuclear 2p-3d complexes (Lyy, and 2¢,) or
radical bridged binuclear 3d-2p-3d complexes (3p, and 4c,)
can be controllably synthesized by simply modifying the reac-
tion ratio of M(hfac),-2H,O to NIT-2-TrzPm with 1:1 or 2:1.
Furthermore, using the M(ClO,),-6H,O starting materials with
the non-coordinated ClO,~ anion, two 2p-3d-2p compounds
(5mn and 6¢,) chelated by two NIT-2-TrzPm ligands were also
successfully prepared. These results clearly show the coordi-
nation and bridging abilities of the NIT-2-TrzPm ligand. With
this ligand, it is possible to construct NIT radical-bridged mag-
netic clusters or polymers with metal salts without the hfac
anions, which are usually harmful for the construction of
manifold  structures of  higher nuclearities and
dimensionalities.

Description of the crystal structures

Structure of the radical NIT-2-TrzPm. Single crystal X-ray
diffraction of the purple crystal of NIT-2-TrzPm revealed that it
crystallizes in the monoclinic space group P2,/n with a unique
crystallographic molecule in the asymmetric unit. The crystal
structure and packing arrangement along the a axis of NIT-2-
TrzPm are shown in Fig. 1. The bond lengths of N1-O1 and
N2-02 are 1.272(2) and 1.279(2) A, typical of NITR radicals.?®
The O-N-C-N-O part is nearly coplanar as expected due to
orbital conjugation, but forms a dihedral angle of 53.67° with
the 2-TrzPm group, which is close to the dihedral angle in
other related radicals of the functionalized benzimidazole
rings (NITBzImH and NITMeBzImH)."> The assignment of the
nitrogen atoms in 2-TrzPm is according to the molecular struc-
ture of 2-TrzPm, together with the diffraction data. In the five-
membered ring of 2-TrzPm, the two bonds with the shorter
bond lengths can be attributed to the double bonds (1.330(3)

oI Ao,
I Mo,
O

O

2p-3d

N
L.

2 SomNN
(Mac),yl’\

A
N/
|
\ 2
-3
3 =
LN
<1
»
3,
/E
[
v
7

" M@tao),

2p-3d-2p NIT-2-TrzPm

3d-2p-3d

Scheme 2 The synthesis of the 2p-3d-2p, 2p-3d, and 3d-2p-3d
complexes.
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Fig. 1 (a) Molecular structure of the radical NIT-2-TrzPm (H atoms are
omitted for clarity) and (b) the packing diagram along the a axis showing
the n—r interaction and the NO---ON distance.

A for C8-N3 and 1.332(3) A for C9-N5) being shorter than
those of the other three single bonds (1.352(3) A for C8-N5,
1.359(3) A for N3-N4, and 1.377(3) A for C9-N4). In addition,
the bond lengths in the triazole ring are also used to assign
the nitrogen atoms for complexes 1pn—6¢o, in Which the single
and double bonds are judged by their bond lengths (Tables
S2-S87). In the packing structure, the triazolopyrimidine rings
of the radicals are arranged in parallel due to the existence of
the m-n stacking interaction (~3.2 A, black double arrows in
Fig. 1b). In addition, we noticed that the shortest inter-
molecular NO---ON distance is ~4.7 A, which together with the
n-n stacking might lead to weak intermolecular magnetic
coupling between the radicals.

Structures of complexes 1y, and 2¢,. Single crystal X-ray
diffraction revealed that complexes 1y, and 2¢, are isostruc-
tural and crystallize in the triclinic space group P1 with Z = 2.
As depicted in Fig. 2, complexes 1y, and 2¢, are mononuclear
2p-3d two-spin compounds with a metal-to-radical ratio of
1:1, in agreement with the reactant ratio. Completed by one
NIT-2-TrzPm radical and two hfac anions, the M" metal ions
are six-coordinated in an octahedral geometry indicated by
their CShM values (Table S9t) calculated using Shape 2.1.>°
The ligand NIT-2-TrzPm behaves as a terminal bidentate che-
lating ligand coordinated to the M" ions through one O atom
of NIT (O1) and one N atom of TrzPm (N5) on the same side,
while the oxygen and nitrogen atoms on the other side remain
uncoordinated. The bond lengths of the coordinated N1-O1
are 1.299(3) and 1.295(3) A, which are longer than 1.263(3) and

View Article Online

Dalton Transactions

1.264(3) A of the uncoordinated N2-02 for 1y, and 2,
respectively. The M-O1 distances are 2.174(2) and 2.093(2) A,
while the M-N5 bond lengths are 2.231(2) and 2.103(2) A for
1y and 2¢,, respectively. We can notice that the bond lengths
of M-0O1 and M-N5 gradually decrease from 1y, to 2¢e, which
are in good agreement with the contraction of the ionic radius
from Mn" to Co™ and also applicable to those of complexes
3mn tO 6, (Tables S3-S871). These bond lengths are compar-
able to those reported in other similar 3d-NIT compounds.***”
The packing arrangement of 1y, and 2, (Fig. S9t) reveals that
the closest intermolecular separations are 9.5-9.6 A for M---M
and 8.3-8.5 A for NO---ON. These distances are too long for
any efficient intermolecular magnetic interaction between the
3d-2p molecules.

Structures of complexes 3y, and 4¢,. Complexes 3y, and
4c, are also isostructural and crystallize in the triclinic space
group P1 with Z = 2. As shown in Fig. 3, each asymmetric unit
consists of one NIT-2-TrzPm ligand and two crystallographic
independent M(hfac), fragments. Unlike 1y, and 2¢,, the 2:1
reaction ratio of M" to NIT-2-TrzPm leads to a binuclear 3d-
2p-3d tri-spin system for complexes 3y, and 4c,, where the
bis-bidentate NIT-2-TrzPm ligand acts as a bridge between the
two M"' centers with a M---M distance of 6.189(2)-6.485(0) A to
give a binuclear structure. Although they are crystallographi-
cally independent, the two M" ions are of very similar six-co-
ordinated octahedral environments (CShMs in Table S9) with
one O atom and one N atom from the NIT-2-TrzPm ligand and
four O atoms from two hfac anions. The bond lengths and
bond angles involving the M" ions (Tables S5 and S6t) are all
in the normal range for similar 3d-NIT compounds.'®"
Different from the situation in complexes 1y, and 2¢,, the
bond lengths of the two coordinated NO groups (N1-O1 and
N2-02) are relatively close to each other (around 1.28-1.29 A)
and in the normal range of the reported NIT radical com-
pounds. In addition, due to the steric effect of the hfac anions,
these binuclear clusters are also well isolated from each other
with the nearest intermolecular M---M distances ranging from
8.3 to 8.7 A (Fig. S101). This long distance prohibits any
efficient magnetic coupling between the binuclear 3d-2p-3d
units.

Structure of complex 5y,. Complex 5y, crystallizes in the tri-
clinic space group P1 with Z = 2. The crystal structure of 5y,
contains one unique 2p-3d-2p mononuclear [Mn(NIT-2-

Fig. 2 (a) Molecular structure of 1y, and 2¢, (H, F, and CH,Cl, are
omitted for clarity) and (b) the coordination polyhedron of the M" ion in
1Mn and ZCO-
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Fig. 3 (a) Molecular structure of 3y, and 4¢, (H and F are omitted for
clarity) and (b) the coordination polyhedron of the M" ions in 3m, and
4C°.
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Fig. 4 (a) Molecular structure of 5y, (hydrogen atoms, ClO,~ and
methanol solvent are omitted for clarity) and (b) the coordination poly-
hedron of the Mn'" ion in S5Mn-

TrzPm),(MeOH),]*" cationic moiety as shown in Fig. 4, two
ClO,™ anions and one isolated methanol solvent molecule (not
shown in Fig. 4). In the cation, each Mn" ion is six-coordinated
and adopts a distorted octahedral environment (CShM in
Table S9t) with two bidentate chelating radical ligands and
two methanol molecules in the ¢rans-position. Two NIT rad-
icals are coordinated to the Mn" ion by two oxygen atoms (O1
and O5) and two nitrogen atoms (N5 and N11) via the biden-
tate chelating mode leading to two six-membered rings. The
bond lengths of Mn-N5, Mn-N11, Mn-O1 and Mn-O5 are
2.227(5), 2.239(1), 2.128(0) and 2.121(6) A, respectively. We can
see that although the two radical ligands are crystallographi-
cally independent, the Mn-O distances are very similar, which
suggests that the Mn-Radical magnetic coupling involving
these two radicals can be treated approximately using one
coupling constant (vide post). As for the NIT-2-TrzPm radicals,
the N-O bond length for the coordinated part is obviously
shorter (1.296(2) and 1.289(2) A for N1-O1 and N7-O5 vs.
1.263(2) and 1.265(2) A for N2-O2 and N8-06). Also, the
radical fragments O1-N1-C7-N2-O2 and O5-N7-C19-N8-06
are nearly coplanar but form a dihedral angle of 20.21° and
16.90° with the plane of the 2-TrzPm ring. Although there are
no sterically bulky hfac anions in the structure, the mono-
nuclear 2p-3d-2p motifs are also isolated from each other.
The uncoordinated NO groups of the radical ligands in space
are well isolated and the shortest NO---ON contact is 7.0 A
together with the nearest Mn---Mn distance of 8.5 A. The
packing diagram of complex 5y, is depicted in Fig. S111 and
its selected bond lengths and angles are shown in Table S7.f
Structure of complex 6¢,. Different from 5y, complex 6¢,
crystallizes in the monoclinic space group P2,/c with Z = 2.
There are two crystallographically independent Co" centers
(Co1 and Co2), each sitting in the inversion center and having
a very similar cationic structure to the cation in 5yy,; albeit
there is only one independent bis-bidentate NIT-2-TrzPm
ligand chelating each Co™ center (Fig. 5). Completed by the
two N;0, chelating sites from two radical ligands and two O
atoms from two symmetry-related methanol molecules, the six-
coordinated Co" ions both have an octahedron geometry
(CShMs in Table S91) with the bond lengths of 2.007(2) A,
2.129(5) A, and 2.105(4) A for Co1-O1, Co1-03, and Co1-N5,
and 2.042(5) A, 2.078(7) A, and 2.146(5) A for Co2-010, Co2-
011, and Co2-N11, respectively. The bond lengths of Co2 are
all longer than those of Col. For the radical ligands, the
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Fig. 5 (a) Molecular structure of 6¢, (H, ClO4~ and methanol solvents
are omitted for clarity) and (b) the coordination polyhedron of the Co"
ions in 6.

radical fragments O1-N1-C7-N2-02 and O9-N7-C21-N12-
010 are nearly coplanar but form a dihedral angle of 13.75
and 19.66° with the plane of the 2-TrzPm ring. The N-O bond
lengths for the coordinated part of the NIT-2-TrzPm radicals
are also shorter (1.288(2) and 1.298(2) A for N1-O1 and N12-
010 vs. 1.259(2) and 1.260(2) A for N2-O2 and N7-09).
Table S87 lists the selected bond lengths and angles of 6¢,.

Magnetic properties

The temperature-dependent magnetic susceptibility data of
the radical NIT-2-TrzPm and complexes 1y,-6¢c, from 2 to
300 K under an applied dc field of 1 kOe and the field-depen-
dent magnetization from 0 to 70 kOe at 2 K were measured
and the results are depicted in Fig. 6 and 7 and Fig. S13.1 The
magnetic data for these complexes were calculated using the
desolvated formula according to one, two, and one metal
centers. For the pure radical, the y\T value at room tempera-
ture is 0.371 cm® K mol™", which is slightly lower than the
spin-only value of 0.375 cm® K mol™" for an organic radical
with S = 1/2. Upon cooling, the y\,T value decreases steadily to
0.252 cm® K mol " at 20 K and decreases more rapidly down to
0.158 cm® K mol ™" at 2 K. This behavior indicates the presence
of antiferromagnetic coupling, which is also suggested by the
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Fig. 6 Temperature-dependent magnetic susceptibility data measured
at 1 kOe (a) and field-dependent magnetization at 2 K (b) of complexes
Imn 3mn. @and 5m,. The black solid lines correspond to the best-fit
curves.
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Fig. 7 Temperature-dependent dc magnetic susceptibility data
measured at 1 kOe (a) and field-dependent magnetization at 2 K (b) of
complexes 2¢o, 4co. and 6¢,.

magnetization measurement at 2.0 K, where the M(H) curve
remains below the Brillouin curve for an isolated spin of S = 1/
2 (Fig. S147). The antiferromagnetic coupling could be origi-
nated from the short intermolecular NO---ON distance and the
n--- interaction between the TrzPm groups of the radicals.

For complexes 1ym, 3mn, and 5y, containing the Mn"
center, their yyT values of 4.00, 8.85, and 2.79 cm® K mol™" at
300 K (Fig. 6a) are all significantly lower than the theoretical
values of 4.75, 9.13 and 5.13 cm® K mol™ for the corres-
ponding non-coupled Rad-Mn, Mn-Rad-Mn, and Rad-Mn-
Rad units (Syn = 5/2, gun = 2.0, C = 4.375 cm® K mol™"; Sgaq =
1/2, graa = 2.0, C = 0.375 cm® K mol ™). Upon cooling, the yyT
values of 1y, and 5y, decrease slowly to the minimum values
of 3.05 and 1.90 cm® K mol™" at 2 K, while the yT value for
3mn increases with the temperature to reach a maximum of
12.02 cm® K mol ™" at 2 K. At 2 K, the magnetization values of
Ivn, 3mn and 5y, increase continuously to 4.08, 8.72 and
3.14Np at 70 kOe (Fig. 6b), which are far from the calculated 6,
11 and 7Np for the ground states with spin values of 3
(T1/2=1s2), 11/2 (T5/2-11/2-1512) and 7/2 (11/2-1s2=11/2) caused by
ferromagnetic coupling, but close to 4, 9 and 3Np for the
ground states with spin values of 2 (Tip-ls5p2), 9/2
(Ts2=d12-1s2) and 3/2 (t12-lsp-112) caused by antiferro-
magnetic coupling. Moreover, the y,T values of 3.05, 12.02,
and 1.90 cm® K mol™" at 2 K are also close to the calculated
T values of 3.00, 12.38, and 1.88 cm® K mol ™" for the ground
state with spin values of 2, 9/2 and 3/2. All these results indi-
cate the dominant antiferromagnetic coupling between the
radicals and the Mn" centers in these complexes.

The magnetic interactions in these complexes were quanti-
tatively analyzed. As illustrated in Scheme 3, in terms of the
crystal structures of complexes 1y, 3vn, a0d 5ym, the Mn-Rad
interactions (Ji, J», and J,), Mn---Mn coupling via the NIT
radical (J3), and Rad---Rad coupling through the Mn" center
(Js) were considered to describe their magnetic behaviors.
Therefore, the Hamiltonian for these complexes are H =
—2/18vnSrad fOr 1y with the Rad-Mn unit, A = —2/,(Syn1Srad
+ Svn2Srad) — 2J38Mn1Smn2 for 3ym with the Mn-Rad-Mn unit,
and A = _2.]4(§Rad1§Mn + gRadZSMn) - 2]5'§Rad1§Rad2 for 5y, with
the Rad-Mn-Rad unit, respectively. The intermolecular mag-
netic interactions are supposed to be very weak and negligible
due to the long intermolecular distances and lack of efficient
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Scheme 3 Magnetic exchange coupling scheme of complexes 1y, (a),
3mn (b), and 5mp (c).

magnetic coupling pathways. The simultaneous fitting of the
dc magnetic susceptibility and magnetization data for 1pp,
3mm, and 5y, was catried out by using the PHI program.”” We
can see in Fig. 6 that the fitting results are very good with the
following magnetic parameters: J; = —93.26 cm™', g = 1.98 for
1avm; J2 = —56.37 cm ™, J3 = 5.66 cm ™', g = 1.97 for 3py; and J, =
—-76.33 cm™, J5 = 0.25 ecm ™", g = 2.03 for 5y, respectively. The
rather large negative values of Ji, J,, and J, prove the strong
antiferromagnetic coupling between Mn'" and the NIT radicals,
while the positive J; and J5 values indicate the weak ferro-
magnetic Mn---Mn and Rad---Rad coupling through the NIT
radical and Mn" center, respectively. The magnitudes of these
interactions are comparable with the literature results.'” As for
the stronger Mn"-NIT magnetic interaction in 1y, we specu-
late that it might originate from the shorter Mn-Og,q bond
length in 1y, (Mn1-O1 = 2.174 10\) compared to the Mn-Og,q
bond lengths in 3p, (Mnil-O1 = 2.201 A and Mn2-02 =
2.168 A).

For complexes 2¢, and 4¢, containing the Co™ centers, the
T values of 2.49 and 5.73 cm® K mol™" at 300 K (Fig. 7a) are
in the normal range for the corresponding uncorrelated Rad-
Co and Co-Rad-Co spins considering the orbital contribution
of the Co" ion, which has a typical T value of 2.1-3.4 cm® K
mol".?® While for 6¢,, the y\T value is 1.48 cm® K mol™" at
300 K, which is rather small for a non-coupled Rad-Co-Rad
unit (2.63 ecm® K mol ™" if all g = 2.0). With decreasing tempera-
ture, the yT values of 2¢e, 4co, and 6¢, reduce monotonously
to the minimum values of 0.13, 2.99, and 0.49 cm® K mol™" at
2 K, respectively. At 2 K, the largest magnetization values at 70
kOe for 2¢, and 4¢, were ascertained to be 0.50 and 3.85Nf
(Fig. 7b), significantly less than 2 (13,-l1,) and 5Np
(13/2-l1/2-13/2) caused by antiferromagnetic coupling. While it
is 1.17Np for 6¢, at 70 kOe, which is quite close to 1Nf
(L1/2-13/2-112) caused by antiferromagnetic coupling between
the Co" center and the radical. The above results are consist-
ent with the literature results for the Co-NIT systems, and
suggest the presence of antiferromagnetic interactions
between Co™ and the NIT radicals and the significant magnetic
anisotropy of Co" ions.”'®'” Due to the octahedral high spin
Co" ions, complexes 2¢, and 4¢, both display significant mag-
netic anisotropy, which is evidenced by the non-superimposed
isofield curves in the reduced magnetization (RM) data
(Fig. S157).
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To probe the magnetic dynamics of complexes 2¢,, 4co, and
6co, alternating current (ac) magnetic susceptibilities were
measured for these complexes. For 2¢, and 6¢,, no out-of-
phase ac signals were observed even under an applied dc field,
precluding the possibility of SMM behavior for these com-
plexes. However, for complex 4¢,, although no y"\; signals
could be observed under a zero dc field (Fig. S167), tempera-
ture- and frequency-dependent ac data could be observed
under an external dc field of 1 kOe, indicating the existence of
the field-induced slow magnetic relaxation (Fig. 8). From the
frequency-dependent ac data measured at temperatures from
2.0 to 4.0 K, Cole-Cole diagrams were constructed and fitted
using the generalized Debye model to give the relaxation time
7 and its distribution parameter « (Fig. 9a and Table S10%).
The Arrhenius plot (Inz vs. T~') was then constructed from
these data (Fig. 9b). The plot has a linear shape at high temp-
eratures but deviates from the linear relationship in the low-
temperature region, indicating the existence of multi-relax-
ation processes. Several attempts have been tried to fit the Inz
vs. T~* plot by considering different relaxation processes such
as Orbach, Raman, and QTM processes. The best-fitting was
achieved when considering the Orbach and QTM processes
using the equation ™' = 7gmv " + 7 " exp(—Ues/ksT), with the
following parameters: energy barrier Uy = 11.2 cm™ ", pre-expo-
nential factor 7, = 1.7 x 107 s, and QTM time constant TQr™m =
1.0x107"s.
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Fig. 8 Temperature- (a) and frequency-dependent (b) ac magnetic sus-
ceptibility data obtained for complex 4¢, in a 1 kOe dc field.
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Fig. 9 (a) Cole—Cole plots of 4¢, from 2.0 to 4.0 K; the solid lines rep-
resent the fitting using the generalized Debye model, and (b) the ln z vs.
T graph for 4¢, at a 1 kOe dc field (red line: Arrhenius fitting curve
considering the Orbach and QTM processes).
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Additionally, ac magnetic measurements were also per-
formed on compound 3y, Surprisingly, temperature- and fre-
quency-dependent ac signals were observed at a 1 kOe dc field,
although no out-of-phase signals were observed at a zero dc
field (Fig. 10 and Fig. S167). Since the high-spin Mn" ion is
magnetically isotropic, the observation of the field-induced
slow magnetic relaxation in complex 3y, does not indicate the
SMM behavior for this complex. The absence of magnetic an-
isotropy for complex 3y, was confirmed by the reduced mag-
netization measurements, where the M versus H/T curves at
different magnetic fields are almost superposable in a single
master curve (Fig. S171). We think that a probable cause for
the slow magnetic relaxation in complex 3yy, is the phenom-
enon called the phonon bottleneck effect.>> A phonon bottle-
neck occurs in a one-phonon direct relaxation process when
the emitted phonons are reabsorbed due to the insufficient
thermal contact and therefore inefficient energy transfer from
the spin system to the lattice, leading to slower relaxation rates
than the true underlying spin-lattice relaxation rate. Usually,
the phonon bottleneck effect results in a power-law depen-
dence of the temperature-dependent relaxation rates.
Unfortunately, because the frequency-dependent signals for
the imaginary y” do not pass through any peak maximum in
the 2-4 K range, even for the ac data measured with PPMS
under a dc field (1 kOe and 2 kOe) with frequencies up to 10
kHz (Fig. S187), the relaxation time and temperature depen-
dence for this compound cannot be safely deduced from the
current experimental data. This process has been observed
and investigated in other complexes containing the isotropic
Mn" and Gd™ centers.>® However, to the best of our knowl-
edge, it is the first observation in the M"-radical complexes.
Interestingly, no slow magnetic relaxation can be observed in
complex 1y, with a 2p-3d two-spin system and complex 5y,
with a 2p-3d-2p three-spin system.

As we have stated above, paramagnetic NITR radicals are
promising building blocks for the construction of SMMs and
SCMs because their NO groups can coordinate directly with
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Fig. 10 Temperature- (a) and frequency-dependent (b) ac magnetic
susceptibility data obtained for complex 3m, in a 1 kOe dc field.
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the metal ions, resulting in a strong magnetic coupling that
might efficiently suppress the QTM effect.’’ To date, most of
the NITR radical-bridged complexes exhibiting slow magnetic
relaxation are 1D coordination polymers,* while SMMs with
metal ions bridged by NIT radicals are still not common.** In
addition, the presence of the sterically demanding hfac anions
to enhance the Lewis acidity of the metal centers prevents
further extension of the structures to multinuclear clusters and
high-dimensional frameworks.*** To increase the coordi-
nation ability of the NO groups, auxiliary functional groups
such as pyridine and pyrimidine were grafted onto the NIT
ligand, and several interesting NIT ligands such as the bis-
bidentate NIT-2-Pm and the bis-tridentate NIT-Pm2Py men-
tioned above were previously prepared.”*'” Using these
ligands, 3d and 4f complexes bridged by NIT radicals have
been reported and some of them display interesting field-
induced SMM behaviors."*'”'® However, our synthetic practice
revealed that the chelating ability of NIT-2-Pm and NIT-Pm2Py
is still not good enough to coordinate with metal salts free of
strong electron-withdrawing ligands, such as nitrates and per-
chlorates. In place of pyridine and pyrimidine, we designed a
new bis-bidentate NIT radical NIT-2-TrzPm by introducing a
nitrogen-rich triazopyrimidine (TrzPm) group. Compared to
the NIT-2-Pm and NIT-Pm2Py ligands, the nitrogen atoms
from the five-membered ring in the NIT-2-TrzPm radical
should have different electron density and Lewis alkalinity and
lead to different coordination ability of the ligand, which leads
to the preparation of a series of mononuclear and binuclear
complexes chelated or bridged by the NIT radical and two com-
plexes synthesized from the perchlorates. Magnetically, the
NIT-bridged Co, and Mn, clusters with a 3d-2p-3d three-spin
system exhibit field-induced slow magnetic relaxation,
although the origin of these are different for the anisotropic
Co, compound and the isotropic Mn, compound. The fact that
the other compounds with 2p-3d and 2p-3d-2p spin systems
do not show any sign of slow magnetic relaxation suggests that
both the ground spin state and the magnetic coupling between
the metal centers contribute to the slow magnetic relaxation
observed in compounds 3y, and 4co.

Conclusions

In this work, we further extended our previous work by synthe-
sizing a new bis-bidentate mono-NIT radical with a triazopyri-
midine group with the bridging ability. From this ligand, six
new mononuclear and binuclear transition metal complexes of
Mn" and Co" centers have been successfully synthesized and
characterized structurally and magnetically. The direct-current
magnetic measurements indicated the strong antiferro-
magnetic interactions between the radical and the Mn" and
Co" ions, while they indicated a weak ferromagnetic coupling
for Mn---Mn in the Mn-NIT-Mn spins and Rad---Rad in the
Rad-Mn-Rad spins. Furthermore, the dynamic magnetic
studies have shown that the binuclear Co, and Mn, complexes
present field-induced slow magnetic relaxation behaviors,
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albeit with different origins. To the best of our knowledge, the
Mn, cluster is the first NIT-bridged complex exhibiting slow
magnetic relaxation. This work demonstrates the chelating
and bridging abilities of this new radical ligand. Molecular
magnets of multinuclear clusters, 1D chains, and even high-
dimensional frameworks based on this new bis-bidentate
ligand and metal salts, both 3d and 4f metal centers, free of
strong electron-withdrawing groups are thus anticipated and
pursued in our lab.
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