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Tetradentate ligands with {N4}-donor (L! and L2) and {N3O}-donor (HL®) groups prepared from a traditional
Schiff base condensation reaction of N,N-dimethyldipropylenetriamine with pyridine-2-aldehyde or
2-acetylpyridine or 3-ethoxysalicylaldehyde, respectively, were used to react with Ni(i) salts in the presence
of different pseudohalide ions, resulting in six new Ni(i) dimers with different bridging modes: [Nio(L")2(1y 5~
N3)2l(ClO4), (1), INin(LY)a(y 3-NCO)I(CLOL); (2), INin(LYa{ps 5-NICN)2}I(ClO4), (), INin(L?)a(1 5-N3)al(ClOL),
(@), [Nia(L®)2(111-N3)2l-0.5MeCN (5) and [Nix(L*)5(u; 1-NCO),]-0.5MeCN (6). Their structures and magnetic
properties have been studied and discussed. Double end-to-end (EE) and end-on (EO) bridging modes
were observed for both the azide and cyanate ions in these complexes. While the EE or EO azido-bridged
Ni() compounds are quite common, the doubly EE or EO cyanato-bridged dimeric Ni(i) complex 2 was
quite rare. Furthermore, we observed that in complex 4, the double azido bridges cross each other to form
a rarely observed twisted boat-type arrangement of the {Ni(u; 3-Nz),Ni} core, which leads to ferromagnetic
interaction through the EE azide bridges. According to the present results, the introduction of different
bridges and bridging motifs affords overall diverse magnetic interactions in these Ni(i) dimers, which has
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pseudohalides.”® Among all the pseudohalides, the azide
anion is of special interest. It is well established that the
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Synthesis of di- and poly-nuclear transition metal complexes
with bridging pseudohalides is still attracting considerable
research interest worldwide because of their structural
diversities and rich magnetic properties."® In this context,
the magnetochemistry of pseudohalo-bridged Ni(u) complexes
has been extensively studied because of the presence of
significant magnetic anisotropy in Ni(u) ions, arising from the
second order spin-orbit coupling, in addition to the possible
high spin ground states originating from the ferromagnetic
coupling between the metal centres through the bridging
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azide ion with an end-on (EO, p,) bridging mode provides
ferromagnetic (F) interaction, while end-to-end (EE, p, ;) azide
usually transmits antiferromagnetic (AF) coupling between
Ni(n) ions."® Besides the azide anion, dicyanamide and
cyanate ions are also frequently encountered in molecular
magnetic materials. The p, s-dicyanamide (dca) bridges
mediate mostly a very weak AF interaction between Ni(u)
centres, while the p, ;-mode of dca transfers moderate AF
interactions, leading to some long-range magnetic
materials."* ™ The cyanate ion, on the other hand, propagates
magnetic interaction between Ni(u) centres in a similar
fashion to that of the azide ion but weakly and there is a
scarcity of reports of such Ni(n) compounds in the
literature.'®?* In addition, unlike the azide ion, an
experimental magneto-structural correlation is yet to be
established for cyanato-bridged Ni(u) systems.>***
Magnetically speaking for all these pseudohalides, their
controllable specific bridging modes are of great value to
dictate the desired magnetic properties of the resulting
molecular compounds. A better understanding of the stereo-
electronic factors governing the magnetic exchange
interaction between metal ions through the bridging
pseudohalides would enable us to design Ni(u) clusters with
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desired magnetic properties. However, the coordination
behaviour of these ions is mostly serendipitous and the
predicted bridging modes have been achieved only in a few
cases. In this regard, organic ligands play crucial role in
designing magnetically interesting Ni(u) cluster compounds
as they may dictate the stereo-electronic structure at the
metal centres and have a decisive influence on the bridging
modes of the pseudohalides and thus the magnetic
properties of the clusters.’® Among all the organic ligands,
Schiff-base ligands are quite useful for developing large
numbers of Ni(u) clusters with diverse structural and
magnetic properties, mainly because of the synthetic
simplicity and tuneable stereo-electronic structures of these
ligands by varying carbonyl and amine counterparts.”®

We are now developing the coordination chemistry of 1st
row transition metals with Schiff base ligands derived from a
triamine  protected at one end, namely N,N-
dimethyldipropylenetriamine and salicylaldehyde or its
derivatives for the interest in the fields of biomimetic
catalysis and magnetic materials. We observed the diverse
coordination adaptabilities of these ligands with varying
denticity, which make these ligands suitable synthons for
further exploration of coordination compounds with tuneable
structures and properties.>®>” As we know the charge of the
ligands strongly influences the self-assembled neutralization
processes, and the ligands having the same number of donor
centres but different charges could end up with diverse
structures especially in the presence of exogenous bridging
ligands. Given the aforementioned consideration, three
tetradentate Schiff base ligands L', L> and HL* (Scheme 1)
were allowed to react with Ni(u) salts in the presence of
different pseudohalide ions, resulting in a series of dinuclear
Ni(n) complexes with diverse structures. Herein, the
structures and magnetic properties of six new complexes
[Ni(L1)(11,5N3)o)(ClO4)> (1), [Niap(L')2(11,3-NCO),](ClOS), (2),
[Nio(L)o{11 5 N(CN):})(ClOs), - (3),  [Nin(L?)a(11,5-N3)2](ClO4),
(4), [Niy(L¥)s(t1,1-N3),]-0.5MeCN  (5) and  [Niy(L*),(py1-
NCO),]-0.5MeCN (6) have been reported, with the magneto-
structural relationship of these compounds being discussed.

Experimental section
Materials and physical measurements

All the chemicals such as nickel(n) perchlorate hexahydrate,
3-ethoxysalicylaldehyde, pyridine-2-aldehyde, 2-acetylpyridine
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and N,N-dimethyldipropylenetriamine were purchased from
commercial sources and used without further purification.
Solvents were of reagent grade and used as received.

Caution! Perchlorate and azide salts of metal complexes
coordinated with organic ligands are potentially explosive.
Only a small amount of the material should be prepared, and
it should be handled with great care.

Elemental analyses (carbon, hydrogen and nitrogen) were
conducted on a PerkinElmer 240C elemental analyser.
Magnetic susceptibility measurements were performed using
a Quantum Design SQUID VSM magnetometer for all the
compounds. Direct current (DC) measurements were
conducted in the temperature range of 300 to 2 K under an
external magnetic field of 1000 Oe. The field dependent
magnetizations were measured at 2-5 K with a dc magnetic
field between 0 and 7 T. All magnetic data were corrected for
the sample holder and for the diamagnetic contribution of
the samples.

Synthesis of the Schiff base ligands L', L> and HL?

The ligands were prepared adopting the Schiff base
condensation method.?” When N,N-
dimethyldipropylenetriamine was allowed to react with
pyridine-2-aldehyde or 2-acetylpyridine or
3-ethoxysalicylaldehyde in methanol, tetradentate {N,} or
{N;0} donor Schiff base ligands were produced. In a typical
reaction, a  mixture of 1.0 mmol of N,N-
dimethyldipropylenetriamine (159 mg) and 1.0 mmol of
pyridine-2-aldehyde (107 mg) in 20 mL methanol was placed
in a round bottom flux and it was refluxed for ca. 1 h, and
thereafter allowed to cool at room temperature. The deep
orange methanol solution of L' was subsequently used for
the synthesis of complexes 1-3. Using a similar protocol,
where the condensation reaction was carried out using
2-acetylpyridine or 3-ethoxysalicylaldehyde instead of
pyridine-2-aldehyde, it resulted in ligands L*> and HL* which
were subsequently used for the preparation of complexes 4-6.

Synthesis of [Niy(L")5(jts,5-N3),](Cl0y4), (1)

Ni(ClO,),-6H,0 (1.0 mmol, 366 mg) and Schiff base ligand L"
(1.0 mmol) were combined in 30 mL of methanol with
stirring. To the reaction mixture, NaN; (1.0 mmol, 65 mg)
was added with continuous stirring and the resulting green
solution was subjected to reflux for about 30 min. The

AN \O
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—H,0 N —H,0

Scheme 1 Synthesis of the Schiff base ligands.
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reaction mixture was then filtered and kept at room
temperature for crystallization. Crops of dark-green crystals,
suitable for X-ray diffraction, were obtained from slow
evaporation of the solution after a few days. Then the crystals
were collected by filtration and washed with cold methanol/
diethyl ether and air dried to obtain analytically pure
complex 1. Yield: 332 mg (74%). Anal. caled. for C,gH,5Cly-
N,,Ni,Oq: C 37.49%, H 5.39%, N 21.86%. Found: C 37.74%,
H 5.60%, N 21.67%. Selected FTIR bands (cm™'): 1075 s and
621 s (ClO,"); 1599 m (pyridyl); 1651 w (azomethine); 2080 s
(azide).

Synthesis of [Niy(L"),(1t; 5-NCO),](ClOy), (2)

Complex 2 was prepared following a similar procedure to that
described for 1, but NaNCO was used instead of NaNj.
Colour: dark-green. Yield: 305 mg (68%). Anal. calcd. for Czo-
H,5CL,N;oNiyO50: C 40.17%, H 5.39%, N 15.61%. Found: C
40.34%, H 5.58%, N 15.37%. Selected FTIR bands (ecm™):
1076 s and 621 s (ClO;); 1601 m (pyridyl); 1653 w
(azomethine); 2222 s (cyanate).

Synthesis of [Niy(L") {11 5-N(CN),},](ClOy), (3)

Complex 3 was prepared following the same synthetic
methodology applied for 1, but NaN(CN), was added instead
of NaNj;. Colour: dark-green. Yield: 364 mg (77%). Anal.
caled. for Cs,H,5CL,N,,Ni,Og: C 40.67%, H 5.12%, N 20.75%.
Found: C 40.54%, H 5.28%, N 20.57%. Selected FTIR bands
(em™): 1069 s and 621 s (ClO,7); 1600 m (pyridyl); 1646 w
(azomethine); 2195 s, 2246 m, 2303 m (dicyanamide).

Synthesis of [Niy(L?),(1y 5-N3),](C10,), (4)

Complex 4 was synthesised following an identical procedure
to that described for 1, but ligand L* was used in place of L'.
Colour: dark-green. Yield: 305 mg (66%). Anal. calcd. for Czo-
H,,Cl,N,,Ni,Og: C 38.95%, H 5.67%, N 21.20%. Found: C
40.04%, H 5.58%, N 21.07%. Selected FTIR bands (cm™):
1080 s and 620 s (ClO;); 1598 m (pyridyl); 1631 w
(azomethine); 2073 s (azide).

Synthesis of [Niy(L?),(jty,1-N3),]-0.5MeCN (5)

A mixture of Ni(ClO,),-6H,0 and Schiff base ligand HL® in
methanol/acetonitrile (1:1, v/v) was used to prepare complex
5 adopting a very similar procedure to that described for 1 in
the presence of Et;N (1.0 mmol). Colour: dark-green. Yield:
338 mg (81%). Anal. calcd. for C;oH;14N,5Ni Og: C 50.39%, H
6.89%, N 20.99%. Found: C 50.52%, H 6.99%, N 20.71%.
Selected FTIR bands (cm™): 1619 s (azomethine); 2052 s
(azide).

Synthesis of [Niy(L?),(jt; 1-NCO),]-0.5MeCN (6)

Complex 6 was prepared following the same methodology
applied for the synthesis of 5, but NaNCO was used in place
of NaNj;. Colour: dark-green. Yield: 292 mg (70%). Anal
caled. for Co4H;14N;7Ni O10: C 53.27%, H 6.89%, N 14.27%.
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Found: C 53.44%, H 6.99%, N 14.11%. Selected FTIR bands
(em™): 1619 s (azomethine); 2171 s (cyanate).

X-ray crystallography

Single crystal X-ray diffraction measurements of complexes
1-6 were carried out on a Bruker Kappa Apex-II CCD
diffractometer equipped with a fine focus sealed tube of
monochromated Mo-Ka. radiation (1 = 0.71073 A) at 150(2) K.
The program SAINT was used for integration of the
diffraction profiles and multi-scan absorption corrections
were applied using the SADABS program.?® The structures
were solved by direct methods (SHELXS) and refined by
means of the full-matrix least squares method (SHELXL) on
F>?° All the non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms bonded to
carbon atoms were introduced in calculated positions and
refined with a fixed geometry with respect to their carrier
atoms, while hydrogen atoms connected to nitrogen atoms
were found on the difference Fourier map and isotropically
treated with given thermal parameters equivalent to 1.2 times
the parent atoms. Crystallographic data and refinement
details for the complexes are given in Table 1.

Results and discussion
Syntheses and general characterization

The tetradentate {N,}-donor ligand L' (or L*) was prepared by
adopting a traditional Schiff base condensation method in
which N,N-dimethyldipropylenetriamine was allowed to react
with pyridine-2-aldehyde (or 2-acetylpyridine) in a 1:1 molar
ratio in methanol. Similarly, the tetradentate {N;O}-donor
ligand (HL’) was synthesised when the condensation reaction
was carried out using 3-ethoxysalicylaldehyde (Scheme 1). Six
new dark-green binuclear crystalline complexes [Niy(L"),(ky 5
N3),J(C104), (1), [Nin(L')a(1ts,5-NCO),)(CO), (2), [Nip(L)o{s 5=
N(CN),},](ClO4)2  (3), [Nio(L*)a(11,5-N3)o)(ClOs), — (4),
[Niy(L*)s(pty,1-N3),]-0.5MeCN (5) and [Nip(L¥)a(pty 1-
NCO),]-0.5MeCN (6) were readily obtained through a one-pot
reaction of Ni(ClO,),6H,O, Schiff base ligand and
pseudohalide salts in a 1:1:1 molar ratio in methanol (or a
of methanol and acetonitrile). Additionally,
triethylamine was used to deprotonate ligand HL? for the
synthesis of 5 and 6. One important observation was that
ligands L' and L? afforded double EE pseudohalo-bridged
dinickel(nn) complexes, while ligand HL® gave double EO azido
(or cyanato) bridged dinickel(n) complexes. Therefore, the
present study discloses that by replacing the pyridyl group
with a phenolic moiety, different bridging modes of
pseudohalides may be achieved.

The IR spectra of complexes 1, 4 and 5 display a very
strong absorption band in the region 2052-2080 cm™* which
is due to the asymmetric stretching frequency, v(N3'), of the
coordinated azido groups. The observed v(N3') frequencies
for the complexes are consistent with those observed in other
related end-to-end or end-on azido bridged dinickel(m)
complexes.'® The asymmetric stretching vibrations of end-to-

mixture
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Table 1 Crystallographic data and structural refinement parameters of 1-6

1 2 3 4 5 6
Empirical formula CpgH45CLN 4 Ni,Og  C30H4sClLN1oNiyO19 C32HagClN1uNi,Og Cs30HsoClLN;4NiyOg CroHy15N25NigOg  CyaHy15N15Ni O1s
Formula weight (g 897.12 897.10 945.16 925.17 1669.70 1669.66
mol ™)
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic Triclinic Triclinic
Space group P24/n P2,/n P24/n Fdd2 P1 P
a(A) 8.2434(4) 8.3729(9) 8.1790(6) 26.3729(18) 15.0146(11) 15.0212(11)
b () 13.7798(7) 13.6040(14) 27.2301(18) 43.882(4) 15.3326(10) 15.3518(12)
c (A) 16.7261(8) 16.8216(19) 9.5177(7) 20.6839(16) 18.7906(14) 18.7416(14)
o (deg) 90 90 90 90 106.124(2) 106.273(3)
A (deg) 96.059(3) 94.390(4) 100.369(3) 90 106.924(2) 106.932(3)
7 (deg) 90 90 90 90 91.258(2) 91.228(3)
Volume (A%) 1889.34(16) 1910.4(4) 2085.1(3) 23937(3) 3950.7(5) 3943.8(5)
zZ 2 2 2 24 2 2
Deate (g cm™) 1.577 1.560 1.505 1.540 1.404 1.406
4 (mm™) 1.205 1.193 1.096 1.144 1.008 1.010
F(000) 936 936 984 11616 1772 1772
0 range (deg) 1.919-27.174 1.927-27.138 1.496-29.193 1.334-25.832 2.079-29.195 2.236-27.984
Reflections collected 16252 15382 27011 38367 190619 196 862

Independent
reflections (Rjn)

Observed reflections

[1 > 20(1)]

Restraints/parameters
Goodness-of-fit on F*

Final R indices
[T > 20(1)]
R indices (all data)

Largest diff. peak/hole

(€A™
Flack value

end or end-on NCO™ for complexes 2 and 6 are found in the
while the asymmetric and
symmetric stretching vibrations of dicyanamide ions in 3 are
observed in the range 2195-2303 cm ."*™*® The IR spectra of
1-4 also display two strong bands; one broad band at around

range 2171-2222 cm -,

4197 (0.0692)
2927

1/249

1.015

Ry = 0.0452
WR, = 0.0912
R, = 0.0789
WR, = 0.1054
0.908/-0.414

-1 16-22

4222 (0.0644)
2773

1/249

1.026

R, = 0.0501
WR, = 0.1035
R, = 0.0930
WR, = 0.1184
1.313/-0.566

5580 (0.0453)
4182

0/267

1.059

R, = 0.0368
WR, = 0.0746
R, = 0.0580
WR, = 0.0824
0.472/-0.442

Twisted Boat

11119 (0.0791)
7773

0/665

1.024

R, = 0.0974
WR, = 0.2413
Ry = 0.1392
WR, = 0.2733
1.987/-0.674

0.45(5)

21354 (0.0440)
17043

6/1004

1.026

R, = 0.0323
WR, = 0.0733
R, = 0.0500
WR, = 0.0811
0.834/-0.570

18959 (0.0535)
15699

12/1000
1.036

R, = 0.0323
WR, = 0.0695
R, = 0.0464
WR, = 0.0756
1.092/-0.504

1076 cm™ and a sharp band at 621 cm™', which can be
assigned to the stretching and bending vibrations of
perchlorate counterions. The broadening of the stretching
band may be attributed to the involvement of perchlorate
ions in hydrogen bonding interaction in the solid state. In

Fig. 1 Crystal structure of 1 (left) and a partial set of 4 (right) showing selected atom numbering scheme. Ellipsoids are drawn at the 30%
probability level. The weak interactions are displayed as dashed lines. Symmetry code: a = 2 - x, -y, -z.
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addition, the IR spectra of all the complexes consist of
common bands in the region 1619-1653 c¢cm™', which are
attributable to the V(C=N) stretching frequency of the
azomethine bond of the Schiff base ligands in 5 and 6. The
additional bands at around 1600 cm ™" for complexes 1-4 are
attributed to the pyridyl groups.

Description of crystal structures

[Nio(L)a(11,5N3)2](Cl04), (1) and [Nia(L)a(p1,5-NCO),](ClO,),
(2) are isostructural and isomorphous compounds and both
crystallized in the monoclinic space group P2,/n (Fig. 1 and
2). The centrosymmetric dimeric complex cations of 1 and 2
lie about an inversion centre and are constructed with doubly
EE bridged pseudohalides (N3~ and NCO"), and the Ni(u) ions
in these complexes are hexacoordinated with a distorted
octahedral geometry. The coordination sites of Ni(u) ions in 1
are fulfilled by the {N¢} donor set whereas it is {N5O} in 2.
Each Ni(u) centre in 1 or 2 is bonded with four nitrogen
donor atoms of the Schiff base ligand and two nitrogen
donor atoms from one each of the centro-symmetrically
related EE bridging azide ions in 1 and one oxygen atom and
one nitrogen atom from two centro-symmetrically related EE
bridging cyanato groups in 2. In both complexes, three
N-atoms (imine, secondary amine and tertiary amine N-
atoms) from the triamine part of the Schiff base ligand
facially coordinate the Ni(u) centre. The Ni-N bond distances
of pyridine, imine, secondary amine and tertiary amine of
the Schiff base ligand vary in the range 2.072(3) to 2.135(3) A
in 1, which are comparable to the literature reported values
in closely related Ni(u) complexes.'”*® The bridging region is
slightly asymmetric as can be seen from the Ni-N bond
distances of 2.120(3) and 2.185(3) A of the bridging azide
ions. Similar bond lengths are observed in 2 (see Table 2),
but the bridging region is more asymmetric as reflected from
the different Ni-N (2.045(3) A) and Ni-O (2.217(2) A) bond
distances of bridging cyanato ligands, which should be due

Fig. 2 Crystal structure of complex 2 along with local coordination
geometry of Ni(i) ions.

This journal is © The Royal Society of Chemistry 2021
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to the presence of hetero bridging atoms (oxygen and
nitrogen atoms) in the cyanate ion in 2. The EE pseudohalide
bridges are almost linear with an angle N7-N6-N5 of
177.2(3)° for azide ions in 1 and an angle N5-C15-O1 of
176.3(5)° for cyanate ligands in 2. The N6-N5-Ni angle of
133.5(2)° differs considerably from N6-N7-Nila of 116.7(2)°
in 1 and the Ni1---Nila separation is 5.203 A (symmetry code:
a =2 - x, -y, —Z). Meanwhile in 2, the C15-N5-Nib bond
angle of 152.0(4)° differs significantly from C15-O1-Ni1 of
111.6(3)° with a Ni1---Ni1b separation of 5.326 A (symmetry
code: b =1 - x, 1 -y, 2). These values are consistent with the
structural results obtained for other EE azido- and cyanato-
bridged Ni(n) complexes."**"*°3% The two bridging
pseudohalides in both 1 and 2 lie in the same plane and two
Ni(u) centres deviate slightly out of that plane in either side,
leading to a chair-like arrangement of the eight-membered
{Ni(u; 3-N3/NCO),Ni} core. The dihedral angle (6) between the
plane defined by two pseudohalide ions and N-Ni-N (in 1) or
N-Ni-O (in 2) are 34.51° and 17.74°, respectively. Further
inspection of the crystal structures discloses that two edges
of Ni(u) polyhedra are connected by EE bridging
pseudohalides (see Fig. 2). Moreover, in both 1 and 2, the
secondary amine hydrogen atom of the Schiff base ligand
participates in hydrogen bonding interaction with the oxygen
atom of the perchlorate counter ion with N---O distances of
3.164(4) and 3.162(4) A in 1 and 2, respectively. The crystal
packing is further stabilised by C-H:--n interaction involving
the C-H proton of the pyridyl group and = electrons of the
pseudohalide ligands as shown in Fig. 1 and 2 for 1 and 2,
respectively. It is worth noting that, unlike azido bridged
compounds,’*~** the doubly EE cyanato-bridged dimeric Ni(u)
complexes are rare with only a limited number of examples
reported in the literature,"® "

[Niy(L")2{ty 5 N(CN),},](ClO,), (3) crystallised in the
monoclinic space group P2,/n where the asymmetric unit
contains half of the dinuclear complex cation on an inversion
centre and a perchlorate counter ion on a general position to
balance the charge. The structure of complex 3 (Fig. 3) is very
similar to the structures of 1 and 2, but the central {Ni(y s-
N(CN),),Ni} core in 3 is somewhat different from {Ni(y, s-
N;),Ni} in 1 or {Ni(p, 5-NCO),Ni} in 2. The Ni---Ni separation
(7.346 A) through the five-atom dicyanamide bridges is
significantly larger in 3 than that found in three-atom
bridged pseudohalides in 1 and 2 as expected. The
coordinating fashion of the Schiff base ligand to the metal
centre is exactly the same as that found in 1 and 2. The Ni(u)
ion in 3 is therefore again hexacoordinated in a distorted
octahedral geometry with all four N donor atoms of the Schiff
base ligand together with two N donor atoms from two
symmetry related end-to-end bridging dicyanamide groups at
cis positions (Table 2). The two N-C-N bond angles of the
bridging dicyanamide group are 174.3(2)° (N5-C15-N6) and
175.0(2)° (N7-C16-N6), while the C16-N6-C15 angle is
118.91(17)°, which are typical for p;s-dicyanamide
bridges."'™ Like in 1 and 2, the secondary amine hydrogen
atom of the Schiff base ligand in 3 is hydrogen bonded with

CrystEngComm, 2021, 23, 3371-3382 | 3375


https://doi.org/10.1039/d1ce00202c

Published on 29 March 2021. Downloaded by NANJNG UNIVERSITY on 8/18/2021 12:40:14 PM.

View Article Online

Paper CrystEngComm

Table 2 Selected bond distances (A) for 1-6

Bond 1 2 3 a4 51 61

Ni(u)-N(pyridine) 2.125(3) 2.124(3) 2.1331(17) 2.057(14) — —

Ni()-N(imine) 2.072(3) 2.067(3) 2.0704(17) 2.066(14) 2.0468(14) 2.0620(15)

Nl(n) N(secondary amine) 2.102(3) 2.100(3) 2.0892(17) 2.074(12) 2.1192(14) 2.1095(15)
Ni(i)-N(tertiary amine) 2.135(3) 2.116(3) 2.1662(15) 2.164(13) 2.1949(14) 2.2164(16)
Ni(u)-O(phenolate) — — — — 2.0226(12) 2.0078(12)

Ni(u1)-O(pseudohalide) — 2.217(2) — — —

Ni(1)-N(pseudohalide) 2.120(3) 2.045(3)° 2.1380(16) 2.164(13) 2.1192(14) 2.1143(14)

2.185(3)" 2.0693(16)° 2.207(13)¢ 2.2048(14)° 2.2560(14)°

Symmetry codes:a=2-x,-y,-z;b=1-x,1-y,-z;¢c=1-x,-y,1-2;d=-x, -y, z;,e =1 - x, -y, -z and # denotes that the bond parameters

of one of the crystallographically independent molecules are presented.

the oxygen atom of the perchlorate counter ion with N3---O
bond distances of 3.223(2) and 3.320(3) A. The solid-state
packing is further stabilised by C-H---n interaction involving
the C-H proton of the pyridyl group and = electrons of the
bridging dicyanamide as shown in Fig. 3.
The crystallographic study reveals that similar to complex
, [Niy(L?)s(1t1,5-N3),](ClO,), (4) is also composed of doubly
W z-azido-bridged dinickel(u) cations and two ClO, ions
(Fig. 1 and S1f and Table 2). But complex 4 crystallised in
the orthorhombic Fdd2 space group in which the asymmetric
unit has one cation dimer in a general position as well as
half of a cation dimer lying about a two-fold axis, and two
perchlorate ions are in general positions and another two
have their chlorine atoms on two-fold axes. Each Ni(u) ion is
again six-coordinated, being bonded with four nitrogen
atoms of ligand L* and two nitrogen atoms from two bridging
azide ions in cis positions. However, the essential differences
in these structures originate from the presence of different
symmetry elements i.e. an inversion centre in 1 and a two-
fold rotation axis in 2. This brings different hydrogen

o1

02 -

2 m)l’i
& i 1
2612 &%

Fig. 3 Crystal structure of complex 3 with selected atom numbering
scheme. Ellipsoids are drawn at the 30% probability level. The non-
covalent interactions are shown as dashed lines.
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bonding patterns in these structures as shown in Fig. 1.
Secondary amine groups connected to Ni(u) centres in 1 are
placed in opposite sides of the central {Ni(p, 3-N3),Ni} core
and thereby interact with different perchlorate ions through
hydrogen bonds, while they reside at the same side, leading
to a cooperative hydrogen bonding interaction with a
perchlorate ion in 4 (Fig. 1). Remarkably, the {Ni(y; 3-N3),Ni}
core structure is quite different in two cases as it adopts a
chair-like arrangement in 1 where both azide ions lie on the
same plane, while the two azide bridges are non-coplanar
and cross linked the Ni(u) ions with a twisted boat-type
arrangement of the {Ni(p,;3-N;3),Ni} core in 4. The
intramolecular Ni---Ni separations in two crystallographically
independent dimeric units are 5.255(3) and 5.271(3) A,
whereas the closest intermolecular separation between the
Ni(n) centres is 8.510(3) A. It is noteworthy that the two
bridging azides with cross-linked and non-coplanar (p; 3-N3),
structure are unusual, as the planarity is a common feature
of dinickel(ir) complexes with double i, ;-N; bridges,**® and
for the dinickel(u) system only four such compounds are both
structurally and magnetically characterized.**™** The Ni-(p 3-
N3)-Ni (Ni-N---N-Ni) torsion angles () are 66.24, 71.55 and
74.33°, which are close to those found in similar systems.**"*°

Fig. 4 Crystal structure of complex 5 along with local coordination
geometry of Ni(i) ions.
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Fig. 5 Crystal structure of complex 6 with selected atom numbering
scheme. Ellipsoids are drawn at the 30% probability level. The non-
covalent interactions are shown as dashed lines.

Compounds  [Niy(L*),(1t1,1-N;3),]-0.5MeCN ~ (5)  and
[Niy(L%),(1t1,1-NCO),]-0.5MeCN  (6) are isostructural and
isomorphous (Fig. 4 and 5), and they crystallised in the
triclinic space group P1 in which four crystallographically
independent neutral complex molecules sit on inversion
centres together with an acetonitrile molecule on a general
position. In both complexes, the Ni(u) centres are
hexacoordinated with a distorted octahedral structure. The
coordination numbers of the Ni(n) ion are satisfied by three
N donor atoms and one phenolate-O atom of the
deprotonated Schiff base ligand and two N-atoms from either
of the EO bridging azide ions (in 5) or cyanate ions (in 6).
These cis disposed pseudohalide ions share common edges,
leading to the edged-sharing bioctahedral structures (see
Fig. 4). Like 1-4, three N-atoms (imine, secondary amine and
tertiary amine N-atoms) of the deprotonated Schiff base
ligand facially coordinate the Ni(u) centres in 5 and 6. The
Ni-N bond distances in 5 and 6 are comparable to those
observed in 1-4 (Table 2) and to related complexes reported
in the literature."®*®%*™% The central {NiN,Ni} cores are
planar in both complexes as dictated by the centre of
symmetry with the Ni-N-Ni bridging angles spanning the
range 100.74(6)-101.28(5)° and 97.84(6)-97.45(6)° in 5 and 6,
respectively. The azide and cyanate ions are nearly linear with
N-N-N and N-C-O bond angles of 178.55(18)° and 179.3(2)°,
respectively. The doubly EO pseudohalide bridges in both
compounds are slightly asymmetric with Ni-N bond
distances of 2.1192(2) and 2.2048(2) A in 5 and 2.116(2) and
2.256(2) A in 6. The average separations of the metal centres
in the dimeric units are 3.377 A in 5 and 3.284 A in 6. The
secondary amine hydrogen atom is involved in hydrogen
bonding interaction with the phenoxido oxygen atom within
the dimeric unit with average N---O distances of 3.033 and
3.002 A in 5 and 6, respectively, to provide the solid-state
stability of these compounds. Additional stability in the

This journal is © The Royal Society of Chemistry 2021
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solid-state is gained by n-m interaction involving the
n-electrons of the acetonitrile molecule and the aromatic ring
of the Schiff base ligand (not shown). It is worth noting that,
unlike azido bridging,**®* the doubly EO cyanato-bridged
dimeric Ni(u) complexes are scarce, and only a few dinuclear
nickel(r) compounds with such a bridging motif are available
in the literature."®'#%*

From the structural studies, it is clear that just by fine
tuning of the organic ligands, diverse bridging modes of
pseudohalides can be achieved. For example, an additional
methyl group in ligand L affords the crossed linked and
nonplanar double EE azido-bridged Ni(u) dimer in 4, while
EE bridging azides are planar in complex 1. The central
{Ni(n; 3-N;3),Ni} core structures in two cases are also
significantly different as it is a chair like arrangement in 1
while a twisted boat like arrangement is observed in 4
(Fig. 1). Further inspection of the crystal structures reveals
that although the connectivity of both ligands L' and
deprotonated HL® to the metal centres is similar, leaving two
cis positions of the metal centre for bridging azides, the
bridging modes of azide ions are different in these systems
i.e. EE (ny3) in 1 and EO (1) in 5. It is reasonable to point
out that the hydrogen bonding interaction between
phenolate-O as an acceptor and secondary amine as a donor
from either of the organic ligands in the dimeric unit could
overcome the increased steric crowding in the system when
azides bridge the metal centres in an EO fashion. In the
absence of the hydrogen bond acceptor ability of the pyridyl
group in 1, the azide ions prefer to bridge the metal centres
in an EE fashion to minimize steric repulsion in the system.

Magnetic studies

The temperature dependence of the magnetic properties of
complexes 1 and 2 as yy and yyT product vs. T plots (ym
being the molar magnetic susceptibility per dimer) under a
constant magnetic field of 1.0 kOe is displayed in Fig. 6 and
7, respectively. At room temperature, the y\T values of 2.20
and 2.25 cm® mol™ K for 1 and 2, respectively, are slightly
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Fig. 6 Plots of ym and ymT vs. T for complex 1. Symbols and solid lines
represent experimental data and the best theoretical fits, respectively.
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Fig. 7 Plots of ym and ymT vs. T for complex 2. Symbols and solid lines
represent experimental data and the best theoretical fits, respectively.

higher than the calculated value of 2.0 cm® mol™ K for two
isolated Ni(u) ions with S = 1 and g = 2, which is due to the
spin-orbit coupling of the Ni(u) ion at room temperature.
The T values decrease continuously from room
temperature and approach zero at 2 K for both cases. This
magnetic behaviour is typical for an intramolecular
antiferromagnetic interaction between two Ni(un) ions. The
Curie-Weiss analysis (Fig. S2 and S3f) of the magnetic
susceptibility data above 100 K with negative Weiss values
(-15.01 and -7.36 K, respectively) as well as the presence of
distinct maxima in yy vs. T plots in 1 and 2 agrees well with
the antiferromagnetic interaction between the metal centres.
The isothermal magnetisation of 1 and 2 as depicted in Fig.
S4 and S5,f respectively, justifies the diamagnetic ground
state at low temperature, and therefore zero-field splitting
(zFS) does not have much influence on the magnetic
properties of these systems. A full-matrix diagonalization
approach assuming an isotropic spin exchange Hamiltonian
(-2J8:-S,), Zeeman interaction (gn;, average), and
intermolecular interaction (z/') was further employed to
analyse the magnetic data using the PHI program.®® The best
fittings afforded the following set of parameters: J = -6.95(1)
em™, gni = 2.13(1), and zJ' = 0.39(10) em ™" for complex 1 and
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Fig. 8 Magnetic data for 3. Thermal dependence of ym and ymT
product measured at 1.0 kOe dc field (left) and magnetisation data at
different temperatures (right). Symbols and solid lines represent
experimental data and the best fitted data, respectively.
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J = -271(2) em™, gy = 2.17(1) and z' = -0.48(6) cm™" for
complex 2.

The yuT versus T plot per dimeric unit of 3 is shown in
Fig. 8. At room temperature, the yT value of 2.24 cm® mol™
K is again usual for two isolated Ni(u) ions. The y\T values
remain almost constant down to 60 K and thereafter
gradually decrease with lowering the temperature to attain a
minimum value of 1.51 em® mol™" K at 2 K. This magnetic
behaviour is characteristic of very weak antiferromagnetically
coupled Ni(m) ions through p, s-N(CN),-bridges."'™ In
addition, the isothermal field dependent magnetization data
measured at 2 and 5 K are also depicted in Fig. 8, showing
regular paramagnetic behaviour. The magnetic data were
fitted simultaneously using the PHI program, assuming
isotropic  exchange Hamiltonian (-2/8;-S,), Zeeman
interaction (gy;) and axial zero-field splitting (D), and
neglecting intermolecular interaction (zJ'). The best-fitting
offers J = -0.15(14) em ™", gx; = 2.13(1) and D = 2.64(5) cm ™
for 3. The negligibly small exchange interaction is consistent
with the intramolecular Ni---Ni separation of 7.346 A through
the bridging dicyanamide ligands. In fact, the analysis of the
magnetic data, considering only the presence of single ion
anisotropy and ignoring the exchange interaction, resulted in
identical fitting with the best fit parameters gy; = 2.12(1) and
D=2.97(2) em™.

The magnetic property per dimeric unit of 4 as y and
xmT product vs. T plots and the molar magnetization as a
function of applied dc magnetic field (M/NB vs. H) are
displayed in Fig. 9. The y\T product at room temperature for
4, ca. 2.34 cm® mol™ K, is again typical for two magnetically
isolated Ni(u) ions. Upon cooling, the y\T product increases
continuously to a maximum of 3.18 cm® mol™ K at 19 K and
thereafter decreases sharply to a value of 2.35 cm® mol™ K at
2 K. This behaviour is characteristic of an intramolecular
ferromagnetic exchange between two Ni(u) ions together with
the influence of an intermolecular interaction and/or zero-
field splitting (ZFS) of the ground state (S = 2), manifested at
low temperature. The Curie-Weiss plot (Fig. S61) of the
magnetic susceptibility data above 100 K with a positive

T 7 cm® K mol™”!
N
M/NB

A/ cm® mol”!
°
a

T/K

0 100 200 300
T/K H/kOe

Fig. 9 Magnetic data for 4. Thermal dependence of yq and ymT

product measured at 1.0 kOe dc field (left) and magnetisation data at

different temperatures (right). Symbols and solid lines represent

experimental data and the best fitted data, respectively.
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Weiss value (12.92 K) further supports the ferromagnetic
coupling between the metal centres. Analysis of the magnetic
data applying isotropic exchange Hamiltonian (-2J3;-S,),
Zeeman effect (gy;, average), axial zero-field splitting (D), and
intermolecular interaction (zJ') yielded the following set of
best fit parameters: J = 13.21(1) cm™', gni = 2.09(1), D =
7.20(1) em™ and zJ' = -0.011(8) cm™ for complex 4.

The yym and yyT product vs. T plots per dimeric unit of 5
and 6 and the molar magnetization as a function of applied
dc magnetic field (M/Np vs. H) are shown in Fig. 10 and 11,
respectively. The y\T product at room temperature for 5 and
6 is ca. 2.89 and 2.63 cm® mol™" K, respectively, which are
slightly higher than those calculated for two magnetically
non-interacting Ni(u) ions. The yyuT product increases
continuously with decreasing temperature, reaching a
maximum of 3.57 cm® mol™ K at 50 K for 5 and 3.22 cm’®
mol™ K at 15 K for 6, and then yyT decreases sharply to
attain a value ca. 1.38 and 1.69 cm® mol™ K at 2 K for 5 and
6, respectively. This feature is again typical for an
intramolecular ferromagnetic exchange between two Ni(u)
ions with the influence of intermolecular interactions and/or
zero-field splitting (ZFS) of the ground state (S = 2),
particularly at low temperature. The Curie-Weiss analysis
(Fig. S7 and S8t) of the magnetic susceptibility data above
100 K is also consistent with ferromagnetic interaction.
Analysis of the magnetic data considering isotropic spin
exchange Hamiltonian (-2JS;-S,), Zeeman effect (gy;, average),
axial zero-field splitting (D), and intermolecular interaction
(/") afforded the following set of best fit parameters: J =
28.79(2) em™, gni = 2.23(1), D = 14.23(2) em ' and z'
-0.085(4) em™ for complex 5 and J = 3.70(2) em™", gy =
2.28(1), D = 8.05(4) em™ and z' = -0.067(2) cm " for
complex 6.

A handful of examples of double EE azido-bridged
dinickel(n) complexes with [Niy(ty 3-N3)J*"
and planar bridging azides are known in which azide ions
propagate AF interaction between the Ni(n) ions.**”** The
main factor that determines the magnitude of the J value in
such systems is the dihedral angle (J) between the planes

core structures
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Fig. 10 Magnetic data for 5. Thermal dependence of ym and ymT
product measured at 1.0 kOe dc field (left) and magnetisation data at
different temperatures (right). Symbols and solid lines represent
experimental data and the best fitted data, respectively.
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Fig. 11 Magnetic data for 6. Thermal dependence of ym and ymT
product measured at 1.0 kOe dc field (left) and magnetisation data at
different temperatures (right). Symbols and solid lines represent
experimental data and the best fitted data, respectively.

defined by the six azide-N atoms and the N-Ni-N plane: the
more planar the structure (6 is close to 0°), the more
antiferromagnetic the interaction and hence the higher the |
J| value, whereas the Ni-N(azide) distance and other
structural parameters are less important.>* In complex 1, the
dihedral angle 6 of 34.51° should account for the relatively
small J value of -6.95 cm™', which agrees well with the
magneto-structural data available in these systems.**™®
Unlike azido-bridged analogues, the examples of double EE
cyanato-bridged dinickel() complexes are limited (Table 3
).19721 It was also well predicted that cyanate ions transmit
similar magnetic interaction between the metal centres but
weakly, and the comparatively lower j values found for
cyanato bridges as a consequence of the lower spin density
on the N and O atoms."® The relatively high ¢ value of 17.74°
is responsible for the loss of overlap derived from the lower
planarity of the bridging region and as a consequence the
lowest J value of —2.71(2) cm™ for 2 perfectly lies in the range
of J values reported until now.

Although the general formula of [Ni,(L?),(1y,5-N3),](Cl0y),
(4) is identical with [Niy(L")y(1t15N3),](ClO,), (1), the
magnetic properties of these compounds are significantly
different. Unlike in 1, the interaction between the Ni(u)
centres in 4 is ferromagnetic in nature through double EE
bridges. The difference in the magnetic properties arises
essentially from the different connectivity in the bridging
region. In 4, two bridging EE azides are not planar and
crosslinked, and in such cases the nature of the magnetic
interaction may be either F or AF, mainly depending on two
structural parameters in the bridging region such as the Ni-
N-N bond angles and the Ni-p; 3-N3;-Ni (Ni-N---N-Ni) torsion
angle.®® Maximum coupling was expected for a Ni-N-N angle
of 108° and decreases when the Ni-N-N angle increases and
the exchange interactions would be ferromagnetic if the
angle exceeds 155°. Similarly, for a fixed Ni-N-N angle, AF
coupling is expected to be maximum for a Ni-N---N-Ni
torsion angle of 180° (or 0°) and decreases when the Ni-
N---N-Ni torsion angle deviates from linearity and the
interaction would be ferromagnetic if the torsion angle

CrystEngComm, 2021, 23, 3371-3382 | 3379
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Table 3 Selected structural and magnetic data of doubly EE cyanato bridged Ni(i) dimers (following A = -2J$,-S, convention)”

Compounds J(em™) g Ni-O-C (°) Ni-N-C (°) Dihedral angle (4, ©)° Ref.
[Ni(L*)(NCO)],(BF,), -5.35 2.30 122.0 150.1 4.8 19

[Ni (tren)( CO)]5(BF,), -4.4 2.28 117.1 155.0 9.1 20
[Ni(L®)(NCO)],(PF6), -3.1 2.16 110.9/111.4 147.9/152.0 18.6/20.8 21

2 -2.71 2.17 111.6(3) 152.0(4) 17.74 This work

¢ L' = p1-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, tren = 2,2',2"-triaminotriethylamine; L°> =

ylmethyl)aminomethylpyridine. ?

N,N-bis(3,5-dimethylpyrazol-1-

The angle between the planes defined by the six azide-N atoms and the N-Ni-N plane.

Table 4 Selected structural and magnetic data of doubly crosslinked EE azido-bridged Ni(i) dimers (following H = -2J5,-S, convention)”

Compounds J(em™) D (em™) g Ni-N-N (°) Torsion angle (z, ©) Ref.
{[NI(LE)N;J,(C1O,),(CH OH), } +8.45 6.0 2.28 117.14-118.83 78.80 39
[Nia(L7)5(11,3-N3),](C1O,), +7.13 — 2.18 117. 8-127.7 69.2 40
[Ni(L®)(11,5-N3)](C10,),-8CH;0H -29 10 2.1 130.0 46.7 41
[L°,Niy(N3),(11,5-N3)] -36.4 0 (fixed) 2.04 124.5-128.2 34.28 42

4 +13.21 7.20 2.09 123.7-127.1 66.24-74.33 This work

¢ L° = N,N'-bis-(3,5-dipiperidin-1-yl-[2,4,6]triazin-1-yl)-pyridin-2-ylmethylethane-1,2-diamine; L’ = N,N',N"-tris(4-methoxylbenzyl)tris(2-aminoethyl)

amine; L® = 2,6-dimethyl-2,3-bis(2-pyridyl)quinoxaline; L° = 1,4,7-trimethyl-1,4,7-triazacyclononane.

angle.

b The Ni-p; 5-N5-Ni (Ni-N---N-Ni) torsion

Table 5 Selected structural and magnetic data of doubly end-on cyanato bridged Ni(i) dimers (following H = -2J5;-S, convention)®

Compounds J(em™) D (ecm™) g M-N (&) M-N-M (°) Ref.
[Ni(L1) (11 - NCO)](CIO ), +1.7 +3.6 2.23 2.125, 2.090 94.4, 95.8 16

[Ni,(L'), (111 1-NCO),](CIO,), 2.8 +3.6 2.23 2.099, 2.115 95.33, 95.79 16
[Nia(terpy). (11, NCO)(Hz0): |(PF), +4.59 ~12.32 2.23 2.044, 2.195 97.7 18

[NIZ(L )2(“1 1-NCO),] +6.85 +7.18 2.19 2.107, 2.244 2.115, 2.280 97.84, 98.74 17
[Ni,(L'%),(111.1-NCO), ] +5.31 +5.00 2.19 2.225, 2.201 98.47 64

6 +3.70 +8.05 2.28 2.119, 2.205 97.45, 97.84 This work

@ L' = [N,N"-bis(2-pyridinylmethylene)]propane-1,3-diamine; L'" =
and L"® = tetradentate N, donor ligands.

approaches 90°.°® In general, the Ni-N-N angle does not
exceed 155° and it is found that if the Ni-N-N angle exceeds
120° and the Ni-N--*N-Ni torsion angle approaches 90°, a
ferromagnetic coupling between the metal centres is
observed. The average Ni-N-N angle of 124.54° and the
average Ni-N---N-Ni torsion angle of 70.92° nicely agree with
the overall ferromagnetic interaction in complex 4. It is
interesting to note that only four structurally and
magnetically characterised crosslinked double EE azido-
bridged systems are known in which only in two cases was
the Ni-N---N-Ni torsion angle close to 90°, leading to a
ferromagnetically coupled system (Table 4),°>**° and thus
compound 4 is a valuable addition to this series with perfect
agreement of the magneto-structural data.

Unlike 1 and 4, in complex 5, two Ni(u) ions are
bridged by double EO bridging azides, and working with
such a system Ruiz et al theoretically predicted the
ferromagnetic interaction in all ranges of Ni-N(u;,-N;)-Ni
angles, with J increasing upon increasing the bridging
angle, reaching a maximum at 104° approximately.*® In
fact, all the reported p,q-azido bridged Ni(u) dimers
exhibit ferromagnetic interaction with only one exception

3380 | CrystEngComm, 2021, 23, 3371-3382

[N,N"-bis(pyridin-2-yl)benzylidene]ethane-1,2-diamine; terpy = terpyridine; L'>

where a very low bridging angle of 90.41° transmits AF
interaction between Ni(u) centres.*” The average Ni-N-Ni
angle found in 5 is 101.39°, which falls within the range
where strong ferromagnetic interaction prevails between
two Ni(u) ions, and therefore the J value of 28.79(2) cm™
found in 5 is quite reasonable. However, unlike theoretical
prediction, the experimental data do not show a clear
relationship with Ni-N-Ni angles as a small variation of
Ni-N-Ni angles in a narrow range ca. 98-103.9° shows a
large variation of the J values from 1.91 to 43.9 cm™*,**%
leaving an wunsolved challenge which will require
consideration of more than one structural parameter at
once. In contrast to p;,-N; bridged Ni(u) complexes, only
five doubly p,,-NCO bridged dinickel(n) complexes are
known.'®*®%* The magnetic and crystallographic data of
these complexes are presented in Table 5, which shows
that J values span a narrow range of 1.7 to 6.85 cm '
The sign and magnitude of the J value of 3.70(2) em™ in
6 is again reasonable for such complexes in which a
general tendency is that the J value increases with
increasing bridging angles, similar to the theoretical
prediction carried out for azide analogues.”
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Conclusion

We have synthesized and characterized six novel dinuclear
Ni(n) complexes with different bridging modes of
pseudohalides. The pyridyl containing neutral ligands favour
EE bridged complexes 1, 2 and 4, while the phenolate
containing anionic ligand stabilizes the EO bridged
compounds 5 and 6. Their magnetic properties were
discussed based on their structures. For the isostructural and
isomorphous compounds 1 and 2 with EE bridging
pseudohalides, an  intramolecular  antiferromagnetic
interaction is observed in which the doubly EE cyanato-
bridged dimeric Ni(n) complexes are scarce in the literature.
The magnetic behaviour of compound 3 is characteristic of
weak antiferromagnetically coupled Ni(u) ions through p, -
N(CN),-bridges. For complex 4, an additional methyl group in
ligand L”> affords crossed and nonplanar double EE azido-
bridges, which transfer ferromagnetic coupling between the
metal centres. Unlike 1, 2 and 4, the Ni(u) centres of both
complexes 5 and 6 are linked by doubly EO bridging modes.
Apparently,
interaction through the bridging azides as the average Ni-N-
Ni angle (101.39°) falls within the range where strong
ferromagnetic interaction prevails. Also, complex 6 expressing

complex 5 represents strong ferromagnetic

a positive J value is rational according to the similar
theoretical prediction available on azide systems. Overall,
there still exists an unsolved challenge to synthesize and
study the rare linked motifs of the Ni(u) dimer to perfect the
discipline.
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