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Two new molecular solids, [1-(2'-Cl-4’-Rbenzyl)pyridinium][bis(maleonitriledithiolato)nickel]
[abbreviated as ([CIRBzPy][Ni(mnt),]), R =Br(1), 1(2)], have been prepared and characterized.
The Ni(Ill) ions form a 1-D zigzag alternating chain within a Ni(mnt), column through
Ni---S, S...S, or m...7 stacking interactions in 1 and a tetramer in 2. The variable
temperature magnetic susceptibilities of 1 and 2 in the temperature range 1.8-300 K have been
interpreted in terms of a simple dimer model approximation (H = —2JS,Sp), revealing strong
antiferromagnetic interactions with the fitting value g=1.98 and J=-231.5cm™! for 1,
g=1.96 and J=—2453cm™" for 2.

Keywords: Bis(maleonitriledithiolate)nickelate(III); Molecular solids; Pyridinium derivatives;
Crystal structure; Antiferromagnetic interactions

1. Introduction

Structural and magnetic properties of molecular solids based on bis-dithiolate transition
metal compounds is an important field of coordination chemistry, materials chemistry,
and condensed matter physics [1-8]. Recent work dedicated to molecular-based
magnets containing Ni(mnt), (mnt>~ = maleonitriledithiolate) is driven in part by
the discovery of NH,- Ni(mnt), - H,O, which shows ferromagnetic ordering at low
temperature [9]. The organic countercation of Ni(mnt), controls the stacking pattern of
the anions with the majority of molecular solids displaying magnetic properties such as
magnetic transition from ferromagnetic coupling to diamagnetism, ferromagnetic
ordering, spin-gap transition, meta-magnetism, and spin-Peierls-like transitions [10—18].
Studies concerning magneto-structural correlation including theoretical calculations
have indicated that the prominent structural feature is that Ni(mnt), and the cations
stack into well-segregated columns in the solid state, and the topology and size of the
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countercation plays an important role in controlling the stacking and overlap of
anions [19-24]. These findings prompt us to further investigate the influence of
countercation on the stacking pattern and magnetic properties of molecular solids
based on Ni(mnt), anion. The present work reports crystal structures and magnetic
behavior of two mnewly prepared molecular solids based on Ni(mnt);:
[BrCIBzPy][Ni(mnt),] (1) and [ICIBzPy][Ni(mnt),] (2) ([BrCIBzPy]" = 1-(2’-chloro-4'-
bromobenzyl)pyridinium and [ICIBzPy]" = 1-(2'-chloro-4"-iodobenzyl)pyridinium).

2. Experimental

2.1. General materials and physical measurements

All reagents used in the syntheses were of analytical grade. [BrCIBzPy|Br and
[ICIBzPy]Br were prepared by the literature method [25]. Disodium maleonitriledithio-
late (Na,mnt) was synthesized by a published procedure [26], and a similar method for
preparing [BrFBzPy],[Ni(mnt),] was used to prepare [BrCIBzPy],[Ni(mnt),] and
[ICIBzPy],[Ni(mnt),] [15]. Elemental analyses for C, H, and N were determined on
a Model 240 Perkin Elmer CHN analytical instrument. IR spectra with KBr pellets
were obtained with a VECTORTM 22 FT-IR (400-4000cm™") spectrophotometer.
Electrospray mass spectra [ESI-MS] were determined on a Finnigan LCQ mass
spectrograph, sample concentration Ca 1.0 mmol dm ™. Magnetic susceptibility data on
crushed polycrystalline samples of 1 and 2 were collected from 1.8 to 300K using
a SQUID MPMS-XL7 magnetometer.

2.2. Syntheses of (1) and (2)

An acetone solution (20 cm?) of I, (160 mg, 0.62 mmol) was slowly added to an acetone
solution (50cm®) of [BrCIBzPyl,[Ni(mnt),] (906 mg, 1 mmol) and the mixture was
stirred for 2h. MeOH (90 cm®) was then added and the mixture was allowed to stand
overnight; 536 mg of black micro-crystals formed, were filtered off, washed with MeOH
and dried in vacuum (yield: 86%). Anal. Calcd for C,yH;oBrCINsNiS,: C, 38.61;
H, 1.62; N, 11.26. Found: C, 38.54; H, 1.69; N, 11.09%. IR spectrum (cm*'): V(CN),
2203s; W(C=C) of mnt>~, 1485s. ESI-MS (m/z): 282.5, [BrCIBzPy—H]"; 338.2,
[Ni(mnt), + H]".

The procedure for preparing [ICIBzPy][Ni(mnt),] (2) is similar to that for 1. Yield
82%. Anal. Calcd for C,oH;(CIINsNiS,: C, 35.87; H, 1.50; N, 10.46. Found: C, 35.81;
H, 1.61; N, 10.38%. IR spectrum (cm~"): v(CN), 2205s; v(C=C) of mnt>~, 1489 s. ESI-
MS (m/z): 329.6, [ICIBzPy—H]"; 338.1, [Ni(mnt), + H] .

Black single crystals suitable for the X-ray structure analysis were obtained by
evaporating the MeCN and i-PrOH (v:v=1:1) mixed solution of 1 and 2 about 2
weeks at room temperature.

2.3. Determination of crystal structure

Measurements of 1 and 2 were performed on a Smart APEX CCD area detector
using graphite-monochromated Mo-Ko radiation (A1=0.71073 A) by @ scan mode.
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Table 1. Crystallographic data of 1 and 2.

Compound

1

2

Empirical formula
Formula weight

Cz()HloBrClNSNiS4
622.64

669.63

Description Black block Black block
Crystal size (mm?) 0.35x0.25x0.15 0.40 x 0.20 x 0.10
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Space system Triclinic Monoclinic
Space group i Pi C2/m
Unit cell dimensions (A, °)

a 7.085(2) 17.509(5)

b 12.846(4) 10.245(3)

¢ 14.799(5) 13.766(4)

a 65.02(1) 90

B 80.54(1) 103.33(1)

v, 76.61(1) 90
V(A% 1184.3(6) 2402.8(3)
VA 2 4
Dcalea (gem™) 1.746 1.851
Absorption coefficient (mm ™) 2.991 2.571
F(000) 618 1308
Maximun and minimum transmission 0.64 and 0.41 0.77 and 0.55
0 range (°) 2.8-25.0 23<6<250
Reflection collected 5865 5937
Independent reflection (Rj,) 4086(0.026) 2221(0.058)
Data, restraints, parameters 4086, 0, 289 2221, 0, 163
Goodness-of-fit on F> 1.037 1.004

Ry, wRy (I > 20(1))
R, wR, (all data)

0.0555, 0.1155
0.0779, 0.1195

0.0506, 0.1389
0.0580, 0.1453
0.89 and —0.84

Largest difference peak and hole (e /0\’3) 0.60 and —0.91

The structures were solved by direct methods and refined on F> by full-matrix least-
squares, employing Bruker’s SHELXTL [27]. All nonhydrogen atoms were refined with
anisotropic thermal parameters. All H atoms were placed in calculated positions,
assigned fixed isotropic displacement parameters 1.2 times the equivalent isotropic
U value of the attached atom, and allowed to ride on their respective parent atoms.
Crystallographic data of 1 and 2 are listed in table 1.

3. Results and discussion

3.1. Crystal structure

ORTEP drawing of 1 with atomic Ilabelingscheme is shown in figure I(a).
An asymmetric unit of 1 contains a Ni(mnt); anion and a [BrCIBzPy]*, and the
Ni(III) ion is coordinated by four sulfurs of two mnt*~ ligands and exhibits the
expected square-planar geometry. The CN groups of Ni(mnt), are slightly tipped out
of plane, and the deviations from the plane are 0.045A for N(1), 0.045A for N(2),
—0.249 A for N(3), and 0.368 A for N(4). As shown in table 2, the main bond distances
and angles compare well with those found in other molecular solids based on Ni(mnt);
[15-17]. The bond lengths and angles of [BrClBzPy]" are comparable to those
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Figure 1. (a) ORTEP plot (30% probability ellipsoids) showing the molecule structure of 1. (b) The packing
diagram of a unit cell for 1 as viewed along the a-axis.
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Table 2. Selected bond lengths and angles for 1.

Ni(1)-S(1) 2.1422)  C(1)-C(2) C(1)-C(2) 1.423(9)
Ni(1)-8(2) 2.1412)  C(2)-C(3) C(2)-C(3) 1.380(9)
Ni(1)-S(3) 2.1532)  C(3)-C4) C(3)-C(4) 1.456(8)
Ni(1)-S(4) 2.1422)  C(5)-C(6) C(5)-C(6) 1.436(9)
N(1)-C(1) 1.158(10)  C(6)-C(7) C(6)-C(7) 1.377(9)
N(2)-C(4) 1.146(8)  C(7)-C(8) C(7)-C(8) 1.415(9)
N(3)-C(5) 1.143(9)  C(9)-C(10) C(9)-C(10) 1.364(9)
N(4)-C(8) 1.157(10)  CI(1)-C(16) CI(1)-C(16) 1.709(7)
S(1)-C(2) 1.671(6)  Br(1)-C(18) Br(1)-C(18) 1.895(7)
S(2)-C(3) 1.715(6)  N(5-C(9) N(5)-C(9) 1.322(8)
S(3)-C(6) 1.701(6)  N(5)-C(13) N(5)-C(13) 1.317(8)
S(4)-C(7) 1.704(6)  N(5)-C(14) N(5)-C(14) 1.510(8)
S(D-Ni(1)-8(2)  92.37(7)  N(5)-C(9)-C(10) N(5)-C(9)-C(10) 119.4(6)
S(-Ni(1)-8(4)  86.20(7)  N(5)-C(13)-C(12)  N(5)-C(13)-C(12)  119.1(6)
S(2)-Ni(1)-S(3)  88.88(6)  N(5)-C(14)-C(15)  N(5)-C(14)-C(15)  108.7(4)
S3)-Ni(1)-8(4)  92.53(6)  CI(1)-C(16)-C(15)  CI(1)-C(16)-C(15)  122.4(5)
Ni(1)-S(1)-C(2)  103.922)  CI(1)-C(16)-C(17)  CI(1)-C(16)-C(17)  118.3(5)
Ni(1)-8(2-C(3)  103.1(2)  Br(1)-C(18}-C(17)  Br(1)-C(18)-C(17)  119.8(5)
Ni(1)-S3)-C(6)  102.6(2)  Br(1)-C(18)-C(19)  Br(1)-C(18)-C(19)  118.3(5)
Ni(1)-S@)-C(7)  103.92)  C(9)-N(5)-C(13) C(9)-N(5)-C(13) 122.6(6)

of [BrFBzPy][Ni(mnt),] [15]. The deviations of Cl and Br atoms from the phenyl ring
plane are 0.077 A for CI(1) and —0.063 A for Br(1). The dihedral angles between the
pyridine and phenyl rings to the reference plane, C(15)-C(14)-N(5), are 107.4°(6,) and
66.5°(6,), respectively. The phenyl ring and the pyridine ring make a dihedral angle of
79.2°(63). As shown in figure 1(b), well-segregated columns of anions and cations are
stacked along the g-axis. In an anionic column, the Ni(III) ions form an alternating
magnetic chain through Ni...S, S...S, or x...7 stacking interactions [figure 2(a)].
The adjacent Ni(mnt), anions overlap in one of two patterns [figure 2(b)]: (1) pattern A
with Ni(1)...Ni(1A) and Ni(1)...S(2A) distances being 4. 048 A and 3. 453 A, or (2
pattern B with Ni(1)...Ni(1B) and Ni(1)...S(2B) distances being 4.318 A and 3.651 A.
Weak p...m interaction occurs between Br of one phenyl ring and another phenyl ring
of adjacent cations, and the contact distance of Br(1) to the neighboring benzene ring is
3.652 A [figure 2(c)].

The coordination geometry of anion and the conformation of cation in 2, which
crystallizes in monoclinic system with space group C2/m, are essentially identical to
those described above for 1; bond parameters are presented in table 3. In [ICIBzPy]",
the dihedral angles 6y, 6,, and 65 are 89.8°, 0°, and 89.8°, respectively. Unlike 1, the
anions and cations in 2 do not show a segregated column-like stack and adjacent anions
form a tetramer [figure 3(a)]. Weak S...S and x...m stacking interactions exist
between two anions containing Ni(1) and Ni(1A) in which the shortest S. .. S distance is
3.614 A, and the distance of Ni(1) to the corresponding plane is 3.593 A. The short
C...N interaction is between two anions containing Ni(l1) and Ni(1B), and the
C(1)...N(1) distance is 3.654 A. It is worth noting that interactions between anions and
cations were observed in the crystal structure as shown in figure 3(b): (1) 7— stacking
interaction between the plane of Ni(mnt), anion and the neighboring pyridine ring of
[ICIBzPy]" cation with the distance between Ni(1) and the center of pyridine ring being
3.577A; (2) Ni(1)...N(3) interaction with the Ni(1)...N(3) distance of 3.600A.
As listed in table 4, two weak C—H ... N hydrogen bonds are found between the anion
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Table 3. Selected bond lengths and angles for 2.

Ni(1)-S(1) 2.143(2) S(1)-C(2) 1.721(4)
Ni(1)-8(2) 2.143(1) S(2)-C(3) 1.714(4)
N(1)-C(1) 1.132(8) CI(1)-C(5) 1.744(6)
NQ2)-C(4) 1.140(7) I(1)-C(7) 2.081(7)

S(1)-Ni(1)-8(2) 87.27(5) NQG)-C(11)-C(10)  113.7(5)
S()-Ni(1)-S(D#l  92.60(5) NG)-C(12)-C(13)  119.4(5)
S(2)-Ni(1)-SQ)#!  92.83(5) CI(1)-C(5)-C(6) 118.6(5)
Ni(1)}-8(1)-C(2) 103.12(15)  CI(1)-C(5)-C(10)  123.1(6)
Ni(1)-8(2)-C(3) 103.30(17)  I(1)-C(7)-C(6) 119.0(5)
C(11)-NB3)-C(12)  118.7(3) I(1)-C(7)-C(8) 120.2(7)

Note: Symmetry transformations used to generate equivalent atoms:
#l=x,—y z

Figure 3. (a) The overlap of the anions for 2 showing a tetramer. (b) The interaction between the anions and
the cations for 2.

and the cation. These anion—anion and anion—cation interactions play important roles
in the packing and stabilization of 2.

Previous studies have indicated that the magnetic coupling between Ni(mnt), anions
is very sensitive to the overlap of neighboring Ni(mnt), anions and intermolecular
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Table 4. Weak hydrogen bonds for 2 (A and °).

DH---A dD-H) dH---A) d(D---A) /DHA)
C(ID)-H(11A)---NQ#2 097 2.42 3.270(5) 145.0
C(11)-H(11B)---NQ)#3  0.97 242 3.270(5) 145.0

Note: Symmetry transformations wused to generate equivalent atoms:
H#—x+1,—y+ 1, —z4+ 1, #—x+ 1, p,—z+ 1.

contacts; small structural variations can lead to large changes in the properties of
molecular solids based on Ni(mnt), [9, 15, 16, 20]. The stacking of [M(mnt),]~ depends
strongly upon the molecular topology of the countercation. Derivatives of benzyl-
pyridinium (abbreviated as [RBzPy]") serve as flexible cations which can be adjusted
by modifying the groups on the aromatic rings, and the molecular configuration was
determined by three dihedral angles (0;,6,, and 63) [28]. When we fix Cl as the
o-substituent and change the p-substituted group from Br to I atom, 6, 6,, and 65
changed from 107.4°(0;), 66.5°(6,), and 79.2°(65) for 1 to 89.8°(6;), 0°(6,), and 89.8°(65)
for 2. In 1, the weak p...x interaction between Br of one phenyl ring and another
phenyl ring of adjacent cations resulted in well-segregated columns of anions and
cations stacked along the g-axis. But in 2, there was no p...7w interaction between
I of one phenyl and the phenyl ring of an adjacent cation because of steric hindrance.
By comparing the structures of 1 and 2, we conclude that the stacking and overlap
of [Ni(mnt),]~ are different when we have Cl as the o-substituted group and changed the
p-substituted group with p-substituted Br favoring a 1-D alternating chain of Ni(mnt),
anions.

3.2. Magnetic properties and analyses

Variable-temperature magnetic susceptibility of 1 and 2 are shown in figure 4 in the
form of x,,,T versus T. In the whole temperature range, 1 and 2 show similar magnetic
behavior. At 300K, the x,,7" values of 1 and 2 are 0.197 and 0.190 emu K mol~",
respectively, less than the calculated spin-only value of 0.375 emu K mol™' for a system
comprized of noninteracting g=2, S=1/2 spin sites indicating that significant
antiferromagnetic coupling is involved. When the system cools, the values of yx,,T
decrease quickly to 0.0074emuK mol™" at 110K for 1, and 0.0077 emuK mol™" at
100K for 2, then slowly drop to zero at 1.8 K.

For 1, the Ni...Ni distance (4.048 A) between anions containing Ni(1) and Ni(1A)
is smaller than that (4.318A) of the anion containing Ni(1) and Ni(1B) in the 1-D
nickel(I1T) chains. The magnetic interaction between Ni(1) and Ni(1B) can be neglected.
For 2, the magnetic interaction between Ni(1) and Ni(1A) is larger than that between
the Ni(1) and Ni(1B) ions. Thus, the magnetic susceptibility data of 1 and 2 can be fitted
using a simple dinuclear model approximation (the Hamiltonian being H=—2JS,Sp)
[equation(1)] [29]:

_ (NP /kT)(1 — p)

2 2
K= Gy e iy, VPSR T )0 (1)
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Figure 4. Plots of x,,, 7 vs. T for 1(a) and 2(b). The solid lines are reproduced from the theoretic calculations
and detailed fitting procedure described in the text.

where N, g, k, B, and p have their usual meanings and J is the exchange coupling
parameter describing the magnetic interaction between any two neighboring S=1/2
spins. The best-fit parameters obtained by least-squares are: g=1.98, J=—231.5cm™",
p=18x10"3 and R=3.7x10"° for 1, g=1.96, J=—2453cm™', p=3.5x 1074,
and R=7.9 x 107° for 2 (R is defined as T(3,,T " — 3, T "N/ Z(x,,, T **Y)?). The low
p-values suggest that paramagnetic impurities have little effect on magnetism for 1
and 2. The model provides an excellent fit [the solid lines in figure 4(a) represent 1 and
in figure 4(b) represent 2], as indicated by the low value of R.
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4. Conclusion

Two solids, [BrCIBzPy][Ni(mnt),] and [ICIBzPy][Ni(mnt),], exhibiting antiferromag-
netic behavior have been synthesized and their single crystal structural analyses show
Ni(III) ions form a 1-D zigzag alternating chain within a Ni(mnt), column through
Ni...S, S...S, or &... 7 stacking interactions in 1, and a tetramer in 2. The variable
temperature magnetic susceptibilities of 1 and 2 in the temperature range 1.8-300 K
have been interpreted in terms of a simple dinuclear model with strong antiferro-
magnetic interactions.

Supplementary materials

Supplementary crystallographic data are available from the Cambridge Crystallographic
Data Center, CCDC No. 298943 and No. 298947. Copies of this information may be
obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (Fax: +44-1223-336033; Email: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk).
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