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Experimental and computational study of the
exchange interaction between the V(i) centers in
the vanadium-cyclal dimery
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Reinhard K. Kremer, (2) € Rainer Pottgen,
Claus Feldmann (=) *@

[Vo(HCyclal),] is prepared by controlled oxidation of vanadium nanoparticles at 50 °C in toluene. The V(0)
nanoparticles are synthesized in THF by reduction of VCls with lithium naphthalenide. They exhibit very
small particle sizes of 1.2 + 0.2 nm and a high reactivity (e.g. with air or water). By reaction of V(0) nano-
particles with the azacrown ether H,Cyclal, [Vo(HCyclal),] is obtained with deep green crystals and high
yield. The title compound exhibits a V(i) dimer (V---V: 304.1(1) pm) with two deprotonated [HCyclal]®~
ligands as anions. V(0) nanoparticles as well as the sole coordination of V(i) by a crown ether as the ligand
and nitrogen as sole coordinating atom are shown for the first time. Magnetic measurements and compu-
tational results point to antiferromagnetic coupling within the V() couple, establishing an antiferro-
magnetic spin S = 1 dimer with the magnetic susceptibility determined by the thermal population of the
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Introduction

Binuclear coordination compounds with M:--M dimers (M:
metal) and certain binding between the metal atoms are well-
known and have been intensely studied." Prominent examples
comprise Mg-Mg, Re=Re, W=W, or Cr=Cr dimers with the
respective single to fourfold bonding.” Typical methods to
prove the type of metal-metal interaction are crystal-structure
analysis (e.g. evaluation of M---M distance), magnetism (e.g
presence/absence of non-paired electrons), or computational
results (e.g. analysis of bonding situation)."” In the case of
vanadium, a wide variety of binuclear compounds ranging
from V(1),® V(u)* via V(m)® to V(iv)® with different interaction of
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total spin ranging from ST = 0 to S = 2.

the vanadium dimer was reported. Most often chalcogenide-
based ligands were used to coordinate and to stabilize the V,
dimer. As a synthesis approach, the reduction of vanadium
species with a higher oxidation state (most often V(v), V(v)) is
the most widely applied.®>™®

As a part of our studies on the synthesis of base-metal
nanoparticles and their reactivity,” we have realized zerovalent
vanadium (V(0)) nanoparticles, which we present here for the
first time. The synthesis of V(0) nanoparticles follows our
general approach of reducing metal halides after dissolution
in tetrahydrofuran (THF) with a solution of lithium or sodium
naphthalenide ([LiNaph], [NaNaph]) in THF. This liquid-phase
synthesis typically results in 1-5 nm-sized metal nanoparticles
and is suitable for a large group of base-metal nanoparticles
(i.e. Mg, Al, all group IIIb to group VIIb transition metals, all
rare-earth metals from Sc to Lu).””® At present, the knowledge
on V(0) nanoparticles is low and limited to gas-phase
methods.” Moreover, a stabilization of the metal core against
oxidation by a vanadium carbide shell as passivating layer was
described.’® However, a reliable synthesis strategy for V(0)
nanoparticles <10 nm is unknown, so far. This situation can
be also related to the absence of chemically stable vanadium
carbonyls as starting materials, which, therefore, cannot be
thermally decomposed in the liquid phase as in the case of
other transition metals (e.g., Cr, Mn, Fe, Co)."*

With this study, we present a reliable liquid-phase synthesis
of V(0) nanoparticles with a size <10 nm. To evaluate their
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reactivity in the liquid phase near room temperature
(£100 °C),"* we exemplarily show the reaction and reactivity of
the V(0) nanoparticles with an azacrown ether to obtain single
crystals of [V,(HCyclal),]. [V,(HCyclal),] contains a dimer of
V() cations, which show antiferromagnetic coupling and a
rare coordination of vanadium, only with the azacrown ether
as a ligand and nitrogen as sole donor atom. The exchange
interaction between the V(ur) centers is analysed based on
magnetic measurements and computational studies.

Experimental section
General

All sample handling and reactions were performed under
argon atmosphere using standard Schlenk techniques and glo-
veboxes (MBraun Unilab, O,/H,O < 0.1 ppm). Reactions were
carried out in Schlenk flasks or glass ampoules. Prior to use,
all glassware was evacuated (p < 10~ mbar), heated, and
flushed with argon thrice to remove all moisture.

Chemicals

Tetrahydrofurane (THF, Seulberger, 99%) and toluene
(Seulberger, 99%) were refluxed over sodium with benzophe-
none and distilled off prior to use. Lithium metal (Alfa Aesar,
99%) was freshly cut under argon atmosphere prior to use.
1,4,8,12-Tetraazacyclopentadecane (H,Cyclal, Sigma-Aldrich,
97%), naphthalene (Alfa Aesar, >99%), and VCl; (Alfa Aesar,
99%) were used as purchased.

V(0) nanoparticles

16.7 mg of lithium (2.40 mmol), 323.0 mg of naphthalene
(2.52 mmol), and 125.8 mg of VCl; (0.80 mmol) were dissolved
in 15 mL of THF and stirred for 12 hours, resulting in a deep
black suspension. The as-prepared V(0) nanoparticles were
separated by centrifugation (45 000g) and purified by washing
twice with 15 mL of THF. Finally, the V(0) nanoparticles were
redispersed in THF to obtain long-term stable suspensions or
dried in vacuum to obtain powder samples with a yield of
about 70%.
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V,(HCyclal), (1)

25.7 mg of dried V(0) nanoparticles (0.51 mmol), 108.4 mg of
H,Cyclal (0.51 mmol), and 0.4 mL of toluene were filled into a
Schlenk tube. The Schlenk tube was heated to 50 °C for 7 days.
After natural cooling to room temperature, deep green crystals
of 1 were obtained with a yield of about 75% in relation to the
employed amount of H,Cyclal. The title compound is sensitive
to air and moisture and readily oxidized, generating a brown,
amorphous crust covering the crystal surfaces of 1.

Analytical equipment

Details related to analytical techniques, crystallographic data,
and computational methods are described in the ESI.{

Results and discussion
Synthesis and characterization of V(0) nanoparticles

Zerovalent vanadium nanoparticles were prepared utilizing a
general synthesis strategy to realize zerovalent base-metal
nanoparticles via naphthalenide-driven reduction of simple
metal halides, which we established recently.”® To obtain zero-
valent vanadium (V(0)) nanoparticles, VCl; was used as the
starting material, lithium naphthalenide ([LiNaph]) as the
reducing agent, and tetrahydrofuran (THF) as the solvent
(Fig. 1). Due to the low solubility of VCl; in THF, VCl;, lithium
metal and naphthalene were added to THF in a one-pot
approach (Fig. 1a). Thus, VCl; largely remains as an insoluble
solid at the bottom of the Schlenk tube, and lithium metal is
located on top of the liquid phase due to its low density. Upon
intense stirring over 12 hours, [LiNaph] is formed resulting in
a greenish solution. VCl; is slowly dissolved, but - after dis-
solution - instantaneously reacts with [LiNaph] to form V(0)
nanoparticles. Despite these - from a general perspective —
non-optimal conditions for nanoparticle nucleation (ie.,
lithium and VCl; as solid phases instead of a homogeneous
solution), two essential aspects nevertheless promote the
nucleation of very small nanoparticles. First, the reduction of
VCl; is very fast. Second, the solubility of zerovalent vanadium
in THF is extremely low, so that a high supersaturation is

a) b) /\ c)
NH HN
\ v < >
L NH HN
N
Stirring H,Cyclal
25°C Toluene, 50°C,7d
12h
VCl, + Li + Naphthalene V(0) nanoparticles V,(HCyclal),

in THF

(THF)

Fig. 1 Scheme illustrating the synthesis of V(0) nanoparticles with (a) starting materials, (b) the as-prepared V(0) nanoparticles in THF, (c) single
crystal and unit cell of [V,(HCyclal),] after liquid-phase oxidation of the V(0) nanoparticles.
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reached. In sum, VCl; and lithium metal have reacted comple-
tely after 12 hours of vigorous stirring, resulting in a deep
black suspension of V(0) nanoparticles (Fig. 1b).

The V(0) nanoparticles were purified by centrifugation and
repeated redispersion/centrifugation in/from THF to remove
LiCl and naphthalene. Thereafter, the nanoparticles can be
redispersed either in THF or in toluene to obtain colloidally
stable suspensions, or they can be dried in vacuum to obtain
powder samples. For their handling, caution needs to be paid
since the V(0) nanoparticle suspensions and powder samples
are highly reactive when in contact to O,, H,O or other oxidiz-
ing agents. Specifically, the reaction of powder samples with
oxygen and/or water can result in violent reactions and
explosions. Consequently, the V(0) nanoparticles need to be
handled and stored under inert conditions (argon, nitrogen).

Particle size and shape of the V(0) nanoparticles were exam-
ined by transmission electron microscopy (TEM). Accordingly,
spherical nanoparticles with uniform size were obtained with
a size range of 1-2 nm and a low degree of agglomeration
(Fig. 2a). Statistical evaluation of >200 nanoparticles on TEM
images results in a mean diameter of 1.2 + 0.2 nm (Fig. 2c).
High-resolution (HR)TEM images prove the as-prepared V(0)
nanoparticles to be monocrystalline with lattice fringes
through the whole particle (Fig. 2b). The lattice plane distance
of 2.1 + 0.1 A is in good agreement with cubic bulk vanadium
(V(0): dy10 with 2.1 A)."> Composition and surface functionali-
zation of the as-prepared V(0) nanoparticles were further exam-
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ined by Fourier-transform infrared (FT-IR) spectroscopy and
element analysis (EA). FT-IR spectra, as expected, indicate the
solvent THF to be adsorbed on the particle surface (Fig. 2d).
The observed weak vibrations relate to THF (y(C-H):
3000-2800 ¢cm™', »(C-0): 1100-900 cm ', fingerprint area:
1500-500 cm™"). EA indicates C and H contents of 53.4 and
4.1 wt% with a C:H ratio of 13, which is higher as expected
for THF (C:H = 6). This indicates certain amount of naphtha-
lene also to be adhered on the particle surface. The compar-
ably high C/H content is to be expected in view of the small
particle size (1.2 + 0.2 nm) and a monomolecular adsorption
layer. Finally, it must be noticed that the synthesis of V(0)
nanoparticles with [LiNaph] is the first liquid-phase synthesis
of vanadium nanoparticles with a diameter <10 nm until now.

Synthesis and structure of [V,(HCyclal),]

The reaction of, for instance, oxygen or water already points to
the high reactivity of the as-prepared V(0) nanoparticles. As
expected, the reactivity of the V(0) nanoparticles is much
higher as compared to bulk vanadium. This high reactivity
already indicates the absence of passivation layers (e.g
vanadium oxides/hydroxides). Violent reactions such as in air
or in water, however, are not controlled in terms of reproduci-
ble conditions or the formation of a specific compound. To
probe the reactivity of the V(0) nanoparticles and to perform a
reaction in a controlled manner, we have reacted them in the
liquid phase near room temperature (<100 °C) with the aza-

40 1.2+0.2nm
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Fig. 2 Characterization of the as-prepared V(0) nanoparticles: (a) TEM overview image, (b) single V(0) nanoparticle with lattice fringes, (c) size distri-
bution (based on statistical evaluation of >200 nanoparticles on TEM images), (d) FT-IR spectrum (with THF and naphthalene as references).
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crown ether 1,4,8,12-tetraazacyclopentadecane (H,Cyclal) as a
mild oxidizing agent and sterically demanding ligand. This
seemed specifically promising in regard of the different oxi-
dation states of vanadium between +0 and +V as well as in
regard of a potential metal-metal interaction. For this
purpose, the V(0) nanoparticles were reacted with H,Cyclal at
50 °C in toluene for 7 days, which results in the formation of
deep green, moisture- and air-sensitive single crystals of
V,(HCyclal), with visible evolution of hydrogen (Fig. 1c). The
title compound was obtained with a yield of about 75% (in
relation the applied amount of V(0) nanoparticles). The syn-
thesis can be ascribed to the following reaction:

2V(0) + 2H4Cyclal — [V,(HCyclal),] + 3H,

According to single-crystal structure analysis, [V,(HCyclal),]
crystallizes in the monoclinic space group P2,/n (ESI: Table S1
and Fig. S1t). The title compound is composed of a binuclear
vanadium-cyclal complex, in which each V center is trigonal-
bipyramidally coordinated by four nitrogen atoms of one aza-
crown ether and one nitrogen atom of the second azacrown
ether (Fig. 3; ESI: Fig. S2t). Furthermore, one nitrogen atom of
both azacrown ethers shows p,-bridging of the V, couple.
Here, it needs to be noticed that the azacrown ether is dis-
ordered in the crystal structure, so that the propyl and ethyl
groups of the azacrown ether cannot be localized in a specific
position. In the structure refinement, this was taken care of by
assuming split-atom positions with 50% occupancy for each
atom (ESI: Fig. S31). The V-N distances amount to 209.9(9) pm
(N1') and 215.0(10) pm (N1) within the V,N, ring as well as to
191.8(7) (N2), 200.9(13) (N3), and 224.3(5) (N4) to the non-brid-
ging N atoms. The comparably high standard deviations
observed for the V-N distances can be attributed to the afore-
mentioned disorder of the azacrown-ether ligands. The angles
in the V,N, quadrangle (N1-V1-N1": 88.6(4), V1-N1-V1": 91.4
(4)°) are in accordance with the different distances and the
deviation from an ideal squared arrangement. As expected, the

Fig. 3 Molecular structure of [V,(HCyclal),] (disorder of azacrown ether
and H atoms not shown for clarity).
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bridging N atoms (N1, N1') show larger V-N distances than N2
and N3. The longest V-N distance, however, is observed for N4
and - together with the V-N-C angles of 109.4(6)-116.0(6)° —
indicates a tetrahedral arrangement with a non-protonated NH
group. In contrast, N1 to N3 are deprotonated as indicated by
V-N-C angles of 115.3(5)-134.2(7)°, corresponding to a distorted
trigonal planar coordination. In sum, this points to the presence
of an (HCyclal)®~ ligand and, vice versa, an oxidation state of +III
of vanadium. This oxidation state is also in accordance with the
deep green color of the title compound (Fig. 1c) and further vali-
dated by magnetic measurements and computational analysis
(see below). A coordination of vanadium by crown ethers as a
ligand is rare, even with the most conventional crown ethers
15-crown-5 or 18-crown-6."* Most often thiol crown ethers were
used as ligands.” A coordination with azacrown ethers was only
reported for [V(iv)O(cyclam)CI]CI'® and [(cyclen)V(m)(CN),],"”
which both represent mononuclear coordination compounds
with additional ligands coordinated to the vanadium center.
Moreover, [V(iv)O(cyclam)CI]Cl and [(cyclen)V(wm)(CN);] were pre-
pared via Lewis-acid-base reactions with VO(SO,) or VCl; as start-
ing materials, and the azacrown ether serves as neutral ligand
without any deprotonation.'®"”

Beside single-crystal structure analysis, structure and purity of
the title compound were validated by X-ray powder diffraction
(ESI: Fig. S4t). To verify the presence of a remaining NH group of
the azacrown ether, Fourier-transform infrared (FT-IR) spec-
troscopy was performed and compared to the pure ligand
H,Cyclal (Fig. 4). In general, all vibrations of the ligand are visible
for the title compound. Intensity, splitting, and position of the
vibrations are of course slightly different to the free, non-bound
ligand due to the different point symmetry and binding situation.
In regard of the N-H vibrations at 3300-3000 cm™, the intensity
is significantly lower for [V,(HCyclal),] as for free H,Cyclal.
However, the N-H vibrations are still visible, which is in accord-
ance with a partial deprotonation of the azacrown ether (Fig. 4).
Together with the tetrahedral arrangement of a sole nitrogen
atom, FT-IR spectra confirms the presence of a remaining NH-
group of the (HCyclal)*~ anion.

V,(HCyclal),

=1 4 ma
)

C

E H,Cyclal

(O]

=

©

(O]

[v'4

4000 3000 2000 1000

Wavenumber / cm™

Fig. 4 FT-IR spectra of V,(HCyclal), and H,Cyclal as a reference.

This journal is © The Royal Society of Chemistry 2023
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Table 1 V-V distance of [V,(HCyclal);] in comparison to literature-
known compounds

Oxidation
Compound V-V distance/pm state of V
K(THF);[V"'V"(DPhF),]* 192.95(8) +I/+11
v, (hpp)a]* . 193.2(1) +II
[V, (DFM),4]* 197.5(4)
[v*™,(2,6-dimethoxyphenyl),]* 220.0(2)
vy (salophen),Na,(THF), ¢ 240.6(3) +III
[VsSes0(PMe; )s]* 279.4-283.9
[(r-MeCsH,),V ™ y(15-S)a]™ 286.5-287.0
[V™,(HCyclal),] (title compound) 304.1(1)
[(r-MeCsH,)sV ™, V™ (15-8) ¢ 305.9(2)-321.7(2) HIII/A4TV
v :zz(p SZ)Z{(C4H9)2NCSZ}4] 285.1 +IV
[V'V}(S,)2(S,CNEL,), ] 288.4
DPhF: N,N'-diphenylformamidine; hpp: 1,3,4,6,7,8-hexahydro-2H-

pyrimido[1,2-a]pyrimidin; DFM: N,N'-di-(p-tolyl)formamidinate.
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The V-V distance in [V,(HCyclal),] is 304.1(1) pm, which indi-
cates an interaction of the V(m) dimer. In comparison to other
dinuclear vanadium units, however, this distance is at the upper
end of observed separation (Table 1). Most often dimers of V(u)
were reported that exhibit a significantly shorter threefold V=V
bond. V(m) dimers, typically with chalcogenide-type ligands, also
exhibit distances below about 290 pm (Table 1). In this regard, it
needs to be noticed that [V,(HCyclal),] is the only V(m) dimer
with sole coordination by nitrogen.

Magnetic properties of [V,(HCyclal),]

To verify the interaction within the V, dimer in [V,(HCyclal),],
magnetic measurements were performed with the molar sus-
ceptibility determined in an external magnetic field of 10 kOe
(Fig. 5a). Apart from a strong divergence of the susceptibility
towards lowest temperatures, which can be ascribed to Curie-
like susceptibility contributions from free V(m) entities, the
increase of the magnetic susceptibility with increasing temp-
erature is characteristic and indicates a gradual thermal popu-
lation of excited states with a magnetic moment.

To describe the susceptibility of the title compound, each V(i)
cation is assumed to have a S = 1 state, ie., an orbital singlet of

a) 0.0015
T) 0.0010¢
E
S
g b)
2 0.0005 2000 f .
=< —S' =
< 1500
0.0000— . - . - . -~
50 100 150 200 250 300 >
Temperature (K) g 1000 |
C
c) 005 p— w —S'=1
— Brillouin function for S=1and T 500 F
—_ V(Ill) concentration 0.022(1) 31K
= 0.04
c ofb—S"=0
S o003 10K
©
>
o 0.02
Qo
S oot
S
o
> 0.00

0 2 4 6
Magnetic field (T)

Fig. 5 Temperature-dependent molar susceptibility of [Vo(HCyclal),l: (a) experimental molar susceptibility per two V() centers (filled black circles)

and calculation (red solid line, based on eqn (1) (solid blue line) to which a Curie—Weiss term (black dashed line) of the form c/(T —

T.) was added (c

=0.02 cm® mol™ K, T, = 33 K) with antiferromagnetic spin exchange of J = —299 K, a g-factor of 2.06, and a temperature-independent contribution
(TIC) of yo = 1.04 x 10~* cm® mol™™. The turquoise solid line shows the result from fitting only J = —289 K with the program PHI, without TIC but
with a paramagnetic triplet impurity of 6%; (b) energy diagram for a S = 1 dinuclear unit with an antiferromagnetic spin exchange of J = —-299 K. (c)
Magnetization isotherms of [V,(HCyclal),] recorded at 3.1, 10 and 50 K. The red lines correspond to fits according to an S = 1 Brillouin function. The
refined concentration of free V() is indicated and consistent with the data in (a).

This journal is © The Royal Society of Chemistry 2023
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the *F d* ground state and an antiferromagnetic spin-spin coup-
ling of the nearby V(m) cations, 302 pm in distance, to a dinuclear
unit. The Hamiltonian of such dinuclear unit is given by:

H = —2]5152

where S; and S, denote the spins of the two V() centers in the
dinuclear unit and J the spin-spin exchange between them. In
the case of antiferromagnetic coupling (J < 0), the spin exchange
couples the two spins to a total spin singlet ST = 0 (ground state),
with ST =1 and " = 2 as excited states. These are located by —2
and —6/ above the singlet ground state.

The magnetic susceptibility of such a spin S = 1 dinuclear
unit (for two V(i) centers) is given by:'®

(1) = 2,0 (12)

with
D = {3 exp(2x) + 15 exp(6x)} (1b)

and
Z = {1+ 3 exp(2x) + 5 exp(6x)} (1c)

and
x= ki_T (1d)

Yo takes care of temperature-independent diamagnetic and van
Vleck contributions. Here, we have neglected any zero-field
splitting of the individual S; spin states and any anisotropy of
the g-factor. The calculation reproduces the growth of the sus-
ceptibility with increasing temperature quite well, using a
g-factor of 2, the latter being close to what has been observed
for isolated V(m) centers by electron paramagnetic reso-
nance."® The energy level diagram of a § = 1 dinuclear unit,
coupled by an antiferromagnetic spin exchange of —299 K is
shown in Fig. 5b. The antiferromagnetic ground state is also in
agreement with the magnetization isotherms. Thus, the mag-
netic moment per vanadium atom is only 0.05xp at 3.1 K and
80 kOe. The magnetization isotherms recorded at 3.1, 10 and
50 K are shown along with Brillouin fits for S = 1 (Fig. 5c). At
300 K, yT = 0.390 cm® mol™ K is rather small, which can be
ascribed to the strong antiferromagnetic coupling.*® Only 30%
of the dimer molecules are in the ST = 1 state, and the ST = 2
state remains virtually unoccupied (ESI: Table S5 and Fig. S51).

Computation of exchange interactions

The experimental findings are confirmed by ab initio
quantum-chemical calculations, both by density-functional-
theory (DFT) calculations and configuration-interaction (CI)
calculations (see ESIT for details). The calculations reveal that
the dinuclear V(m) complex [V,(HCyclal),] can be described
perfectly well in terms of two antiferromagnetically coupled
3d? centers with spins S; = S, = 1.

DFT calculations were performed at the B3LYP-D3(BJ)-abc
level using the def2-TZVPP basis set for vanadium and nitro-

17394 | Dalton Trans., 2023, 52,17389-17397
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Fig. 6 Spin density (plotted at an isovalue of +0.02a,%) of the broken-
symmetry Kohn—-Sham determinant as obtained at the B3LYP-D3(BJ)-
abc level (H atoms omitted for clarity).

gen, the def2-TZVP basis for carbon, and the def2-SV(P) basis
for hydrogen (ESI: Table S2t). Since the open-shell singlet
ground state of the complex cannot be described by a single
Kohn-Sham determinant, we have approximated the energy of
the ground state (GS) as a linear combination of the energies
of the high-spin (HS) determinant (with Mg =1 and Mg, = 1;
(§*) ~ 6h*) and a broken-symmetry (BS, Fig. 6) determinant
with Mg, =1, Ms = -1, and ($*) ~ 2h™:

E —3E 1E
Gs = 5 &Bs — 5 EHs

(2)

This equation follows from assuming that the relevant ($?)
expectation values are equal to 6k> and 2/, thereby neglecting
the dependence of the geometry on these expectation
values.”* >

After optimizing the ground-state geometry, which displays
C; point-group symmetry, the exchange coupling parameter
was computed according to the formula:

1 1
J= 3 (Egs — Ens) = 2 (Eps — Eus) (3)

At the B3LYP-D3(BJ)-abc level, we obtained J = —251 K at the
optimized ground-state geometry. We have repeated the DFT
calculations using the TPSSh functional (ESI: Table S37), but
the geometry optimization with this functional yielded a much
too short V-V distance (Table 2). Therefore, we decided to

Table 2 Structural parameters of [V,(HCyclal),] from geometry optimi-
zations at the B3LYP-D3(BJ)-abc and TPSSh-D3(BJ)-abc levels

Parameter TPSSh B3LYP Exptl.

V1-V1 distance (pm) 288.6 301.4 304.1(1)

V1-N1 distance (pm) 211.9 214.7 215.8(10)

V1-N1’ distance (pm) 207.1 208.6 209.9(9)

V1-N2 distance (pm) 194.9 195.1 191.8(7)

V1-N3 distance (pm) 192.6 193.3 200.9(13)

V1-N4 distance (pm) 225.2 227.1 224.3(5)

N1-V-N1’ angle (°) 92.9 89.2 88.6(4) and 89.0(4)
V1-N1-V1’ angle (°) 87.1 90.8 91.0(4) and 91.4(4)

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Localized spin orbitals that describe the bonding situation in the [V(HCyclal),] complex, plotted at an isovalue of +0.05a,>'2: (a) first singly
occupied 3d orbital on V1. (b) Second singly occupied 3d orbital on V1. (c) Two 2p orbitals on N2 and N3 with n-donating character. (d) Five -donor

orbitals (of which four are visible).

adopt the B3LYP optimized structure for our investigations at
the CI level. Note that also the N1-V-N1' and V1-N1-V1'
angles (being decisive for the strength of the exchange coup-
ling) of the B3LYP geometry agree much better with those of
the experimental X-ray structure than the TPSSh ones.

Finally, we show localized (majority-spin) spin-orbitals of
the [V,(HCyclal),] complex as obtained for the high-spin state
(Ms = 2). Fig. 7 shows the coordination of one of the two equi-
valent V() centers. The same orbitals are also found on the
other V(i) center. Each V(m) center has two singly occupied 3d
orbitals and is coordinated by five N atoms, which all contrib-
ute one o-donor orbital. The atoms N1, N1’ and N4 are sp’-
hybridized and only contribute a single c-donor orbital. The
atoms N2 and N3, however, are sp>-hybridized and their lone-
pair 2p-orbital shows n-donating character towards to V(um)
center, leading to V1-N2 and V1-N3 distances that are about
23-25 pm shorter than the other three V1-N bond distances.

Based on the B3LYP-D3(BJ)-abc optimized structure of the
singlet state, modified complete-active-space configuration-
interaction (modified CASCI) calculations®* were performed in
a (4,4) active space of the partly occupied 3d orbitals with the
complete-active-space spin-orbit configuration interaction
(CASOCI)*® program (ESI: Table S4t). The charge-transfer
states were shifted down by 11.48 eV. The calculated suscepti-
bilities are compared to the measured data (ESI: Fig. S51). This
approach yielded a magnetic exchange coupling constant of
J =247 K. Assuming a paramagnetic impurity of 6% by a poten-
tial V() monomer in a triplet state, J was fitted with the
program PHI*® to the experimental data with J = —289 K as
best value. Though the calculated and fitted values of the mag-
netic exchange constants show some differences in the exact
value, all of them show a strong antiferromagnetic coupling of

This journal is © The Royal Society of Chemistry 2023

the two vanadium centers with an overall singlet ground state.
At temperatures below 50 K, the occupation of higher states is
neglectable (ESI: Table S51). The strong increase below 50 K
must be connected to a paramagnetic impurity. Even at higher
temperatures, the absolut value of the magnetic susceptibility
remains rather small due to the strong coupling. At 300 K,
69% of the [V,(HCyclal),] molecules are in the singlet ground
state, 30% in the triplet state, and 1% in the quintet state (ESI:
Table S51). This corresponds to y7 = 0.34 cm® K mol™".
Combining with 6% of a paramagnetic impurity and 94% of
V,(HCyclal),, T = 0.38 cm® K mol™, is in good agreement
with the experimental value.

Conclusion

[Vo(HCyclal),] contains a novel V() dimer with the vanadium
centers coordinated and bridged by deprotonated [HCyclal]*~
azacrown ligands. Such coordination of vanadium only by
crown ethers as ligands and with nitrogen as sole donor is
reported here for the first time. The title compound was pre-
pared by controlled oxidation of vanadium nanoparticles with
the azacrown ether H,Cyclal in the liquid phase (toluene) near
room temperature (50 °C). Such a redox approach was rarely
reported and allows irreversible reactions due to the removal
of hydrogen. Whereas bulk vanadium is more-or-less non-reac-
tive at low temperature in the liquid phase, the as-used V(0)
nanoparticles are highly suitable as starting material. They
were synthesized in THF by reduction of VCl; with lithium
naphthalenide and are characterised by a very small particle
size of 1.2 + 0.2 nm. Such V(0) nanoparticles and their use as a
starting material open new options for reactions in the liquid

Dalton Trans., 2023, 52, 17389-17397 | 17395
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phase. The V(m) dimer (V---V: 304.1(1) pm) in [V,(HCyclal),]
exhibits a very strong antiferromagnetic coupling of the two S
= 1 centres to a spin-ladder ranging from ST = 0 to ST = 2.
Because of the strong coupling, the ST = 2 state remains unoc-
cupied while about 30% of the molecules are in the ST = 1
state at room temperature. The experimental data of magnetic
measurements were confirmed by quantum chemical calcu-
lations, which both point to an antiferromagnetic coupling
within the V() dimer.
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