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The first pentagonal-bipyramidal vanadium(m)
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A series of three mononuclear pentagonal-bipyramidal V(i) complexes with the equatorial pentadentate
N3O, ligand (2,6-diacethylpyridinebis(benzoylhydrazone), H,DAPBH) in the different charge states
(H,DAPBH®, HDAPBH~, DAPBH?™) and various apical ligands (ClI=, CHzOH, SCN™) were synthesized and
characterized  structurally and  magnetically:  [V(H,DAPBH)CLICI.Co,HsOH (1),  [V(HDAPBH)
(NCS),]-0.5CH3CN-0.5CH3OH (2) and [V(DAPBH)(CH3zOH),]Cl-CH3OH (3). All three complexes reveal para-
magnetic behavior, resulting from isolated S = 1 spins with positive zero-field splitting energy expected
for the high-spin ground state of the V3* (3d?) ion in a PBP coordination. Detailed high-field EPR
measurements for compound 3 show that its magnetic properties are best described by using the spin
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Hamiltonian with the positive ZFS energy (D = +4.1 cm™) and pronounced dimer-like antiferromagnetic
spin coupling (J = =1.1 cm™). Theoretical analysis based on superexchange calculations reveals that the
long-range spin coupling between distant V** ions (8.65 A) is mediated through z-stacking contacts
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Introduction

In recent years, 3d and 4f complexes with the 2,6-diacetylpyri-
dine-based acyclic ligands (see Fig. S1, ESIf) have attracted
growing interest as advanced molecular magnetic materials."?
In particular, some of these complexes are field-induced
single-ion magnets (SIMs);" they are also used as anisotropic
spin units in designing polynuclear single-molecule magnets
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between the planar DAPBH?~ ligands of two neighboring [V(DAPBH)(CH3OH),* complexes.

SMMs) and single-chain magnets (SCMs).'*> The complexes
g g P

of 3d metals with these ligands frequently adopt a pentagonal-
bipyramidal (PBP, Ds,-symmetry) geometry around the central
metal atom resulting from the pentagonal coordination (N30,)
of almost planar pentadentate ligands in the equatorial plane
and two apical ligands (usually solvent molecules and/or CI,
NO; 7, N3, SCN™ anions).3 These PBP complexes are attractive
building blocks for assembling polynuclear magnetic struc-
tures, especially since their labile apical ligands can easily be
substituted by various bridging units. It is also essential that,
unlike the closed-ring macrocyclic ligands (of N3O, and Nj
types),” the open acyclic ligands (N3O,) can occur in three
charge states, neutral (protonated, A), monoanionic (monode-
protonated, C) and dianionic (dideprotonated, B), Fig. S1,
ESI,} thereby extending the variety of metal complexes.

The interest in magnetic metal complexes with the 2,6-dia-
cetylpyridine-based acyclic ligands is largely caused by their
PBP geometry that in many cases produces the ground spin
state with a significant magnetic anisotropy; the latter is cur-
rently recognized as the most critical factor in the development
of high-performance SMMs.> Particularly, the PBP coordi-
nation provides a strong uniaxial magnetic anisotropy for
metal ions with enhanced spin-orbit coupling (4d, 5d and 4f
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elements).® In this context, the planar pentadentate N3O,
Schiff-base ligands implement the so-called ligand approach
toward high magnetic anisotropy by means of optimizing the
local atomic coordination of the magnetic ion. Experimental
and theoretical studies show that many seven-coordinate
metal centers with a PBP geometry are promising anisotropic
spin carriers.'“***”7 Considerable efforts in this field in the
last few years have resulted in numerous 3d, 4d, 5d and 4f PBP
complexes,'»****»% among which of special note are novel 4d
and 5d seven-coordinate PBP complexes, the first Mo(im)
complex with an open acyclic ligand, [Mo(DAPBH)Cl,],*” and
a heptacyanide W(iv) complex, [W(CN),]*~.% The seven-coordi-
nate complexes with 2,6-diacetylpyridine-based open acyclic
ligands (N3;0O,) are currently synthesized with all 3d metals,’
except vanadium. The latter fact presents a clear gap in this
research field because vanadium complexes with these ligands
are of interest as efficient magnetic building blocks providing
strong spin coupling with other spin carriers due to diffuse 3d
magnetic orbitals inherent to early transition metal ions.’
Thus, Prussian blue analogues based on V** and Cr** ions
reveal bulk magnetic ordering above room temperature.'
Besides, vanadium complexes can provide significant mag-
netic anisotropy associated with large zero-field splitting (ZFS)
of the ground spin state with axial components |D| up to
20 em "M

Given these considerations, we attempted to obtain PBP
vanadium complexes with pentadentate N3;O, Schiff base
ligands. Herein, we report the synthesis of the first seven-coor-
dinate V() ¢trans-complexes with pentadentate (N;0,) 2,6-diac-
ethylpyridine-bis(benzoyl =~ hydrazone) ligand in  the
various charge states (H,DAPBH’, HDAPBH'~, DAPBH>):
[V(H,DAPBH)C,]CI-C,H;0H (1), [V(HDAPBH)
(NCS),]:0.5CH;CN-0.5CH;0H (2) and [V(DAPBH)(CH;0H),]
Cl-CH;O0H (3). We describe the crystal structures and dc mag-
netic properties of 1-3; for complex 3, we also present results
of the high-frequency and high-field electron paramagnetic
resonance (HF-EPR) study. The obtained experimental results
are supplemented with theoretical analysis, which indicates
that the magnetic behavior of 1-3 cannot be described in
terms of the single-ion ZFS model due to the presence of
noticeable spin coupling between V(u)-centers. The latter fact
is rather surprising, considering the isolated character of the
[V(DAPBH)X,] units and the large spacing (>7.5 A) between V**
ions.

Experimental
Materials and methods

2,6-Diacetylpyridine, benzoylhydrazine, VCl, (anhydrous),
VCl;-6H,0, and NH,CNS were purchased from commercial
sources and used without further purification. Methanol was
dried upon refluxing with magnesium methoxide followed by
distillation. Acetonitrile was refluxed over calcium hydride and
then distilled off. All solvents were purged with argon and
stored over molecular sieves 3 A prior to use. All manipulations
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involving air-sensitive materials (VCl,) were carried out under
an argon atmosphere using the standard Schlenk-line method.
Syntheses using V** compounds as starting materials were per-
formed under aerobic conditions. Elemental analyses were
carried out by the Analytical Department Service at the
Institute of Problems of Chemical Physics RAS using a Vario
MICRO cube (Elementar Analysensysteme GmbH) equipment.

Synthetic procedures

H,DAPBH (H,L) ligand. The H,DAPBH (H,L) ligand was pre-
pared in a ketone-hydrazine condensation reaction between
one equivalent 2,6-diacetylpyridine and two equivalents of
benzoylhydrazine in 96% ethanol according to a previously
reported procedure.'” The yield is more than 90%. Found: C,
69.25; H, 5.35; N, 17.5. Calc. for C,3H,;N50,: C, 69.2; H, 5.3; N,
17.5%. FT-IR ypad/em™': 3277m, 1660vs, 1603m, 1580m,
1524vs, 1491m, 1450s, 1372m, 1342m, 1271vs, 1188m, 1160m,
1077m, 917s, 812s, 708vs.

[V(H,DAPBH)CL]CI-C,H;OH (1). To a suspension of
H,DAPBH (150 mg, 0.38 mmol) in absolute CH;CN (10 ml)
solid VCl;-6H,0 (100 mg, 0.38 mmol) was added while stirring.
The resulting brown mixture was stirred and heated at 70 °C
for 1 hour. A gray precipitate was formed during the first
15 minutes of heating, which subsequently completely dis-
solved. Instead, after about 30 minutes of heating, an abun-
dant green-brown precipitate began to form. After cooling the
reaction mixture, the precipitate was filtered and dissolved in a
mixture of CH;OH/CH;CN = 1. The resulting solution was fil-
tered, C,H;OH (10% by volume) was added to it and it was left
to crystallize at room temperature. Two days later, the for-
mation of dark crystals suitable for X-ray diffraction analysis
was observed. Yield: 103 mg, 45%. Found: C, 49.5; H, 4.5; N,
11.6. Cale. for VC,sH,,NsOsCls: C, 49.8; H, 4.5; N, 11.6%.
FT-IR vpad/em™': 3409m, 3370m, 1599vs, 1565vs, 1487vs,
1435m, 1322vs, 1276s, 1178s, 1078m, 1024s, 714vs, 684s.

[V(HDAPBH)(NCS),]-0.5CH;0H-0.5CH;CN (2). A solution of
NH,SCN (40 mg, 0.5 mmol) in 5 ml of CH;0H was added to a
solution of [V(H,DAPBH)CI,]Cl-C,H;OH (60 mg, 0.1 mmol) in
7 ml of CH3;0H/CH3CN mixture while stirring. The resulting
reaction mixture was continuously stirred for 1 hour at r.t. and
was then filtered. Black block crystals suitable for single-crystal
X-ray diffraction were formed after 2 days at room temperature.
The mother liquor was decanted and the crystals were washed
with diethyl ether and dried under vacuum. Yield: 32 mg, 53%
based on the [V(H,DAPBH)CL,]CI-C,H;OH complex. Found: C,
52.6; H, 4.25; N, 17.1; S, 10.35. Calc. for V,Cs3H,,N;505S,: C,
52.9; H, 3.9; N, 17.5; S, 10.6%. FT-IR v, /cm™': 2065vs (NCS),
1609s, 1572m, 1543m, 1502s, 1389s, 1160 m, 709s, 689s.

[V(DAPBH)(CH;0H),]CI:CH;0H (3). To a suspension of
H,DAPBH (164 mg, 0.41 mmol) in absolute methanol (10 ml)
solid VCI, (50 mg, 0.41 mmol) was added under an Ar atmo-
sphere while stirring. The resulting brown mixture was stirred
and heated at 50 °C for 1 hour. The ligand was slowly dissol-
ving during this time. The reaction mixture was cooled to
room temperature and then filtered. After 2 days of storage of
the solution at —18 °C, the formation of dark brown crystals

This journal is © The Royal Society of Chemistry 2020
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suitable for X-ray diffraction analysis was observed. The sub-
stance was collected by filtration, washed with diethyl ether,
and dried under vacuum. Yield: 129 mg, 56%. Found: C, 53.95;
H, 5.5; N, 12.0. Calc. for VC,sH;;N505Cl: C, 53.8; H, 5.35; N,
12.1%. FT-IR vy /em™: 2976w, 2756s, 1588m, 1554m, 1512s
1386vs, 1160s, 1054s, 1005s, 703s, 685s.

X-ray data collection, structure solution and refinement

X-ray single crystal diffraction data were collected at 150 K on
an Oxford Diffraction Gemini-R CCD diffractometer equipped
with an Oxford cryostream cooler [A(MoK,) = 0.71073 A, graphite
monochromator, e-scans]. Data reduction with empirical absorp-
tion correction of experimental intensities (Scale3AbsPack
program) was made with the CrysAlisPro software."?

The structures were solved by a direct method and refined by
a full-matrix least squares method using the SHELX-2016
program.™* All non-hydrogen atoms were refined anisotropically.
The H-atoms were refined in a riding model with isotropic displa-
cement parameters depending on U of the connected atom.
The N-H and O-H bond distances were refined, with additional
geometrical restraints (SADI/DFIX) applied in some cases.

Main crystal and experimental data for 1-3 are listed in
Table 1.

Physical measurements

The IR spectra. The IR spectra were measured on solid
samples using a PerkinElmer Spectrum 100 Fourier Transform
infrared spectrometer in the range of 4000-500 cm ™.

The measurements of temperature and magnetic field
dependence of magnetization. The measurements of tempera-
ture and magnetic field dependence of magnetization were
performed using the vibrating sample magnetometer (VSM)

option of the “Quantum Design” physical properties measure-
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netic contribution calculated as a sum of Pascal constants.
Direct current (dc) magnetization measurements down to
400 mK were performed by means of a commercial MPMS3
SQUID magnetometer from Quantum Design equipped with a
*He insert.

High-frequency/high-field electron paramagnetic resonance
(HF-EPR) measurements. High-frequency/high-field electron
paramagnetic resonance (HF-EPR) measurements were per-
formed by means of a commercial millimeterwave vector
network analyzer (MVNA) from ABmm as a phase sensitive
microwave source and detector.”® The spectra were obtained in
the frequency range between 50 GHz and 500 GHz in external
magnetic fields up to 16 T. The temperature control between
2 K and 160 K was ensured by using a variable temperature
insert (VTI) with a *He gas flow cryostat from Oxford
Instruments. The loose powder samples were placed inside a
brass ring in a home-made transmission type EPR probe with
no extra glue or grease to align the crystallites with respect to
the external magnetic field direction. In order to ensure align-
ment of the loose powder, the maximum magnetic field of 16
T was applied prior to the measurements and the alignment
was monitored by using corresponding orientation jumps in
the transmitted microwave signal. Rearrangement of the crys-
tallites to a non-aligned situation was avoided by restricting
the magnetic field to a range between 0.2 T and 16 T. For fixed
powder measurements, the material was thoroughly ground
and then fixed with eicosane. Analysis and simulation of the
HF-EPR data as well as that of the low-temperature magnetiza-
tion data was done by means of the EasySpin software
package.'® Ab initio density functional theory (DFT) calcu-
lations of the g-tensor anisotropy were performed using a spin
unrestricted self-consistent field method (SCF)'” with B3LYP
hybrid functionals and a SVP'® basis set for all electrons as

ments system PPMS - 9 T. The data were corrected for diamag- implemented in the ORCA software package.'**°
Table 1 Crystal data and structural refinement parameters for complexes 1-3

1 2 3
Chemical formula C,5H,,Cl3N;05V Cs6.5H23.5N5 50,55,V C,6H31CIN;O5V
Formula weight 602.80 602.09 579.95
Cell setting Orthorhombic Orthorhombic Monoclinic
Space group, Z P2,2.24,4 P2,2,24, 8 P24/c, 4
Temperature (K) 150(1) 150(1) 150(1)
a(A) 7.29023(8) 13.9738(2) 19.5934(3)
b (A) 15.3895(2) 14.3549(2) 7.49770(8)
c(4) 22.8617(3) 27.3124(4) 20.3843(3)
a () 90 90 90
Q) 90 90 112.382(2)
7 (°) 90 90 90
Cell volume (A%) 2564.92(5) 5478.66(14) 2768.98(7)
p(gem™) 1.561 1.460 1.391
u,cm™ 7.38 5.57 4.99
Crystal size, mm? 0.12 x 0.29 x 0.71 0.06 x 0.08 x 0.53 0.13 X 0.23 X 0.27
Refls collected/unique 21049/8631 30256/15 367 27 429/8079
Rine 0.0170 0.0173 0.0149
Omax (°) 31.00 29.50 29.00
Parameters refined 340 785 357
Final Ry, WR,, [I > 26(I)] 0.0301, 0.0819 0.0370, 0.0811 0.0307, 0.0789
Goodness-of-fit 1.002 1.001 1.001
CCDC number 2015517 2015518 2015519

This journal is © The Royal Society of Chemistry 2020
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Ligand-field and spin coupling calculations for V() com-
plexes. The electronic structure of V(um) complexes 1-3 and
their ZFS characteristics were analyzed using the conventional
ligand-field (LF) Hamiltonian (eqn (S1), ESIt) in combination
with the angular-overlap model (AOM),*! as described in the
ESL.t+ The spin coupling between two neighboring
[V"(DAPBH)(CH;0H),] in 3 units was explored in terms of the
many-electron superexchange theory;** the computational
details are outlined in the ESL ¥

Results and discussion
Synthetic considerations

Complexes 1-3 were obtained following the synthetic pro-
cedure previously used to obtain the pentagonal-bipyramidal
complexes of other 3d metals.’

Given the wide range of accessible oxidation states for
vanadium, we were interested in the preparation of seven-coor-
dinate complexes of vanadium(u) and (ur). Therefore, the
simple salts of V** and V**, anhydrous VCl,, and hexahydrate
VCl;-6H,0 were used as the starting compounds.

We note here that regardless of the oxidation state (+2 or
+3) in the initial vanadium salt used for the synthesis, it was
not possible to obtain the seven-coordinate vanadium(u)
complex by the direct reaction. Attempts with some additional
precautions (namely, the reaction in aprotic solvents and
oxygen-free conditions and the reaction in the presence of a
dithionite reducing agent) failed to produce the V>* complex. A
complex of trivalent vanadium was always formed. Apparently,
this is due to the presence of non-innocent C=N bonds
capable of oxidizing V** to V*7,

The interaction of VCl;-6H,O with the H,DAPBH ligand
leads to the formation of [V(H,DAPBH)CI,|CI-C,H5;0H (1). The
compound contains a neutral unaltered protonated equatorial
ligand, ClI™ ions in axial positions (Fig. 1a), and a chlorine
anion in the external coordination sphere. The Cl™ ions in the
axial positions can be easily replaced, for example, with NCS™
groups by the treatment of the [V(H,DAPBH)CI,]|CI-C,H;0H 1
complex solution with an excess of NH,NCS. In this case, the
neutral complex [V(HDAPBH)(NCS),]-0.5CH;CN-0.5CH;0H (2)
is formed. The complex contains the monodeprotonated,
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mononegative ligand HDAPBH™ in the equatorial, and two
NCS™ anions in the apical positions (Fig. 1b).

When using the divalent vanadium salt (VCl,) as a starting
compound in methanol under an inert atmosphere, the inter-
action with the H,DAPBH ligand also leads to a V(i) complex,
[V(DAPBH)(CH;0H),|Cl-CH3;0H (3). In this complex, the equa-
torial ligand is completely deprotonated, the methyl alcohol
molecules occupy the axial positions (Fig. 1c), and the
chlorine anion is located in the outer coordination sphere.
As we have already noted, the formation of trivalent vanadium
is associated with the oxidation of initial V**, a strong
reducing agent, with the ligand—the Schiff base H,DAPBH,
containing the unsaturated C=N bonds. Complexes 1-3 are
stable in air at room temperature both in the solid state and in
solutions.

Description of the crystal structures of 1-3

Complex 1 crystallizes in the orthorhombic space group
P2,2,2,. The asymmetric unit includes the [V(H,DAPBH)CI,]"
cation, Cl™ anion and ethanol solvent molecule, all in general
positions. An ORTEP drawing of 1 is shown in Fig. S2.f
Complex 2 crystallizes in the orthorhombic space group
P2,2,2, as complex 1, but these two compounds are not iso-
structural (see Table 1). There are two [V(HDAPBH)(NCS),]
neutral molecules, one acetonitrile molecule and one metha-
nol molecule in the asymmetric unit, all in general positions
(Fig. S4f). One NCS™ ligand and both solvent molecules are
statistically disordered between two sites with the same 0.7/0.3
occupancy ratio for NCS™ and CH3;OH and 0.5/0.5 occupancy
ratio for CH;CN. Complex 3 crystallizes in the monoclinic
space group P2,/c. The asymmetric unit includes the [V
(DAPBH)(CH;0H),]" cation, Cl~ anion and methanol solvent
molecule, all in general positions (Fig. S67). Key bond dis-
tances and angles in the structures of 1, 2 and 3 are listed in
Tables S1, S3 and S5, respectively.

Compounds 1-3 contain vanadium(m) complexes with pen-
tadentate ligands of various degrees of protonation and
charges: [H,DAPBH]’ in 1, [HDAPBH]™ in 2 and [DAPBH]*~ in
3 (Fig. 1). The local coordination geometry around the V(m)
center corresponds to a distorted pentagonal bipyramid. V(i)
is surrounded by three N and two O atoms of the pentadentate

(a) " b

Fig. 1 Molecular structures of 1 (a), 2 (b) and 3 (c). Counter anions, lattice solvents and non-acidic H atoms are omitted for clarity.
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ligand in the equatorial plane. Two axial coordination sites are
occupied by Cl™ anions in the structure of 1, N atoms of NCS™
anions in 2 and O atoms of neutral methanol molecules in 3.
The structural analysis reveals different degrees of planarity of
the pentadentate ligands in 1-3. The maximal deviation from
the planarity is observed for the fully protonated ligand
[H,DAPBH]’ in 1, whereas the doubly deprotonated ligand
[DAPBH]”” in 3 is almost planar. The dihedral angle between
two semi-carbazone planes of the ligand defined by 7 non-
metallic atoms of two pentagonal cycles (for example, O1, C7,
N1, N2, C9, C10, N3 and 02, C17, N5, N4, C15, C14, N3 in
Fig. 2) is 13.93(5)° in 1, 7.90(8) and 11.00(8)° in 2 and only
3.76(3)° in 3. A side view of the complexes demonstrates
noticeable deviation of phenyl and pyridine cycles from the
central VN30, plane for the [H,DAPBH]’ ligand in 1 (Fig. 3,
left) in contrast to the almost ideal planarity of the [DAPBH]*~
ligand in 3 (Fig. 3, right).

Deprotonation is followed by noticeable changes in the geo-
metry of the VN,CO/VN,HCO cyclic groups involved in the
central chelating node of the pentadentate ligand. The bond
length values in 1-3 in the protonated VN,HCO and deproto-
nated VN,CO cycles are compared in Tables 2 and 3.

In the deprotonated VN,CO cycle, the V-N, V-O, C-N bonds
are shorter while the C-O bonds are longer as compared with
similar bonds in the protonated VN,HCO cycle. This is illus-
trated in Fig. 2 for one of two independent [V(HDAPBH)
(NCS),] complexes in the structure of 2.

In order to compare the degree of deviation from the ideal
pentagonal bipyramidal coordination of the metal centers in a

Fig. 2 Comparison of bond length values (A) in the VN,CO and
VN,HCO cycles of the V complex with the [HDAPBH]™ ligand in 2.

Ci2
03

N3 V1 01

04

Fig. 3 Side view of the V(i) complexes in 1 (left) and 3 (right). Dihedral
angles between pyridine and phenyl planes and the central VN3O, plane
in 1 are shown.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Bond lengths (A) in the protonated VN,HCO cycles of V(i)

complexes 1 and 2 with H,DAPBH® and HDAPBH™ pentadentate ligands,
respectively

1 1 2, V(1) center 2, V(2) center
Complex charge 1+ 1+ 0 0
Ligand charge 0 0 1- 1-
V-N 2.140(2) 2.153(2) 2.166(2) 2.173(2)
V-0 2.059(2) 2.061(2) 2.067(2) 2.114(2)
C-N 1.352(3) 1.348(3) 1.350(4) 1.353(3)
c-0 1.249(2) 1.249(2) 1.239(3) 1.247(3)

Table 3 Bond lengths (A) in the deprotonated VN,CO cycles of V(i)
complexes 2 and 3 with HDAPBH™ and DAPBH?~ pentadentate ligands,
respectively

2, V(1) 2,V(2)

center center 3 3
Complex charge 0 0 1+ 1+
Ligand charge 1- 1- 2— 2—
V-N 2.123(2)  2.114(2)  2.1524(9) 2.1473(10)
V-0 1.993(2)  2.008(2)  2.0109(8) 2.0193(8)
C-N 1.316(3)  1.316(3)  1.3212(14)  1.3147(15)
Cc-0 1.282(3) 1.282(3) 1.2889(13) 1.2892(14)

more unified way, we performed calculations of continuous
shape measures by using SHAPE (2.1) program.>® The calcu-
lation results listed in Table S71 show the minimum deviation
for compound 3. The analysis also confirms small but mean-
ingful variations for two symmetry-independent molecules in
the unit cell of 2.

The crystal packing of 1-3 is determined by hydrogen
bonding. The NH-groups of the pentadentate ligands are
locked on the CI™ anion and O atom of the ethanol solvent in
1, S atom of the SCN™ ligand and N atom of the acetonitrile
solvent in 2. In 3, in the absence of the NH proton, OH---Cl
hydrogen bonds are formed between the axial methanol
ligands and the Cl™ anions (see Fig. S3, S5, S7 and Tables S2,
S4, S6, ESIf for hydrogen bond geometry). Besides, a
n-stacking between the pentadentate ligands of adjacent com-
plexes is found in all three structures. It is especially strong in
1 where V-complexes form layers parallel to the ab plane
(Fig. 4a). The nearest V---V distance is 7.2902(5) A along a
between the cations connected by hydrogen bonds N-
Hy,papsa - *O-Hgwon *Cliigana  through the ethanol bridge
(interaction 1 in Fig. 4a). The average planes of the H,DAPBH
ligands are not parallel within the layer: the corresponding di-
hedral angle between the VN30, planes is 29.76(3) °. However,
the phenyl and pyridine cycles are not in the central VN,O,
plane (Fig. 3, left) that allows them to pack almost parallel to
each other along @ and form a lot of shortened C-:-C contacts
less than the sum of van der Waals radii (3.6 A) which are
shown in Fig. 4a by thin dotted lines. The V---V distances are
8.1084(5) and 9.1259(5) A for the n-stacking interactions 2 and
3, respectively.
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(a)

(b)

Fig. 4 The ab layers in structures 1 (a) and 3 (b) with hydrogen bonding and =n-stacking interactions. Hydrogen bonds from acidic H-atoms (red
dashed lines, H-bond geometry is given in Tables S2 and S67), C---C contacts <3.6 A (black dotted lines), V---V distances (green dashed lines, (a): 1 =
7.2902(5), 2 = 8.1084(5), 3 = 9.1259(5) A, (b): 1 = 7.4977(2), 2 = 8.6545(6) A) are shown.

In the structure of 3, the V(m) complexes also form layers par-
allel to the ab plane (Fig. 4b). The doubly deprotonated DAPBH
ligands are essentially flat (Fig. 3, right) and parallel within the
layer. The nearest V-V distance in 3 is 7.4977(2) A along b in the
infinite chains of the V(m) complexes interacting via O-
Hiigand***Clanion***H-Oligana hydrogen bonds (interaction 1). The
adjacent chains along a are paired through a z-stacking of the
ligands (interaction 2), and the V---V distance is 8.6545(6) A.
Intermolecular interactions in 2 are described in the ESI
(Fig. S51).

In order to rationalize the molecular structure of 1-3, we per-
formed density functional theory (DFT) calculations for isolated
complexes using the ORCA 3.0.3 suite of programs and employ-
ing the spin-unrestricted method at the B3LYP/SVP(TzVPP) level
of theory.'”*® The DFT-optimized geometry of 1-3 is shown in
Fig. S8-510, ESI;f these results well reproduce the aforemen-
tioned structural features of 1-3. Interestingly, DFT calculations
indicate that the non-planar structure of the mono- and doubly
protonated H,DAPBH”>™™ ligands (x = 1, 2) is mainly due to
rotations of the phenyl rings caused by repulsion between the
proton of the NH group and the nearest proton of the phenyl
group (separated by the distance of ~2.2 A, Fig. S8 and S9,
ESI{). In the absence of this repulsion in the fully deprotonated
ligand DAPBH”", DFT calculations result in a perfectly planar
structure of 3 with two coplanar phenyl rings (Fig. S10, ESIt), in
agreement with the X-ray structural data (Fig. 3, right).

DC magnetic susceptibility studies

The magnetic susceptibility was measured on the polycrystal-
line samples of complexes 1-3 in the temperature range of
2.0-300 K under the applied magnetic field of 0.1 T; the yT vs.
T plots are shown in Fig. 5a-c. The yT value at room tempera-
ture approaches 1.0 cm® mol™" K, which is expected for V()
with § = 1 and g = 2. The yT product gradually decreases upon
cooling to ~30 K, and then it rapidly drops to ca. 0.35 cm®
mol ™ K at a low temperature (Fig. 5a—c).
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Fig. 5 (a)—(c) xT versus T at 0.1 T for complexes 1-3, experimental
(open circles) and calculated with the ZFS model (solid red lines), (d)
Mo versus H at 2 Kand 4 K for 2. The solid lines are a guide for the eye.
The fitted M,,,o(H) curves for 3 are shown in Fig. S14, ESI.}

At first glance, it is natural to attribute such magnetic be-
havior to a free or weakly coupled S = 1 spin system with a
positive zero-field splitting (ZFS) parameter D, considering that
the large spacing between magnetically isolated V(m) ions
encapsulated in bulk [V(HDAPBH)X,] complexes should
prevent magnetic coupling in 1-3. Following this idea, we per-
formed a primary analysis of the magnetic susceptibility y7 of
1-3 in terms of the single-ion ZFS spin Hamiltonian (SH):

H =gugBS + D(S;> —S(S+1)/3) + E(Sx> — S,*) + Hre (1)
where D and E are, respectively, the axial and rhombic ZFS
parameters, pp is the Bohr magneton, g is the Landé factor of

V(m), B is the magnetic induction and Hqyp is the second-order
paramagnetic temperature-independent term. The best agree-
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ments with the experimental data are obtained at D = +11.0, E
=17 em™, g = 1.965, yrp = 1.16 x 10™* cm® mol™ for 1, D =
+8.9, E=0.2 cm™, g =1.913, ypp = 1.12 x 10~* cm® mol ™" for 2
and D = +10.1, E = 0.4 cm™ ", g = 1.940, ypp = 1.12 x 10~* cm?®
mol™" for 3; the simulated y7' curves are shown in solid red
lines in Fig. 5a-c. It is also noteworthy that the magnitude of
the calculated ZFS parameter D in 1-3 is reasonably consistent
with the D values observed in many other V(m) complexes.'"
These calculations indicate that the ground state of vanadium
(ur) PBP complexes 1-3 is a spin-only triplet spin state (S = 1)
with two unpaired electrons on the two lowest 3d,, and 3d,,
orbitals (Tables S6, S7 and Fig. S11, ESIt). The presence of con-
siderable ZFS of the ground spin state S = 1 with positive D is
evidenced experimentally by the fact that at low temperatures,
magnetization My, does not saturate even in a strong mag-
netic field (50 kOe, Fig. 5d).

However, although these preliminary single-ion simulations
are well consistent with the experiment (Fig. 5), further ana-
lysis indicates a more complicated nature of magnetism in
1-3, which is beyond the pure single-ion ZFS model. Namely,
below we show that high-frequency EPR measurements for
complex 3 reveal a significantly lower ZFS parameter (D =
+4.5 cm™') and, rather unexpectedly, the presence of a notice-
able dimer-like antiferromagnetic (AF) spin coupling between
distant V(i) ions. The origin of these findings is well explained
by our theoretical analysis based on superexchange calcu-
lations and ligand-field calculations (see the next sections).

HF-EPR spectroscopy

In order to obtain straightforward information on the ZFS
parameters and to elucidate the basic magnetic interactions
underlying the magnetic behavior of V(ur) PBP complexes 1-3,
we have undertaken a high-frequency/high-field electron para-
magnetic resonance (HF-EPR) study for compound 3. The
HF-EPR measurements were performed on loose and fixed
powder samples of complex 3. For both preparation tech-
niques, the measured resonance spectra exhibit clearly resolva-
ble features as can be seen in Fig. 6. The obvious differences
between the shown spectra measured at approximately the
same frequencies on the loose and fixed powder sample prove
proper alignment of the loose powder in the external magnetic
field. Both spectra exhibit some mixing of phase and ampli-
tude information, which is due to the applied measurement
technique and was included as a parameter in the corres-
ponding simulations displayed as red lines, respectively.

The temperature dependence of the loose powder spectra of
3 at a constant frequency of 396.2 GHz (Fig. 7, left) implies
that the pronounced low-temperature feature is associated
with a ground state transition. In addition, while at 7 = 2 K
only one main feature is visible, an excited feature appears on
the high field site of the main one with increasing
temperatures.

Tuning the microwave frequency allows determining the
magnetic field dependence of the resonance features. The
corresponding resonance frequency vs. the magnetic field
diagram for the loose powder of complex 3 is shown in Fig. 8.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 HF-EPR spectra (black lines) of aligned loose powder (a) and
fixed powder (b) of complex 3 measured at T = 2 K and a fixed frequency
of 301.2 GHz and 298.4 GHz, respectively. The black triangle indicates
an extra feature as discussed in the text. The red lines correspond to a
simulation using the SH (egn (1)) with the parameters listed in Table 4.
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Fig. 7 (Left) HF-EPR spectra for an aligned loose powder sample of 3 at
f = 396.2 GHz at various temperatures between 2 K and 160 K. The data
are vertically shifted for clarity. A weak feature arising from a forbidden
transition (see the text) at T = 2 K and an excited one are indicated by
filled and open triangles, respectively. (Right) Corresponding simulation
using the SH in eqgn (1) and the parameters listed in Table 4.

At T = 2 K, there is one main branch shown by black squares
in Fig. 8 and in Fig. S11, ESL.{ The branch features a ZFS of
around 180 GHz and pronounced bending in the low-field
regime, while linear behavior corresponding to a g-factor of ~2
is found at high magnetic fields. Measurements at higher
temperatures (10 K-15 K) show the appearance of additional
resonance branches, which are associated with several excited
features. The main feature of the spectra displayed in Fig. 6a
and the presence of a single resonance branch at 7 = 2 K are
explained in terms of the single-ion ZFS model for an aniso-
tropic S = 1 system. The observed pronounced bending of the
low-temperature branch in the low-field regime confirms the
proper alignment of the crystallites perpendicular to the exter-
nal field direction and a positive sign for the axial crystal field
anisotropy parameter D can be read-off.>**® However, the
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Fig. 8 Magnetic field dependence of the resonance frequencies for a
loose powder sample of 3. Black squares correspond to measurements
at T = 2 K and blue dots correspond to thermally activated features at
T = 10 K. The red lines show a simulation of the resonance branches
using the SH in eqn (1) with the parameters listed in Table 4. For the sake
of simplicity, only the simulated branches that correspond to the
observed transitions are shown. Open small symbols display weak fea-
tures showing up in the spectra obtained at T = 2 K that are arising from
forbidden or excited transitions.

appearance of thermally excited branches as shown in Fig. 7
and 8 (the black open triangle in Fig. 7) is not predicted by
simple models of non-interacting V(m)-centers. Instead, the
data suggest the presence of finite intermolecular spin coup-
ling between neighboring metal centers.”® The corresponding
spin Hamiltonian transforms to

H =pyBgS + D(S;2 — S(S+1)/3) + E(S:® — 5,%) — ]88, (2)

where the first term describes anisotropic Zeeman interaction
of the spin S with the external magnetic field, B, D and E are
ZFS parameters, and the last term covers the magnetic inter-
action between two neighboring spins S; and S, with the
exchange parameter J. In general, the g-tensor exhibits three
components gy, g, and g;. From the axial structure of the mole-
cule, we assume axial symmetry for the g-tensor so that it can
be simplified to axial (g)) and transversal (g,) components.
This is supported by our ligand-field (LF) calculations for 1-3
combined with the angular overlap model*! (see the ESI} for
computational details), evidencing the uniaxial character of
the ZFS tensor, for example, D ~ +4, E = 0.035-0.09 cm "
(Table S10, ESIt). Employing this model allows one to simulate
the resonance branches shown in Fig. 8 and Fig. S12} as well
as the spectra shown in Fig. 6 and 7. The results show that the
experimental data on both loose and fixed powder samples are
well described by the simulation using the SH in eqn (2). The
resulting SH parameters are listed in Table 4.

Our analysis shows that powder spectra are well described
by assuming well aligned molecules with g, L Be. Associating
the loose powder spectra with the response of aligned mole-
cules is further confirmed when all resonance branches
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Table 4 SH parameters obtained from simulations of the resonance
frequency vs. field dependence of the loose and fixed powder sample
shown in Fig. 8 and S12.1 These parameters were used to simulate the
spectra shown in Fig. 6 and 7. The third column shows calculated
g-values

SH parameter  Simulation results Calculated parameters”

2 1.97(2) 1.9715834, 1.9722007
ra 1.99(2) 1.9984610

D +136(3) GHz (4.5(1) em™)  —

E 0(1) GHz —

J -34(3)GHz (-1.1(1) em™)  —

“DFT calculations.

observed in the fixed, i.e., randomly aligned powder are con-
sidered (see Fig. S12, ESIt). While all resonance branches in
Fig. S12t are explained by the model, a comparison with the
simulation shows that the branches that are also observed in
the loose powder indeed correspond to the ones with g|; L Bey.

Our finding of D being much larger than J allows sketching
the anisotropy effects by means of a monomer picture: the
positive sign of D implies zero field splitting of the triplet
states with mg = 0 being the ground state, ie., planar an-
isotropy without significant in-plane anisotropy. These results
are well consistent with our LF calculations (D ~ +4 cm™, E <
D, Table S10, ESIT). While loose powders are hence aligned so
that gj| L Bex, rotational symmetry (g = g, and E ~ 0) implies
that there is no preferential direction within the xy-plane so
that the observed single feature can be straightforwardly attrib-
uted to the transversal direction. These conclusions are well
corroborated by our calculations of the angular dependence of
magnetization for the isolated [V(DAPBH)(CH;0H),]" mole-
cule, which show a distinct easy-plane nature of magnetization
(Fig. S16, ESIT) and the absence of magnetic anisotropy in the
equatorial xy plane (at Bey || xy, Fig. S17, ESIf). The presence
of two molecules within one unit cell in general allows for
different directions of the respective easy anisotropy plane,
which may be misaligned by the angle 2¢ between both mole-
cules. In a loose powder measurement, this implies the align-
ment of the crystallites perpendicular to the effective an-
isotropy axis so that the external magnetic field is misaligned
by ¢ to the xy-plane of the molecular anisotropy. However, as
demonstrated in Fig. S13,1 where the field dependence of the
ground state transition is simulated for different angles ¢,
such misalignment would lead to a splitting of the branch
observed at low temperatures. A comparison of the simulation
with the experimental data implies that the angle between the
crystal field axes of the two molecules in the unit cell is
smaller than 10°, while the best simulation of the branch is
obtained for ¢ = 0°. Hence, the crystal field axes for all mole-
cules are almost perfectly aligned. This result is corroborated
by the simulation of the fixed powder studies.

Our analysis implies that the thermally excited resonance
feature is attributed to the effect of dimer-like antiferro-
magnetic coupling between two neighboring vanadium
centers; its origin is analyzed below in terms of superexchange
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calculations between the [V(DAPBH)(CH;0H),]" units (see the
next section). Estimating dipolar interactions®” between S = 1
centers separated by about 7.5 A yields magnetic coupling in
the range of Jqipolar ~ 0.2 GHz, which is much too small to
account for the observed separation of the extra feature from
the main one and its temperature dependence.?® The small
feature showing up in the loose powder spectra marked by a
black filled triangle in Fig. 6a is a forbidden transition, ie., it
is associated with a change of spin state Am; = +2. In general,
forbidden transitions are not supposed to be detected for E = 0
and aligned crystallites but for higher order transverse terms,
the presence of mixed modes of microwave radiation or
various molecular orientations in the unit cell may account for
forbidden features. Specifically, mode mixing in the trans-
mission-type probe setup implies that not only the convention-
al perpendicular mode is detected but also the parallel one,
which may cause forbidden transitions even in the absence of
a transversal anisotropy term.*®*° A mixture of the microwave
modes was hence included as a parameter in all simulations
of the spectra. In addition, slight misalignment of molecules
at different unit cell positions implies that even in the case of
perfect alignment with respect to the crystals’ effective aniso-
tropies, misalignment of the individual molecules is present.
The presence of small dimer-like spin coupling is supposed
to yield a maximum in the magnetic susceptibility at T ~ 2 K
and downturn below.’® This behavior is clearly confirmed by
Fig. 9 where low-temperature dc-susceptibility data are pre-
sented. The data are well described by a simulation using the
SH eqn (2) and employing g-values and anisotropy parameters
as shown in Table 4 but an antiferromagnetic dimer coupling
of —37.5 GHz. This coupling value is within the error range of

T T T T
---~ B=01T
0.25 |- AN i
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© \ . ® (T>2K)
g N O %" norm. at 4.2K
o 02f AN i
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—-—J=-43 GHz (1.43 cm™)
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Fig. 9 Temperature dependence of the static magnetic susceptibility of
3 between 0.4 K and 10 K. The data obtained in the *He-setup on a fixed
powder of complex 3 were normalized at 4.2 K to the higher tempera-
ture data also shown in this figure. The solid line shows a simulation
using SH egn (2) and the parameters described in the text. For compari-
son, a simulation using the same SH parameters but with J = 0 is given
as the dashed line.
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the value obtained by HF-EPR. In contrast, ignoring inter-
molecular magnetic interaction but employing the same an-
isotropy and g-values obtained from EPR fails to describe the
experimental data. Simulation with J = —34 GHz as obtained
from the best fit to the EPR data still shows a good qualitative
agreement, while the position of the maximum in y is repro-
duced best by using J = —43 GHz (see Fig. 9). The latter value is
however too large to account for the position of the excited fea-
tures in Fig. 7 and 8.

It is also important to note that the ZFS model with the iso-
tropic g-tensor and with dimer-like antiferromagnetic spin
coupling reproduces the experimental yT curve for 3 over the
entire temperature range of 2-300 K at g = 1.950, D =
+4.6 cm™, E=0,] = —1.1 ecm ' and pp = 1.12 x 107* cm?
mol ™", Fig. S21, ESL}

Thus, the dc magnetic data and HF-EPR measurements
indicate a positive ZFS energy in 1-3. In these vanadium(ur)
PBP complexes, two electrons with parallel spins occupy the
two lowest magnetic orbitals, 3d,, and 3d,, orbitals, to
produce a high-spin (S = 1) ground state with no first-order
orbital momentum (Fig. S15, ESIt). This corresponds to the
spin-only case with second-order magnetic anisotropy
described by the ordinary ZFS spin Hamiltonian DS, + E(S,> —
S,%); our LF/AOM calculations indicate a positive axial an-
isotropy parameter D ~ +4 cm™' and small transverse E para-
meter (Table S10, ESIT). Besides, these calculations show that
the orbital composition of the ground-state wave function
det||3d,,1, 3dy,1|| of V(i) PBP complexes 1-3 is rather insensi-
tive to departures from the strict PBP symmetry Ds,. The
reason is that the in-plain distortions of the VN;0O, pentagon
produce a relatively small energy splitting of the two lower 3d
orbitals of the V(m) ion, 3d,, and 3d,, (a few hundreds of cm™?,
see Table S8, ESIT), since they interact with the valent 2p orbi-
tals of O and N atoms in the n-bonding mode (Fig. S15, ESIT).
As a result, the magnetic behavior of the distorted PBP com-
plexes 1-3 should be close to that of the undistorted vV™(3d?)
complex with idealized D5, symmetry; this accounts for the
uniaxial character of the magnetic anisotropy of complexes 1-3
(see Table S10, Fig. S16 and S17 ESIf).

Spin coupling calculations

The origin of the long-range dimer-like spin coupling in com-
pound 3 is intriguing considering that its structure is built of
isolated complexes with a large spacing between V** ions
(>7 A, Fig. 4). To get more insight into this problem, we
explored the mechanism of superexchange interactions
between the [V(DAPBH)(CH;0H),]" units in 3 in terms of the
many-electron superexchange theory”* (see the ESIf for the
theoretical approach and computational details).

An inspection of the molecular structure of 3 shows that it
is built of zig-zag chains formed by two vanadium pairs with
short (8.65 A) and long (10.65 A) V---V distances, in which
[V"(DAPBH)(CH;0H),]" complexes with the coplanar equator-
ial planes VN30, are connected via the n-n stacking contacts of
macrocyclic rings (Fig. S18, ESIf); the shortest distance
between the V"' centers is 7.5 A (pair 1, Fig. S18 and
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Fig. S19at). Superexchange calculations indicate that the
n-stacking of two DAPBH planar ligands provides the most
efficient exchange pathway between spins S = 1 of two V()
ions, which results in AF spin coupling of J = -0.49 cm ™" for
the short pair (V---V = 8.65 A, pair 2 shown in Fig. 10 and
Fig. S19b, ESIf) and J = -0.09 cm™" for the long pair (V---V =
10.65 A, Fig. S20, ESI?).

The underlying reason behind the relatively strong AF spin
coupling in pair 2 (8.65 A) is that the largest matrix element
tesxz = 136.5 cm™" (eqn (S20)1) is diagonal, which connects two
half-filled magnetic orbitals 3d,,(A) and 3d,/(B) of two
vanadium centers (A and B) involved in the two-electron wave
function det||3d,?, 3d,1|| of the ground state of the V"
centers (Fig. 10b). This matrix element measures the efficiency
of the indirect overlap of the 3d,.(A) and 3d,.(B) magnetic orbi-
tals mediated by the ligand’s n(z)(DAPBH) molecular orbitals
that interact through the =n-stacking contact of two DAPBH
ligands (Fig. 10c). According to the superexchange theory,
interaction between two half-filled orbitals leads to AF spin
coupling with J ~ —(t,, x)*/U(A — B) ~ —0.5 cm ™", where U(A —
B) is the charge-transfer energy, typically 5 eV (~40 000 cm ™)
for early 3d elements. The exchange parameter of J = -
0.49 cm™" obtained from many-electron superexchange calcu-
lations (see the ESIT for details) is reasonably consistent with
the experimental value (J = —1.1 cm™"); enhanced spin coup-
ling can be due to the diffuse character of the 3d magnetic
orbitals of V() which often leads to high exchange para-

(a) Electron transfer parameters [V(DAPBH)(CH:OH);]

1= <3d,(A) h 3d,(B) >

A} Bo¥*-y w7 x oy
¥-y* -19 43 00 77 -108
xy 44 <14 -40 23 07
2 -0.1 -42 -47 -108 -992
xz 92 30 -56 [1365 582

yz -109 10 -942 616 59 [V(DAPBH)(CH;OH)*

3d.:(A)
taxe = 136.5 cm!
(b) (©
7(z) (DAPBH)(A)
Xz yz Xz yz T-stacking
VIII(A) V”'(B)
Sa=1 Sg=1 7(z) (DAPBH)(B)
3 3d..(B)
- tx:,x: - _f AF superexchange pathway between
J= UA—B) ~~ 0.5 cm! 3d,(A) and 3dy(B) orbitatals via -stacking

Electron transfer parameter ty; ; = 136.5 cm~'

Fig. 10 On the origin of AF spin coupling in 3. (a) Calculated electron
transfer parameters t; = (3d;(A)|h|3d;(B)) (in cm™) connecting magnetic
orbitals of the V"(A) and V"(B) centers in pair 2 (see the ESIt for compu-
tational details). The largest matrix element t,,,, = 136.5 cm~tis diag-
onal (marked in orange), (b) t,, x, connects two half-filled magnetic orbi-
tals 3d,,(A) and 3d,,(B) resulting in AF spin coupling with J ~ —(t,; )%/
UA - B) ~ —0.5 cm™ (where U(A — B) is the charge-transfer energy,
~40000 cm™ (5 eV)), (c) the orbital scheme of the superexchange
pathway: in each of the two [V(DAPBH)(CHsOH),]* complexes (A,B),
magnetic 3d,, orbital overlaps with the collective n(z)(DAPBH) molecular
orbital of the planar DAPBH ligand; these orbitals interact via the
n-stacking contact of two DAPBH ligands resulting in an efficient super-
exchange pathway with t,,,, = 136.5 cmtand J~-0.5cm™
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meters.'® Considerably weaker AF spin coupling J =
—0.09 cm™ in the long pair (10.65 A, Fig. $20, ESIt) is caused
by a lower efficiency of the n—n stacking in mediating spin
coupling due to imperfect overlap of the macrocyclic rings, as
can be seen from Fig. S20, ESL.}

On the other hand, the absence of the n-stacking in other
vanadium pairs (Fig. S18, ESIt) leads to small matrix elements
tos (a,fp = xy, x> — y?, 2%, xz, yz) and very weak spin coupling.
Thus, in the closest vanadium pair with V---V = 7.5 A (pair 1 in
Fig. S19a, ESI{) the diagonal matrix elements ¢, ., and ¢,,,
connecting half-filled 3d,, and 3d,, orbitals on vanadium
centers A and B (Fig. 10b) are small (10 cm™" or less, eqn
(S19)t). As a result, the corresponding AF superexchange path-
ways in pair 1 are much less efficient than those in pair 2.
Moreover, the presence of larger off-diagonal matrix elements
connecting the half-filled 3d,, and 3d,, orbitals with empty
orbitals (such as ¢t ~ 40 ecm™" for 3d,, and 3d,. orbitals, eqn
(S19), ESIT) opens up competing ferromagnetic exchange path-
ways. Ultimately, this leads to a marginally weak spin ferro-
magnetic coupling of J = +8.4 x 10~* em™", which is several
orders of magnitude smaller than that in pair 2, despite the
shorter distance between V(mr) ions (7.5 A in pair 1 vs. 8.65 A in
pair 2, Fig. S19, ESI}). Superexchange calculations for more
distant pairs in 3 (V--V = >10 A, Fig. S18, ESIY) yield even
smaller exchange parameters (<10™* cm™'). These results
provide evidence that the dimer-like spin coupling model is
indeed good theoretical platform for the description of mag-
netic properties and HF/EPR spectra of compound 3, albeit for-
mally vanadium chains (Fig. S18, ESIt) can also be regarded as
strongly alternating spin chains due to the presence of a weak
magnetic coupling between dimers (J = —0.09 cm ™", Fig. $20,
ESIT) Therefore, our superexchange calculations explain in a
natural way the origin of the dimer-like character of the spin
coupling between V(i) ions in 3, as they indicate that the spin
coupling in pair 2 (with V---V = 8.65 A, Fig. 4b and Fig. S19b,
ESI}) through the n-stacking strongly dominates over the spin
coupling in other vanadium pairs in compound 3.

In this respect, it is also important to note that there is
direct experimental evidence of the efficiency of exchange
interactions between 3d-magnetic ions conducted by the
n-stacking of planar macrocyclic ligands, as exemplified by
cobalt compounds composed of isolated Co(i1) complexes®! in
which rather strong ferromagnetic spin coupling (J ~ 2 cm™")
between Co®" ions is mediated through the rn-stacking contacts
of the pyridine rings of the dpamH ligands.

AC susceptibility measurements on the complexes revealed
no SMM behavior, both with and without an applied magnetic
field.

Conclusions

In summary, three mononuclear pentagonal-bipyramidal com-
plexes of V() with the equatorial pentadentate N;O, ligand
(2,6-diacethylpyridinebis(benzoic acid hydrazone), H,DAPBH)
were synthesized and characterized structurally and magneti-

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0dt03092a

Published on 05 October 2020. Downloaded by Ruprecht-Karls Universitat Heidelberg on 11/10/2020 12:20:30 PM.

Dalton Transactions

cally,  [V(H,DAPBH)CL]CI-C,H;OH (1),  [V(HDAPBH)
(NCS),]-0.5CH;CN-0.5CH;0H (2) and [V(DAPBH)(CH;OH),]
Cl-CH;0H (3). They show paramagnetic behavior arising from
two unpaired electrons (S = 1) with a positive axial anisotropy
ZFS parameter (D ~ +4 cm™", E ~ 0) and pronounced dimer-
like antiferromagnetic spin coupling between two neighboring
vanadium centers (J = —1.1 em™"), as has been established for
compound 3 from high-frequency/high-field EPR and low-
temperature magnetization measurements. Detailed superex-
change calculations for compound 3 provide evidence that the
long-range spin coupling between distant V(i) ions (8.65 A) is
mediated through =n-stacking contacts between the planar
DAPBH ligands of two neighboring [V(DAPBH)(CH;OH),]"
complexes; the absence of n-stacking in other vanadium pairs
results in much smaller exchange parameters that account for
the dimer-like character of the spin coupling in 3. Complexes
1-3 are the first representatives of vanadium PBP complexes
with planar pentadentate Schiff-base ligands in the equatorial
plane.
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