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Abstract

Two binuclear double end-on azido bridged Ni(ll) complexes, [NizL2(u-1,1-N3)2(N3)2]-2H20 (1a),
and [Niz2L2(zu-1,1-N3)2(N3)2]-4H20 (1b) having the same inner sphere, where L=((E)-N,N,N-
trimethyl-2-oxo-2-(2-(1-(thiazol-2-yl)ethylidene)hydrazinyl)ethan-1-aminium, were synthesized
from the same solution and characterized by single-crystal X-ray diffraction methods. Variable-
temperature magnetic susceptibility measurements showed intra-dimer ferromagnetic coupling
between Ni(ll) ions. The ferromagnetic coupling is supported by the broken-symmetry DFT
calculations, with the level of theory chosen based on a benchmark study on 19 additional
structurally related binuclear Ni(ll) complexes. The role of water molecules in crystals of 1a and

1b is explained by DFT based energy decomposition analysis.
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1.Introduction

The versatility of the coordination modes of the azide ion and its effectiveness to propagate
the magnetic interaction between the paramagnetic centers made this ligand an attractive target for
extensive studies [1-27]. The azide anion is a good bridging ligand for M(11) ions like Cu(ll) [2—
8,13,23], Ni(ll) [1,2,9-23] and Mn(Il) [1,2,23]. In general, it may give many bridging coordination
modes, Scheme 1: single and double x1.3-N3 and z1,1-N3, u1,1,3-N3, ¢1,1,1-N3, £1,11,1-N3, 11,1,33-Ns3,
and za,1,1,33:3-N3 [1,13,23] of which two coordination modes end-to-end (u1,3-N3) and end-on (z,1-
N3) are the most common. Although complicated bonding modes of azide anion are rare, they have
been observed in some Cu(ll) and Ni(ll) complexes [5-8,23]. Alternative u13-Ns and u1,1-N3
bridges were also found in several systems [1,24]. The diverse binding modes of the bridging azide
anion can lead to the formation of metal complexes of interesting structures with different
nuclearity and dimensionality. According to the dimensionality the azido-bridged complexes can
be divided into discrete molecules [1,23,25], one-dimensional [1,3,5-8,24], two-dimensional [1,5—
7] and three-dimensional [1,8] systems.

The bridging modes of the azide anion strongly influence the magnetic interactions between
adjacent paramagnetic metal ions. When the azido group acts as bridging ligand with end-on
coordination, the resulting binuclear complexes usually show ferromagnetic behavior. In contrast,
when it is coordinated in an end-to-end fashion, antiferromagnetic coupling emerges. The angles
within the M—(Ns)«—M unit are the primary determinant of the type and magnitude of the exchange
coupling [1,2]. The bond distances between the metal ion and bridging atoms also have a strong
influence on the coupling constant, with the ferromagnetic coupling diminishing upon increasing

such distances [2].
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Scheme 1. Different azido bridging modes.

Recently, we have reported the structural and magnetic studies of double end-on azido-
bridged binuclear complexes of Ni(ll), Co(ll) and Cu(ll) with N-heteroaromatic monohydrazones
of Girard’s T reagent (trimethylammoniumacetohydrazide chloride), [M2(LY)2(zu1-
N3)2(N3)2]-H20-CHsOH (M = Ni(ll), Co(ll) [9,27], L' = (E)-N,N,N-trimethyl-2-ox0-2-(2-
(quinolin-2-ylmethylene)hydrazinyl)ethan-1-aminium), and [Cu2(L?)2(zu,1-N3)2](ClO4)2 [4] (L? =
(E)-N,N,N-trimethyl-2-oxo0-2-(2-(1-(pyridin-2-yl)ethylidene)hydrazinyl)ethan-1-aminium)),  in
which the metallic centers are ferromagnetically coupled. As a continuation of our study on double
end-on azido-bridged binuclear complexes of M(I1) ions with heteroaromatic monohydrazones of
Girard’s T reagent, in this paper, we report the synthesis, crystal structure and magnetic property
of double end-on binuclear Ni(Il) complex, [NizL2(p-1,1-N3)2(N3)2] (1) (L—(E)-N,N,N-trimethyl-2-
0X0-2-(2-(1-(thiazol-2-yl)ethylidene)hydrazinyl)ethan-1-aminium). The complex 1 crystallized as
dihydrate (1a) and tetrahydrate (1b). The crystals of both complexes have been subjected to the
X-ray structure analysis.

In parallel, a computational study based on the broken-symmetry density functional theory
(BS-DFT) [28-32] has been carried out. The BS-DFT is a well-known procedure for studying

exchange-coupled transition metal complexes [32-37]. In BS-DFT, the exchange coupling



constant (J) is related to the energy differences between the electronic states with different spin
multiplicity. Albeit, the accuracy of such calculations is very sensitive to the applied density
functional approximation (DFA) [38-42]. Additionally, the suitability of DFAs for magnetic
exchange is limited to a small chemical space, i.e., the optimal choice of DFA is often constrained
to a specific type of chemical system. The standard benchmark set for appraisal of the influence
of DFAs on calculated J consists of a small set of Cu(ll) dimers [40-43]. Recently, the performance
of double-hybrid functionals were studied on a set of five challenging binuclear manganese [39].
For binuclear end-on azido bridged Ni(Il) complexes, computational studies are scarce [1, 2, 9].
Therefore, herein we assessed the quality of various DFAs for the calculation of J in end-on azido
bridged binuclear Ni(ll) complexes. For this purpose, 14 DFAs with different flavors were selected
(general gradient approximations (GGAs), meta-GGAs, hybrid functionals, meta-hybrid
functionals, and double-hybrid functionals). These 14 exchange-correlation functionals were used
for the calculations of J constants in 19 structurally related binuclear Ni(ll) complex, for which
the J value was determined experimentally. Based on this assessment, three DFAs were chosen for
the calculation of J constant in 1a and 1b. The magnetic coupling is rationalized from the structural
parameters and considering the electronic structure of complexes and the delocalization of the
spin-density from DFT calculations. Moreover, the role of lattice water molecules in crystals of 1a
and 1b is explained by DFT based energy decomposition analysis [44—46] coupled with natural
orbitals for chemical valence scheme (EDA-NOCYV) [47,48].

2. Experimental

2.1. Materials and methods

2-Acetylthiazole (99%) and Girard’s T reagent (99%) were obtained from Sigma-Aldrich.
IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer using the ATR technique in the
region 4000—400 cm ™! (vs-very strong, s-strong, m-medium, w-weak, bs - broad signal). *H and**C
NMR spectra were recorded on Bruker Avance 500 spectrometer (*H at 500 MHz; 3C at 125
MHz) at room temperature using TMS as the internal standard in DMSO-d® (numbering of atoms
according to the Scheme 2). Chemical shifts are expressed in ppm (d) values and coupling
constants (J) in Hz. Elemental analyses (C, H, N, and S) were performed by standard micro-
methods using the ELEMENTARVario ELIII C.H.N.S.O analyzer.



2.1.1. Synthesis of (E)-N,N,N-trimethyl-2-oxo0-2-(2-(1-(thiazol-2-yl)ethylidene)hydrazinyl)ethan-
1-aminium chloride (HLCI)

The ligand HLCI was synthesized by the reaction of Girard’s reagent T (1.676 g, 10 mmol)
and 2-acetylthiazole (1036 pL, 10 mmol) in water (20 ml). The reaction mixture was acidified with
3-4 drops of 2 M HCI and refluxed for 3 h. After cooling to the room temperature, white precipitate
was filtered and washed with water. Yield: 2.539 g (92 %). Elemental analysis calcd. for
C10H17N4OSCI: C 43.40 %, H 6.19 %, N 20.24 %, S 11.58 %; found: C 43.45 %, H 6.21 %, N
20.20 %, S 11.52 %. IR (ATR, cm™): 3387.1 (w), 3128.6 (w), 3091.8 (m), 3017.9 (m), 2955.5 (s),
1701.7 (vs), 1612.5 (w), 1550.0 (vs), 1486.8 (s), 1401.4 (m), 1300.4 (w), 1201.4 (s), 1135.3 (w),
976.2 (W), 944.7 (w), 914.3 (m), 786.9 (w), 748.5 (w), 684.0 (W), 585.1 (w), 551.7 (w). 'H NMR
(500 MHz, DMSO-d®), § (ppm): 2.41 (s, 3H, C5-H), 2.53 (s, 3H, C5-H), 3.30 (s, 9H, C8-H), 3.34
(s, 9H, C8-H), 4.60 (s, 2H, C7-H), 4.82 (s, 2H, C7-H), 7.848 (d, 1H, Jc2-ric3-H = 5 Hz, C2-H),
7.854 (d, 1H, Jca-nica-H = 5 Hz, C2-H), 7.926 (d, 1H, Jca-hica-H = 5 Hz, C3-H), 7.932 (d, 1H, Jce-
nica-H = 5 Hz, C3-H), 11.61 (s, 1H, N-H), 11.86 (s, 1H, N-H). 1*C NMR (125 MHz, DMSO-d®), &
(ppm): 13.90 (C5), 15.05 (C5), 53.65 (C8), 53.89 (C8), 63.01 (C7), 63.76 (C7), 123.33 (C2),
123.65 (C2), 143.94 (C3), 143.97 (C3), 146.98 (C4), 150.80 (C4), 161.23 (C1), 166.78 (C1),
167.04 (C6), 167.34 (C6).

2.1.2. Synthesis of [NizL2(u-1,1-N3)2(Ns)2] 2H20 (1a) and [NizL2(z-1,1-N3)2(N3)2] -4H20 (1b)
complexes

The complex 1 was synthesized by the reaction of ligand HLCI (83 mg, 0.30 mmol) (15/15
mL), NiCl2:6H20 (72 mg, 0.30 mmol) and NaNs (80 mg, 1.2 mmol) in the mixture of
methanol/acetonitrile (15/15 mL). First the ligand was dissolved, after which solid Ni(ll) and N3~
salts were added. The reaction mixture was stirred for three hours at 65 °C. After refrigeration of
the solution at —7°C for ten days, two types of yellow crystals suitable for X-ray analysis were
formed. Elemental analysis calcd. for C20H40N20Ni206S2: C 28.66 %, H 4.81 %, N 33.42 %, S 7.65
%; found: C 28.45 %, H 4.85 %, N 33.27 %, S 7.61 %. IR (ATR, cm™): 3394.9 (m), 3096.3 (W),
2957.8 (w), 2146.6 (m), 2053.7 (vs), 2034.2 (vs), 1602.6 (w), 1531.9 (s), 1479.4 (m), 1404.1 (m),
1248.3 (m), 1154.9 (w), 1052.3 (w), 1011.8 (m), 975.2 (w), 913.3 (w), 888.3 (w), 783.3 (w), 736.3
(w), 640.8 (w).



2.2. X-ray Crystallography

Crystal data and refinement parameters of compounds 1a and 1b are listed in Table 1. X-
ray intensity data were collected at 150 K for 1la and at room temperature for 1b with Agilent
SuperNova dual-source diffractometer with an Atlas detector equipped with mirror-
monochromated Mo Ko radiation (A = 0.71073 A). The data were processed using CRYSALIS
PRO [49]. The structures were solved by direct methods (SIR-92 [50]) and refined by a full-matrix
least-squares procedure based on F? using SHELXL-2014 [51]. All non-hydrogen atoms were
refined anisotropically. The water hydrogen atoms were located in a difference map and refined
with the distance restraints (DFIX) with O—H = 0.96 A and with Uiso(H) = 1.5Ueq(O). All other
hydrogen atoms were included in the model at geometrically calculated positions and refined using

a riding model.

Table 1. Crystal data and structure refinement details for 1a and 1b.

1a 1b
formula C20H36N20N1204S,  CaoHaoN20Ni206S2
Fw (g mol ™) 802.23 838.26

crystal size (mm) 0.10 x 0.10 x 0.05 0.70 x 0.20 x 0.10

crystal color yellow yellow
crystal system triclinic monoclinic
space group P-1 P2i/c
a(A) 8.7014(8) 13.2446(7)
b(A) 9.9706(9) 11.0402(6)
c(A) 11.1502(10) 12.3962(6)
a(°) 65.851(8) 90.00

L(©) 81.231(8) 99.765(5)
7 (°) 68.810(9) 90.00
V(A% 823.02(15) 1786.35(16)
VA 1 2



calcd density (g cm™) 1.619 1.558

F(000) 416 872
no. of collected reflns 7762 10317
no. of independent reflns 4267 4092
Rint 0.0626 0.0290
no. of reflns observed 3433 3255
no. parameters 230 242
R[> 26 (D]* 0.0582 0.0344
wR(all data)” 0.1577 0.0887
Goof ', §° 1.066 1.050
maximum/minimum +1.42/-0.85 +0.31/-0.35
residual electron density

(e A7)

"R = YIIFo| - [Fell/X|Fol; "WRz = {X[W(Fo’ — F&)’VXIW(Fo) I} °S = {Sw(Fo’ - Fe)?l/(n/p}"2 where n is
the number of reflections and p is the total number of parameters refined.

2.3. Magnetic Properties

Magnetic properties were investigated between 2 K and 300 K in a constant magnetic field
of 1 kOe on a polynuclear sample using a Quantum Design MPMS-XL-5 SQUID magnetometer.
The experimental results were corrected for the sample holder contribution and for a temperature-
independent contribution of core electrons as obtained from Pascall’s tables [52]. The molecular
weight of 1b has been used to calculate the molar susceptibility and to calculate the diamagnetic

correction.

2.4. Computational details

The exchange coupling constant J of the Heisenberg-Dirac-van Vleck spin-Hamiltonian
(H =—2J51S2) was calculated with broken symmetry DFT formalism [28-32] according to the
Yamaguchi approach [53] with the ORCA program package (version 4.1.2) [54]:
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Eys — Egs 1s the calculated energy difference between the high-spin (quintet) and broken-
symmetry states, and < S? >, and < §2 > are the corresponding spin expectation values.
Scalar relativistic effects were considered at the Zero-Order-Regular-Approximation (ZORA)
level [55]. ZORA-def2-TZVP(-f) [56,57] basis set for all atoms have been used. The assessment
of DFAs on the calculated J values is performed on the set of ferromagnetically coupled binuclear
tetraazido Ni(ll) complexes with tridentate and bis-tridentate ligands (complexes I-XVI1 in Table
S1, Supporting information (SI)). Additionally, binuclear double end-on azido Ni(ll) complexes
with tetradentate ligand (complexes XVIII and XIX) are included in the set. The last two
complexes have the same inner sphere. However, XV 111 shows weak antiferromagnetic coupling
[58], while coupling in XIX is ferromagnetic [58], similarly to the other complexes I-XVI1. The
choice of DFAs include 14 functionals encompassing: GGAs (in the form of BP86 [59-61], BLYP
[59,62-64], OLYP [62-65], OPBE [66]), meta-GGAs (M06-L [67,68], TPSS [69,70]), hybrid
functionals (B3LYP [71], B3LYP* [72], BHandHLYP), meta-hybrid functionals (M06 [67,68],
MO06-2X [67,68], TPSSh [69,70]), and double-hybrid functionals (B2PLYP [73], PWPB95 [74]).
The chain-of-spheres approximation to the exact exchange (COSX) [75] was employed. The scalar
relativistically recontracted SARC/J [57,76,77] auxiliary basis sets have been used for the fitting
of the Coulomb integrals in the resolution of the identity (RI) approximation [78]. The Rl approach
was used in the MP2 part of the calculation for double-hybrid functionals, in combination with
def2-TZVP/C [79] correlation fitting basis sets. For GGA and meta-GGA functionals, RI
approximation in the Split-RI-J variant was used. PWPB95, (double-hybrid with spin-opposite-
spin MP2 approach), B2PLYP (standard double hybrid), and M06-2X (meta-hybrid) showed the
best performance and were chosen for the calculation of J constant in complexes 1a and 1b. All
the calculations were performed on the complexes from the experimentally determined X-ray
structures: 1a (CCDC 2009327), 1b (CCDC 2009328), | (CCDC 1524733) [9], |1 (CCDC 272898)
[10], 111 (CCDC 246819) [10], IV (CCDC 263466) [11], V (CCDC 709101) [12], VI (CCDC
907100) [13], VII (CCDC 1227541) [14], VIII (CCDC 119104) [15], IX (CCDC 1305130) [16],
X (CCDC 895759) [17], XI (CCDC 917544) [17], XII (CCDC 705026) [18], XIIl (CCDC
1477551) [19], XIV (CCDC 1562185) [20], XV (CCDC 1918387) [80], XVI (CCDC 172396)
[21], XVII (CCDC 258211) [22], XVIII (CCDC 606336) [58], and XIX (CCDC 606335) [58].



Solvent molecules were removed, and hydrogen atoms were added where needed. Positions of
hydrogen atoms were optimized, assuming the high-spin state, employing BP86 functional with
Grimme’s third-generation dispersion energy correction [81] and Becke-Johnson damping [82],
i.e., BP86-D3. Positions of all other nuclei were fixed. When the two complexes were present in
the unit cell (111, 1V, XII1), the average of the two calculated J values is compared with the
experiment. To compare all the results, reported J values, in those cases where the Hamiltonian in
the form H =—J$1Sz is used (111, VI, XI1), are divided by two.

To understand why 1b is dominantly obtained, calculations on the model systems constructed from
X-ray structures of 1a and 1b have been performed. The most straightforward models are bare,
[NizL2(p-1,1-N3)2(Ns)2] structures, differing in geometries of binuclear units. The largest systems
are dimers of binuclear units with a corresponding number of crystal H2O molecules present.
Positions of hydrogen atoms were optimized at BP86-D3/ZORA-def2-TZVP(-f) level of theory in
dimeric structures of 1a and 1b, while heavy atoms are kept in their places determined by X-ray
diffraction. Energies of model systems are evaluated at BP86-D3/ZORA-def2-TZVP(-f), B3LYP-
D3/ZORA-def2-TZVP(-f) and MO06-2X/ZORA-def2-TZVP(-f) level of theory. Energies of
structures build from 1a are supplemented with energies of optimized H20 molecules at the same
level of theory. The number of added H20 molecules is chosen so that the pair of models have the
same number of atoms. Therefore, it is possible to compare the stability of model systems based
on laand 1b.

Geometry optimization of [Ni2L2(p-1,1-N3)2(Ns)2] starting from X-ray structures of 1a and 1b have
been performed at ZORA-BP86-D4/TZP level of theory, with ADF program package (version
2019.302) [83-85], leading to two distinct conformations of the binuclear complex. Analytical
harmonic frequencies [86,87] and IR intensities were calculated for both 1a and 1b. These
calculations further ascertained that optimized structures are minima on the potential energy

surfaces.

The role of lattice H20 molecules in mediating the formation of supramolecular structures in the
crystals of 1a and 1b was elucidated with the extended transition state energy decomposition
analysis (EDA) [44-46] scheme as implemented in ADF program package at ZORA-BP86-
D4/TZP level of theory. The interaction energy, Eint, between chosen fragments is decomposed

into several chemically meaningful terms: (i) the quasi-classical electrostatic interaction between



the fragments (Eeist); (ii) the repulsive Pauli interaction (Epaui); and (iii) the stabilizing orbital
interaction (Eorb); 1v) dispersion correction (Edisp) because Grimme’s dispersion energy correction
(D4) is included. Eor is further decomposed with the method of natural orbitals for chemical

valence (NOCV), [47,48] to elucidate the importance of the covalency and polarization.

3. Results and discussion

3.1. Synthesis

The ligand (E)-N,N,N-trimethyl-2-oxo-2-(2-(1-(thiazol-2-yl)ethylidene)hydrazinyl)ethan-
1-aminium chloride (HLCI), was obtained by the condensation reaction of 2-acetylthiazole and
Girard’s T reagent, Scheme 2a. In the reaction of HLCI with NiCl2-6H20 and NaNs in the molar
ratio 1 : 1: 3 in methanol/acetonitrile mixture of solvents, a binuclear double end-on azido bridged
Ni(ll) complex (1b), with composition [NizL2(x-1,1-N3)2(N3)2]-4H20 was obtained, Scheme 2b.
Together with complex 1b, in the same solution Ni(Il) complex with composition [NizL2(u-1,1-
N3)2(N3)2]-2H20 (1a) was formed in traces (few crystals were found visually). Changing solvents
(water, methanol, ethanol, acetonitrile, mixtures of water/ethanol, water/acetonitrile,
water/methanol/acetonitrile  in  different  volume ratio (1:1:1, 1:2:2, 2:1:1),
water/ethanol/acetonitrile), Ni(ll) salts (Ni(BFa)2:6H20, NiCl2:6H20, Ni(NO3)2-6H20,
Ni(OACc)2:4H20, NiClz), molar ratio, reaction time (30 min, 1h, 3h, and 6h), crystallization
techniques (undisturbed solution, slow evaporation, vapor diffusion, solvent diffusion), etc. did
not affect the obtained result. Additional experiments were performed in an attempt to favorize
either 1a or 1b. Ten further reactions were undertaken starting with 1 mL of H20 and increasing
its amount by 1mL in each subsequent reaction with fixed volumes of methanol and acetonitrile
(15 mL each). These attempts did not enable the formation of only one complex. Visually, under
a microscope, a few crystals of complex 1a were still found with the majority of 1b. In the IR
spectrum, the two most intense bands are the azide asymmetric stretching vibrations observed at
2053.7 and 2034.2 cm™. This is conforming with the presence of both end-on bridging and
terminal azide [9,10,12,15,18,21,22]. Those bands comply perfectly with the results of DFT
calculated vibrations for complex 1b. The normal modes with the highest calculated IR intensities
for 1b are at 2052.9 and 2030.2 cm™. These correspond to the asymmetric stretch of bridging and
terminal azide, respectively. For 1a, the azide asymmetric stretching vibrations are calculated to
be at 2067.4 and 2017.3 cm™. This suggests that amount of 1a is negligible compared to the 1b.



Further evidence comes from experimentally determined J coupling constant that matches J
calculated for 1b (Sections 3.3 and 3.5) and from the computational analysis of the energetics of
various model systems built from 1a and 1b (Section 3.6).

Performing the reaction in dried methanol with anhydrous NiClz resulted in the formation
of a complex mixture consisting mainly of starting reactants (HLCI ligand precipitated, which was
confirmed by elemental analysis and IR spectrum). The role of water molecules is described in X-
ray structures of 1a and 1b (Section 3.2), as well as by EDA-NOCYV analysis (Section 3.6).
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Scheme 2. Synthesis of a) ligand HLCI, b) complexes [Niz2L2(u-1,1-N3)2(N3)2].

3.2. Crystal structures of binuclear [NizL2(u-11-N3)2(N3)2]-2H20 (1la) and [NizLz(u-11-
N3)2(N3)2] -4H20 (1b) complexes

The structures of 1a and 1b are depicted in Fig. 1, where the numbering schemes adopted
for the respective atoms are also given. Selected bond lengths and angles are given in Table 2. The
complex units of 1a and 1b are neutral dimers of formula [Niz2L2(x-1,1-N3)2(N3)2]. Complex la
crystallizes as the dihydrate in the triclinic crystal system with space group P—1. Complex 1b
crystalizes as the tetrahydrate in the monoclinic crystal system with space group P2i/c. In these
complexes, each Ni(ll) center is hexacoordinated with the tridentate Schiff base ligand and three
azido groups. One azido group is the terminal azido group, while the other two are end-on azido

bridges, which form common edge within binuclear units, leading to an edge-sharing bioctahedral



structure. In binuclear complexes 1a and 1b, the terminal azido ligands are coordinated in trans
positions. The N-N-Ni bond angles are 119.6(2)° in 1b and 123.7(2)° in 1la, showing bent
coordination of the anionic terminals. The terminal azido ligands are nearly linear and slightly
asymmetric (N8-N9 = 1.175(4) A and N9-N10 = 1.151(4) A for 1a; N8-N9 = 1.183(3) A and
N9-N10 = 1.164(3) A for 1b) with the shorter N(azido)-N(azido) bonds further from the metal
center. In 1, L is bonded to Ni(Il) through Niniazole (Ni1-N1, 2.126(3) A in 1a and 2.122(2) A in
1b), Nimine (Ni1-N2, 2.017(3) A in 1a and 1.997(2) A in 1b) and Oenolate (2.140(2) A in 1a and
2.083(2) A in 1b) atoms. The tridentate coordination of each ligand molecule implies the formation
of two fused five-membered chelate rings (Ni-N—-C—C—N and Ni-N-N-C-0). The chelate rings
Ni—N-C—-C—-N and Ni—N-N-C-O are nearly coplanar in 1a, as indicated by the dihedral angle of
1.6°. However, the five-membered chelate rings in 1b show a significant deviation of 4.8° from
coplanarity. One of the measures of the octahedral strain is average AOn value. AOn is defined as
the mean deviation of 12 octahedral angles from ideal 90°. The Nil centers in 1a show a greater
degree of octahedral distortion compared to that in 1b, as indicated by the average AOn values of
6.92° vs. 6.05°, respectively.

The M-L bond lengths in complexes 1la, 1b and analogous [Niz2(LY)2(u1-
N3)2(N3)2]-H20-CH3OH [9] (Lt = (E)-N,N,N-trimethyl-2-ox0-2-(2-(quinolin-2-
ylmethylene)hydrazinyl)ethan-1-aminium) have been analyzed. The Ni—Nguinoline bonds
(2.1850(18) A and 2.1793(19) A) observed in [Niz2(L1)2(z,1-N3)2(N3)2]-H20-CHsOH [9] are longer
than the Ni—Nhiazole (2.126(3) A in 1a and 2.122(2) A in 1b). Thus, the Ni-N(heterocycles) bond
lengths decrease in the order Ni—N(quinoline) > Ni—N(thiazole). The Ni—Nimine bond distances
observed in 1a, 1b, and [Ni2(L')2(z1,1-N3)2(N3)2]-H20-CH3OH [9] are comparable in length and
range from 1.9948(17) to 2.017(3) A. The difference between Ni—Oenolate bond lengths in 1a and
1b is evident. The Ni—Oenolate bond length in 1b is 2.083(2) A, while the Ni—Oenotate bond in 1a is
longer (2.140(2) A) and similar to those found in [Ni2(L1)2(z1,1-N3)2(N3)2]-H20-CH3OH [9]
complex (2.0997(15) and 2.1373(16) A). The difference in Ni-O(enolate) bond lengths may be
attributed to different weak interactions (electrostatic and dispersion) present in 1a and 1b, and
[Ni2(L)2(ze1,1-N3)2(N3)2]-H20-CH3sOH [9] that involve O(enolate) oxygen.

Structural parameters correlating the geometry of the central Ni2N2 rings of binuclear

complexes 1a and 1b are given in Table 3. In these complexes, the central Ni2N2 rings are planar



with bridging angles (Ni—Nazido(end-on—Ni) of 97.94(8) and 102.08(11)° and Ni---Ni separations of
3.1823(4) and 3.2525(6) A for 1b and 1a, respectively. The Ni—Nazido(end-on) bond distances show a
discrepancy of 0.019 A in 1a and 0.086 A, in 1b. In the analyzed complexes, the out-of-plane
deviations (o) of the azide anions are 25.7(2)° (for 1a) and 44.0(2)° (for 1b). The Ni—Nazido(end-on)—
Ni bond angles, the Ni—Noazidoend-ony bond lengths and Ni--Ni distances observed in binuclear
complexes 1la and 1b fit into the range of values obtained for the ferromagnetically coupled
binuclear tetraazido Ni(ll) complexes with tridentate or bis-tridentate ligands (Table S1) [9-
22,80]. The complexes analyzed in Table S1 differ in the position of Nazido(terminaty atoms with
respect to the Ni2N2(zidoend-on)) plane, as evidenced by the Nazido(terminal)~Ni—Nazido(end-on)—Ni torsion
angles.

In the crystals of la and 1b, the dimers are assembled into three-dimensional
supramolecular structures through intermolecular hydrogen bonds. In the crystals of 1a the dimeric
units are self-assembled into the layers parallel with the (001) lattice plane through C—H---Noazide,
and C—H---Oenolate hydrogen bonds Table S2, Fig. Sla. Solvent water molecule serving as a double
donor and double acceptor mediate in joining the neighboring layers in three-dimensional
supramolecular structure Table S2, Fig. S1b. In the crystals of 1b, solvent water molecules (O1w
and O2w) form heterodromic water cycles, which serve to connect dimeric units into three-
dimensional supramolecular structure Table S3, Fig. S2. The O2w functions as a double donor to
Olw and its symmetry equivalent at 2—x, -y, 1—z. The Olw is a double acceptor and double donor

t0 Namide and Nazide Nitrogens.

Table 2. Selected bond lengths (A) and angles (°) for complexes 1a and 1b.

Complex

(1a) Nil-N1 2.126(3)
Nil-N2 2.017(3)
Ni1-N8 2.070(3)
Nil-N5 2.082(3)
Ni1-N5% 2.101(3)
Ni1-01 2.140(2)
N3-C6 1.330(4)
01-C6 1.263(4)
N8-N9 1.175(4)
N9-N10 1.151(4)
N5-N6 1.193(4)
N6-N7 1.151(4)

(1b) Ni1-N1 2.122(2)

N1-Nil-N2 77.83(11)
N1-Ni1-N5 103.02(11)
N1-Ni1-N5* 91.53(11)
N1-Ni1-N8 91.89(12)
N2-Nil-N8 94.63(11)
N2-Nil-N5¢ 96.66(10)
N5-Nil-N8 90.77(10)
N5-Nil-N5¢ 77.93(11)
N2-Ni1-N5 174.51(9)
N8-Nil-N5* 168.66(11)

N1-Nil-N2 78.46(7)

N2-Ni1-O1 75.62(10)
N5-Ni1-O1 103.22(10)
N52-Ni1-O1 89.54(10)
N8-Ni1-01 92.23(11)
N1-Nil-O1 153.37(10)

N2-Ni1l-O1 76.86(7)




Nil-N2 1.997(2) N1-Ni1-N5 106.35(8)  N5-Nil-O1 98.08(7)

Ni1-N8 2.109(2) N1-Nil-N5° 88.21(8)  N5" Nil-O1 90.45(7)
Ni1-N5 2.066(2) N1-Nil-N8 94.92(8) N8-Ni1l-O1 89.30(8)
Ni1-N5° 2.152(2) N2-Nil-N8 92.06(8)  N1-Nil-O1 155.09(7)
Ni1-O1 2.083(2) N2-Nil-N5°  94.66(7)
N3-C6 1.331(3) N5-Nil-N8  91.09(8)
01-C6 1.260(3) N5-Nil-N5°  82.06(8)
N8-N9 1.183(3) N2-Ni1-N5 174.00(8)
NO-N10 1.164(3) N8-Nil-N5° 173.05(8)

N5-N6  1.204(3)
N6-N7  1.150(3)
Symmetry codes: a = —x+1, -y, —z+1 and b = —x+1, -y, -z.

Table 3. Structural parameters correlating the geometry of the central Ni2N2 rings of binuclear
complexes la and 1b.

Complex Ni—NaZido(end—on)— Ni---Ni Ni—Nazido(end— Nazido(terminal)—Ni—Nazido(end—on)— &0)

Ni (°) A) on) (A) Ni (°)
(1a) 102.08(11) 3.2525(6) 2.101(3); -4.5(6); 179.1(1) 25.7(2)
2.082(3)
(1b) 97.94(8) 3.1823(4) 2.152(2): 10.2(7); -178.77(8) 44.0(2)
2.066(2)

2X°) is the out-of-plane deviation of the azide ion measured as the angle between Ni>N. plane and the N—
N bond.




Fig.l. ORTEP presentations of the a) [Nisz(,ll-l,l-N3)2(N3)2]-2H20 (1a) and b) [Nisz(/1-1,1-N3)2(N3)2]-4Hzo
(1b). Thermal ellipsoids are drawn at the 30% probability level. Unlabeled part of the dimeric molecules
(1a) and (1b) and the corresponding solvent water molecules are generated by symmetry operations —x+1,

-y, —z+land —x+1, -y, -z, respectively. In (1a) Hlw from the solvent water molecule, O1w suffers from
the positional disorder.

3.3. Magnetic properties

The susceptibility of 1b (Fig. 2) monotonically increases as temperature decreases from
300 K down to 2 K and, at first glance, resembles a paramagnetic-like 1/T dependence. However,
the product »-T versus temperature (inset in Fig. 3), that should be temperature independent in case
of an ideal 1/T dependence, reveals interesting magnetic behavior. From the room temperature
value of »-T = 2.8 emu K/mol, an effective magnetic geff = 3.3 us per Ni ion was calculated. This
value agrees with the usually measured value of divalent nickel complexes with a nonzero orbital
contribution [88]. With decreasing temperature, the product T starts to increase (indicating
dominant ferromagnetic interaction in agreement with theoretical calculations), reaching a

maximum at 26.5 K. Bellow 26 K the product y-T decreases with decreasing temperature revealing
an additional antiferromagnetic interaction in the system.
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Fig. 2. Temperature dependence of susceptibility y and product »-T (inset) of 1b measured in a

magnetic field of 1 kOe. The full green line is a fit with function (2) and parameters described in
the main text.



The measured temperature dependence of the product »-T is an excellent example of a binuclear
system with ferromagnetic intramolecular interaction J, and antiferromagnetic intermolecular
interaction J' between the nearest dimeric units [89]. The corresponding magnetic interaction

Hamiltonian can be written as [89]:
Hine = = 2] $4Sp —2]' <S5, > S, (1)

with Sa = Sg =1 for Ni(ll) ions, and z the number of nearest neighbor units (4 for our structure).
The second term describes the intermolecular interactions /" in the molecular-field approximation.
Hamiltonian (1) leads to a temperature-dependent susceptibility [89]:

_ Nag*wgFQT)

" kgT-zJ'F(,T) (2)
where constant Na, g, ks, and s acquire their usual meaning. For binuclear Ni(ll) units, the
function F(J,T) is:

eX+5e3%

F(I,T)ZZW (3)

with x = 2J/(keT). The best fit of the experimental data with function (2) in the form of the
product »-T(T) was obtained with parameters g =2.3,J=9.5cm™, )’ = —0.12 cm™ and is

shown as a full green line in the inset in Fig. 2.

3.4. Assessment of DFAs for calculation of the exchange coupling

Binuclear complexes 1-X1X, used for the assessment of DFAs for the calculation of J
values, have magnetic coupling in the range -1.77-+36.3 cm™. Complexes I-XV11 share common
structural motif - Ni(ll) centers are octahedrally coordinated with two end-on azide bridged ligands
and one terminal azide ligand. Ni-N-Ni bridging angles are between approx. 98° and 103.9°, Ni--
-Ni distances between 3.155 and 3.448 A (Table S1). Ferromagnetic coupling is typical for the
double end-on azide bridged binuclear Ni(Il) complexes [1,2]. The exception is when a low Ni-N-
Ni bridge angle and shorter Ni---Ni separation lead to weak antiferromagnetic coupling, as found
in the complex XV 111 (Ni-N-Ni angle 90.4°, Ni---Ni distance 3.011 A, and J=—1.77 cm™) [58].



Calculated J values by different DFAs are presented in Tables 4-6. Table 4 summarizes
the results obtained by GGAs (BP86, BLYP, OLYP, OPBE) and meta-GGAs (M06-L and TPSS);
Table 5 reports the results by hybrid (B3LYP, B3LYP*, BHandHLYP) and meta-hybrid
functionals (M06, M06-2X, and TPSSh). In Table 6, results by double-hybrid (B2PLYP and
PWPB95) functionals are given. Irrespectively of the choice of DFA, the qualitatively correct
ferromagnetic coupling is obtained in cases I-XV11 and X1IX. However, complex XV1II is more
troublesome for the BS-DFT predictions. Except for double-hybrids (B2PLYP and PWPB95), all
DFAs fail to predict weak antiferromagnetic coupling for complex XVIII. A quantitative
agreement depends on DFA employed. In general, only double-hybrid functionals gave the mean
absolute error (MAE) less than 10 cm™. GGAs and meta-GGAs gave similar results (Table 4) with
MAE around 25 cm, overestimating the ferromagnetic interactions. The results are also
somewhat divergent, with a span of errors between 6 and 43 cm™2. Inclusion of modest amount of
the exact exchange in hybrid and meta-hybrid DFAs (10% in TPSSh, 15% in B3LYP*, 20% in
B3LYP, 27% in M06) does not improve the results (Table 5). DFAs with a higher percentage of
the exact exchange (50% in BHandHLYP and 54% in M06-2X) lead to less overestimation of the
ferromagnetic interactions. Meta-hybrid M06-2X gives the best results among chosen “standard
DFAs” (Table 4 and Table 5), with MAE of 11 cm and a span of absolute errors between 0.90
and 28 cm. Double-hybrid functionals demonstrate definite improvement over other chosen
functionals (Table 6). PWPB95 is the best of all 14 selected functionals with MAE of 6.5 cm™,
and maximal AE of 15 cm. Only in four complexes (1V, VI, X1, XV) calculated J differ from
the experimentally estimated values by more than 10 cm™. It is noteworthy to mention that this
behavior of double-hybrids is not necessarily universal. Double-hybrid functionals show excellent
results in energetics [74,90-94]. However, they are seldomly used for the calculation of magnetic
coupling [38,39,43,95,96], and not always giving an improvement compared to the hybrid
functionals [38,39]. J coupling calculated with double-hybrid functionals without perturbational
correction, i.e., DFT only values, are similar to the calculated values by hybrid functionals with a
high percentage of the exact exchange (Table 6). The apparent reason is the high admixture of the
exact exchange in double-hybrid functionals - 53% in B2PLYP and 50% in PWPB95. B2PLYP
DFT only calculated values are almost the same as the BHandHLYP ones. Perturbational
contribution to the exchange coupling (AJet2) corrects the overestimation of the ferromagnetic

interactions, and in the PWPB95 case in a somewhat more balanced way (Table 6).



Table 4. Exchange coupling constants (in cm™) calculated with selected GGAs and meta-GGAs
for 17 Ni(Il) binuclear complexes and comparison with experimentally determined values. Mean
error (ME), mean absolute error (MAE), minimal absolute error (Min AE), and maximal absolute
error (Max AE) incm™,

Complex | Exp. BP86 BLYP OLYP OPBE MO6-L  TPSS
| 12.00[9] 5050 49.48 51.9 52.92 46.73 53.45
I 34.20[10] 54.48 52.93 57.39 58.58 49.2 53.84
11 11.35[10] 42.945  42.82 46.465  47.63 37.23 41.76
IV 191[11] 28285 27425 29815 26565  29.95 30.68
v 28.32[12] 54.71 56.06 55.31 53.21 5.21 54.88
VI 2550 [13] 47.78 46.31 47.19 49.71 45.95 50.27
il 36.30 [14]  43.29 42.09 43.79 44.5 42.45 45.72
Vi 22.80 [15] 45.98 44.87 45.07 45.89 47.85 50.36
IX 23.35[16] 32.00 30.31 29.47 31.63 31.38 34.90
X 18.61[17] 51.30 50.10 52.88 54.53 43.69 49.88
X1 31.87[17] 45.39 44.18 483 49.01 38.21 43.18
X1 16.87 [18]  46.04 45.47 49.24 49.87 39.88 41.27
X1 33.00[19] 73.57 72.06 74.69 75.875  60.84 74.08
XIV 24.90 [20]  59.68 57.91 58.71 60.15 54.02 60.43
XV 6.12[80]  47.42 48.47 45.11 43.77 38.48 43.29
XVI 21.80 [21] 49.05 47.64 50.76 51.95 46.75 50.65
XVII 20.96 [22] 37.95 36.98 38.93 39.82 35.04 38.06
XVIII 1.77[58]  11.93 11.05 20.71 20.91 12.97 11.34
X1X 13.85[58] 35.67 34.84 41.47 41.93 30.94 33.46
ME 25.05 24.16 26.24 27.18 18.68 25.24
MAE 25.05 24.16 26.24 27.18 21.11 25.24
Min AE 6.99 5.79 6.12 8.20 6.15 9.42

MAX AE 41.30 42.35 41.69 42.88 34.73 41.45




Table 5. Exchange coupling constants (in cm™2) calculated with selected hybrid and meta-hybrid
DFAs for 17 Ni(Il) binuclear complexes and comparison with experimentally determined values.
Mean error (ME), mean absolute error (MAE), minimal absolute error (Min AE), and maximal
absolute error (Max AE) in cm™,

Complex | Exp. B3LYP B3LYP* BHandHLYP MO06 MO06-2X  TPSSh
I 12.00 [9] 55.41 55.22 51.04 55.91 40.45 56.72
I 34.20[10] 53.73 55.65 39.08 57.07 32.26 53.83
i 11.35[10] 39.045 42.22 27.95 43.42 25.12 40.93
v 1.91[11] 35.425 34.96 29.86 39.89 25.66 35.99
\% 28.32[12] 35.30 31.10 30.55 54.26 27.42 28.63
Vi 25.50[13] 56.10 57.18 44.02 58.10 36.90 53.83
VIl 36.30 [14] 49.91 51.55 42.84 53.59 34.94 50.05
Vil 22.80[15] 58.71 59.66 52.20 61.05 41.85 57.18
IX 23.35[16] 40.05 40.03 34.80 44.21 28.86 39.33
X 18.61[17] 46.31 48.92 33.82 52.03 29.87 49.51
Xl 31.87[17] 38.56 40.50 27.88 43.76 24.46 42.47
X1l 16.87 [18] 36.45 36.49 30.84 42.71 26.67 37.40
X 33.00[19] 71.03 72.18 55.81 71.67 45.14 74.69
XV 24.90[20] 61.98 62.98 46.45 64.38 38.07 62.63
XV 6.12 [80] 38.31 40.9 30.87 42.34 26.18 30.21
XVI 21.80[21] 52.00 52.99 43.24 62.06 36.69 52.56
XVII 20.96 [22] 39.63 39.65 31.30 43.37 27.52 39.52
XVII -1.77 [58] 10.03 11.92 4.74 16.07 2.36 12.2
XIX 13.85[58] 29.00 31.31 21.81 36.37 19.09 28.77
ME 24.48 25.45 15.64 29.49 9.87 24.45
MAE 24.48 25.45 16.06 29.49 11.09 24.45
Min AE 6.69 2.78 2.23 11.89 0.90 0.31
MAX AE 43.41 43.22 39.04 43.91 28.45 44.72




Table 6. Exchange coupling constants (in cm™) calculated with double-hybrid B2PLYP and
PWPB95 for 17 Ni(ll) binuclear complexes and comparison with experimentally determined
values. Mean error (ME), mean absolute error (MAE), minimal absolute error (Min AE), and
maximal absolute error (Max AE) in cm™. DFT only values and perturbational contribution AJpt2
are given as well.

c B2PLYP PWPB95 AJero Aotz
omplex | Exp. (OFT) B2PLYP (OFT) PWPB95 (B2PLYP) (PWPBY5)
I 12.00 [9] 52.60 0.58 46.82 18.22 -52.02 -28.6
I 34.20[10] 37.94 25.05 37.44 29.18 -12.89 -8.26
i 11.35[10] 28.29 17.49 27.13 16.78 -10.81 -10.36
v 1.91[11] 30.41 14.02 28.38 16.33 -16.39 -12.05
\% 28.32[12] 35.34 18.97 29.44 20.20 -16.37 -9.24
VI 25.50 [13]  43.66 28.17 41.84 28.10 -15.49 -13.74
VIl 36.30 [14]  43.02 21.01 39.01 24.21 -22.01 -14.80
VIHI 22.80[15] 52.81 15.60 48.25 26.57 -37.21 -21.68
IX 23.35[16] 37.42 20.27 31.46 20.16 -17.15 -11.30
X 18.61[17] 33.82 23.17 32.01 23.10 -10.65 -8.91
Xl 3187 [17] 27.77 19.14 25.75 17.52 -8.63 -8.23
X1l 16.87 [18] 31.19 3.31 30.04 19.64 -27.88 -10.40
X 33.00[19] 56.06 24.16 51.83 30.11 -31.90 -21.73
X1V 2490 [20] 46.25 29.15 44.00 30.52 -17.10 -13.48
XV 6.12 [80] 29.93 21.97 28.94 21.04 -7.96 -7.90
XVI 21.80[21] 4292 30.09 41.21 28.58 -12.83 -12.63
XVII 20.96 [22] 31.24 18.29 30.39 19.56 -12.95 -10.83
XVIII -1.77 [58] 5.48 -8.29 3.98 -6.54 -13.77 -10.52
XIX 13.85[58] 22.06 8.75 20.09 9.74 -13.31 -10.35
ME 16.12 -2.69 13.48 0.58
MAE 16.55 8.36 14.12 6.47
Min AE 3.74 2.67 1.12 1.40
MAX AE 40.60 15.85 34.82 14.92




The trend of the results (Tables 4-6), at first sight, seems in contrast to the typical behavior
of DFAs. It is expected that GGAs favor low spin states, while hybrid DFAs stabilize the high-
spin states. This anticipation does not take into account the details of the magnetic coupling. The
ferromagnetic coupling can be understood based on the analysis of the unrestricted corresponding
orbitals [97] obtained from the broken-symmetry determinant. Magnetic orbitals centered on each

of the Ni(ll) are local d,2_,2and d,2 orbitals. The poor overlap of the pairs of magnetic orbitals

(calculated overlap is always less than 0.1), as dictated by the geometry of the binuclear complexes,
is hindering the antiferromagnetic coupling [98]. The spin density in the ferromagnetic state of
studied compounds is located mainly on the Ni(ll) centers (Table S4). The localization of the spin
density follows a common tendency. GGA functionals overestimate delocalization [99]. In
contrast, the extent of the localization is more significant, with a higher percentage of the exact
exchange in hybrid functionals [100] (Table S4). Accordingly, GGA functionals have a bias
toward the ferromagnetic coupling in studied systems (Table 4). In hybrid functionals, two
opposing aspects come into play - localization of the spin density that lowers ferromagnetic
coupling and higher correlation of the unpaired electrons that stabilize the high-spin state. Double-
hybrid functionals improve most of the shortcomings of other DFAs. The high percentage of the
exact exchange localizes the spin density. At the same time, perturbational correction fixes the
issue of the overstabilization of the high-spin states (AJrt2, Table 6, stabilizes the low-spin state),
i.e., reducing further the ferromagnetic coupling. It is noticeable that PWPB95, which overall has
the best behavior in studied systems, regards the correlation contribution of opposite-spin electron

pairs solely.

3.5. Exchange coupling in 1a and 1b

The exchange coupling in binuclear complexes 1a and 1b has been calculated by the BS-
DFT approach with M06-2X, B2PLYP, and PWPB95 functionals (Table 7). The computed values
for 1b with B2PLYP and PWPB95 functionals are in excellent agreement with the experiment.
The J is overestimated by approx. 4.5 cm™, similarly to the results presented above for other
binuclear complexes (Table 6). Geometries of 1a and 1b are comparable to geometries of other

ferromagnetic systems 1-XV1I (Table 3 and Table S1).



Table 7. Exchange coupling constants (in cm™) calculated with meta-hybrid M06-2X and double-
hybrid B2PLYP and PWPB95 for Ni(ll) binuclear complexes 1a, and 1b, and comparison with
experimentally determined values. DFT only values for double-hybrids are given as well.

Complex | Exp. MO06-2X B2PLYP B2PLYP PWPB95 PWPB95
(DFT) (DFT)
la 34.78 40.94 24.46 37.70 25.40
9.5
1b 20.68 24.21 13.78 2253 13.97

The spin density in the ground ferromagnetic state is localized around Ni(ll) centers. The
slight delocalization toward the directly coordinated ligand atoms and terminal nitrogen atoms of
the bridging azides is observed (Fig.3). All atoms bearing apparent spin density have the same

sign, pointing out to the spin delocalization as the primary exchange mechanism.

Fig.3. Graphical representation of the spin density of the high-spin state of the binuclear complexes
la and 1b. Isosurfaces were drawn at 0.01 /A% with blue surfaces representing o-spin.

Each Ni(ll) center is in the local octahedral environment (X-ray part), with local S = 1

electronic state (d® local electronic configuration). Unpaired electrons are placed in the local



d,2_y2and d,2 orbitals. Pairs of the unrestricted corresponding orbitals [97] obtained from the

broken-symmetry determinants are depicted in Fig.4. The poor overlap between magnetic orbitals

in each pair implies that antiferromagnetic coupling is quenched. Equivalent interactions were

reported previously in I [9].

Fig.4. Corresponding orbitals obtained from the broken-symmetry solution of the binuclear
complexes la and 1b. a spin-orbitals are depicted as red (positive)/yellow (negative) lobes;  spin-
orbitals are depicted as blue (positive)/grey (negative) lobes. Isosurfaces were drawn at 0.04 e/AS.
Their spatial overlaps are: 0.00026 and 0.00169 (1a); 0.00389 and 0.00186 (1b),



3.6. Computational analysis of structures 1a and 1b

To rationalize the fact that 1b is a dominant product regardless of experimental conditions (Section
3.1), we have performed BP86-D3/ZORA-def2-TZVP(-f), B3LYP-D3/ZORA-def2-TZVP(-f),
MO06-2X/ZORA-def2-TZVP(-f), and ZORA-BP86-D4/TZP calculations on model systems build
from corresponding X-ray structures, which vary in a number of H20 molecules. The simplest
models are bare [NizL2(u-1,1-N3)2(Ns)2] units. The largest considered models are dimers of
binuclear units with all crystal waters present (four in 1a dimer and eight in 1b dimer). All the
model systems are depicted in Fig. S4. The chosen modes systems are: i) la* and 1b*, i.e.,
[Ni2L2(u-1,1-N3)2(N3)2] complexes from corresponding crystal structures without lattice H20; ii)
la (crystal structure of [NizL2(u-1,1-N3)2(N3)2]-2H20) and 1b*-2H-0; iii) 1la + 2H20 and 1b
(crystal structure of [Ni2L2(u-11-N3)2(N3)2]-4H20); iv) la*--(H20)2--la* + 2H.0 (two la*
molecules connected via water dimer and two additional water molecules) and 1b*--(H20)4--1b*
(two 1b* molecules connected via water tetramer); (v) (1a)2 + 4H20, (a dimer of 1a taken from
the crystal structure and four additional water molecules) and (1b)z, i.e., a dimer of 1b made from
the crystal structure. In this way, we can compare energies of model systems based on 1a and 1b
with an equal number of atoms, Table 8. The results reveal that in all cases, model systems based
on 1b have lower energies than those based on 1a. In the case of optimized structures of 1a* and
1b* (at BP86-D4/TZP level of theory), 1b* is lower in energy for 6.6 kcal/mol.

Table 8. Energies (in kcal/mol) of model systems constructed from X-ray structures of 1a and 1b
at different levels of theory.

1a*—(H,0),-1a* +
(18.)2 + 4H,0
la*/1b* 1a/1b*-2H,O 1la+2H.0/1b 2H20 / 1b*--(H20)4--
/ (1b),
1b*
BP86-D3/def2-
12.6/0.0 9.4/0.0 34.9/0.0 44.1/0.0 66.7/0.0
TZVP(-f)?
B3LYP-D3/def2-
10.6/0.0 7.1/0.0 32.5/0.0 39.7/0.0 61.6/0.0
TZVP(-f)?
MO06-2X/def2-
10.5/0.0 5.7/0.0 29.8/0.0 37.4/0.0 56.4/0.0
TZVP(-f)?
BP86-D4/TZP® | 12.5/0.0 11.5/0.0 32.5/0.0 41.1/0.0 61.9/0.0

2 Calculations with ORCA program package ° Calculations with ADF program package



EDA analysis, Table 9, is performed to understand the formation of supramolecular structures. For
this purpose, the interaction energy between two monomeric units of [Ni2L2(u-1,1-N3)2(Ns)2] and
water clusters between them, from the X-ray structures was investigated. The interaction energy

between three fragments is lower (i.e., more negative) for the model system taken from 1b.

Table 9. Energy Decomposition Analysis at BP86-D4/TZP level of theory for the formation of
dimeric structures of 1a and 1b; model systems are constructed from X-ray structures of 1a and
1b; energy components are given in kcal/mol relative to the chosen fragments; dashed lines
indicate fragmentation; energy components per bond are shown in brackets.

Eeist Epauii Eon Es Euisp Eint
-41.92 46.56 -27.49 -16.37 -10.96 -33.81
(-20.96) (23.28) (-13.75) (-8.19) (5.48) (-16.91)
-41.78 46.53 -27.5 -16.38 -10.96 -33.71
(-20.89) (2327) (-1375) (-8.19) (5.48) (-16.86)
-45.5 46.90 -33.48 -21.37 -11.89 -43.97
(-22.75) (23.45) (-16.74) (-10.69) (-5.95) (-21.99)
-45.27 46.85 -33.48 -21.34 -11.90 -43.80
(-2264) (2343) (-16.74) (-10.67) (-5.95) (-21.90)

1a*--(H,0),--1a*

[(H20)1a*]--(H20).--[1a*(H20)]"

1b*--(H.0)4--1b*

[(H20)21b*]--(H20)4--[1b*(H20)-]*

%Part of Eom corresponding to ¢ covalent bond between fragments. ° Corresponds to dimer (1a)z; ©
Corresponds to dimer (1b)a.

In all the structures, the electrostatic interaction between the chosen fragments accounts for 50%
of the stabilization, and orbital interaction gives around 35% of the stabilization. Dispersion
correction is non-negligible (15% of stabilization). NOCV analysis disclosed that dominant
electron density flow channels represent o-covalent hydrogen bonding between water and
monomer units, Fig. 5. This o-covalent interaction brings 20% of stabilization to the system based
on la and 23% of stabilization to the system based on 1b. The rest of the orbital stabilization is
due to the polarization. Pauli interaction and dispersion corrections are similar in models based on
both 1a and 1b. The difference in interaction energies in dimer models of 1a and 1b stems from
the electrostatic contribution and the o covalency. Thus, EDA-NOCV analysis unveils that two
additional water molecules in 1b have a synergistic effect on the interaction between monomer

units. This is additionally confirmed by EDA-NOCYV analysis of the interaction of water molecules



and monomer units (1a*--H20, 1b*--H20, and 1b*--(H20)2, Table S5, Fig. S5). The EDA-NOCV
analysis /Table 9, Fig. 5), together with energies of model systems (Table 8), explains the

predominant formation of 1b.

[(H20)21b*]--(H20)4--[1b*(H20)2] Es = -21.4 kcal/mol

Fig. 5 Most important density deformation channels from EDA-NOCYV analysis of the formation
of dimeric structures of la (up) and 1b (down). Their relevance is given by their energy
contribution Es to Eom. Charge outflow/inflow is represented by yellow/blue color
(isovalue =0.004 a.u.)



4. Conclusions

In the reaction of the ligand (E)-N,N,N-trimethyl-2-oxo-2-(2-(1-(thiazol-2-
yl)ethylidene)hydrazinyl)ethan-1-aminium chloride (HLCI) with NiCl2:6H20 and NaNs in molar
ratio 1:1:3 in methanol/acetonitrile mixture of solvents, a binuclear double end-on azido bridged
Ni(ll) complex (1b), with composition [NizL2(u-1,1-N3)2(Ns)2]-4H20, together with complex la
[NizL2(u-1,1-N3)2(Ns)2]-2H20 (few crystals), have been obtained from the same solution.
Complexes were characterized by single-crystal X-ray crystallography. Complex 1a crystallizes
as the dihydrate in the triclinic crystal system with space group P—1 and complex 1b as the
tetrahydrate in the monoclinic crystal system with space group P2i/c. In these complexes, each
Ni(Il) center is hexacoordinated with the tridentate Schiff base ligand and three azido groups. One
azido group is the terminal azido group, while the other two are end-on azido bridges, which form
common edge within binuclear units, leading to an edge-sharing bioctahedral structure. Variable-
temperature magnetic susceptibility measurements showed ferromagnetic intramolecular
interaction between Ni(ll) ions. The J value, as well as the Ni—Noazidoend-ony—Ni bond angles, the
Ni—Nazido(end-on) bond lengths and Ni---Ni distances, are in accordance with values obtained for the
similar, 17 ferromagnetically coupled binuclear tetraazido Ni(lIl) complexes. A comprehensive
BS-DFT study revealed the importance of the choice of DFT functionals for the calculation of J
in end-on azido bridged binuclear Ni(ll) complexes. For this purpose, 14 DFAs with different
flavors were selected (GGAs, meta-GGAs, hybrid functionals, meta-hybrid functionals, and
double-hybrid functionals). These 14 exchange-correlation functionals were used for the
calculations of J constants in 19 structurally related binuclear Ni(Il) complexes, for which the J
value was determined experimentally. We believe that this validation study will be useful as a
guideline for future studies on these types of systems. It was shown that binuclear double end-on
azido bridged Ni(Il) complexes are challenging for theoretical description, as most of herein used
DFAs overestimate ferromagnetic interactions. Only double-hybrid functionals were able to
predict rare, weak antiferromagnetic coupling in complex XVIII. The main disadvantage of
double-hybrid functionals is their high computational cost. However, in herein systems, this is
worth the effort as they show MAE bellow 9 cm™ in the entire set. This collection of binuclear
complexes, or part of this collection, may be included in the future, more extensive, and diverse
benchmark sets for the judgment of the quality of DFAs on the calculation of the exchange
coupling. Based on this assessment, three DFAs were chosen for the calculation of J constant in



la and 1b, namely meta-hybrid MO06-2X and double-hybrid B2PLYP and PWPB95. The
calculated J value for 1b agrees with experimentally determined J value. BS-DFT calculations
explained ferromagnetic exchange coupling in the examined complexes. Lastly, EDA-NOCV
analysis rationalized the role of crystal water molecules in structures 1a and 1b. Crystal water
molecules are not innocent bystanders but are serving as mediators in the formation of
supramolecular structures in the crystals of 1a and 1b. The present results demonstrate that synergy
between experimental and computational chemistry is necessary for understanding the structure

and properties of inorganic complexes.
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Schemes and Figures captions

Scheme 1. Different azido bridging modes.

Scheme 2. Synthesis of a) ligand HLCI, b) complexes [Niz2L2(u-1,1-N3)2(N3)2].

Fig.1. ORTEP presentations of the a) [Niz2L2(u-1.1-N3)2(N3)2]-2H20 (1a) and b) [NizL2(z-1,1-
N3)2(N3)2]-4H20 (1b). Thermal ellipsoids are drawn at the 30% probability level. Unlabeled part
of the dimeric molecules (1a) and (1b) and the corresponding solvent water molecules are
generated by symmetry operations -x+1, -y, -z+1and -x+1, -y, -z, respectively.

Fig. 2. Temperature dependence of susceptibility y and product »-T (inset) of 1 measured in a
magnetic field of 1 kOe. The full green line is a fit with function (2) and parameters described in
the main text.

Fig. 3. Graphical representation of the spin density of the high-spin state of the binuclear
complexes 1aand 1b. Isosurfaces were drawn at 0.01 e/A3 with blue surfaces representing a-spin.

Fig. 4. Corresponding orbitals obtained from the broken-symmetry solution of the binuclear
complexes 1a and 1b. a spin-orbitals are depicted as red (positive)/yellow (negative) lobes; f spin-
orbitals are depicted as blue (positive)/grey (negative) lobes. Isosurfaces were drawn at 0.04 e/AS.
Their spatial overlaps are: 0.00026 and 0.00169 (1a); 0.00389 and 0.00186 (1b),

Fig. 5 Most important density deformation channels from EDA-NOCV analysis of the formation
of dimeric structures of 1la (up) and 1b (down). Their relevance is given by their energy
contribution Es to Eom. Charge outflow/inflow is represented by yellow/blue color
(isovalue =0.004 a.u.)



