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Crystal Structures and Magnetic Behaviors of Nickel(l)-Dithiolene Complexes

CHEN Qi DING Liu-Liu JIAO Hua-Jing LU Chang-Sheng*
(State key Laboratory of Coordination Chemistry, Nanjing University, Nanjing 210093, China)

Abstract: The crystal structures and magnetic properties were investigated for two ion-pair complexes, which
consisted of [Ni(mnt),]~ (mnt=1,2-dithiolene) with [2-[[4-(dimethylamino)phenyl]azo]-1-methyl-py]* for complex 1
and [2-[[4-(dimethylamino)phenyl]azo]-1-benzyl-py]* for complex 2. In complexes 1 and 2, cations and anions
stacked into segregated columns. Magnetic susceptibility measurements in temperature range 2~300 K showed

that complex 1 exhibited an antiferromagnetic coupling feature with §=—0.016 2 K, while 2 shows characteristic

of spin-gap (A/k,;=38915.42 K) around 110 K. CCDC: 993885, 1; 993887, 2; 993886, 2.
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0 Introduction conducting™? magnetic®” and nonlinear optical
materials"'l.  TInterestingly, the ion-pair complexes
The study of molecule-based materials has drawn containing  Ni[(mnt),]” anions and certain organic
much attention in the field of solid-state chemistry". cations can exhibit versatile magnetic properties such
Inorganic  coordination-complex-anions ~ with  bis as ferromagnetism™,  magnetic transition from
(dithiolene) ligands are proved to be very useful and  ferromagnetic to diamagnetic coupling!™, spin-Peierls-
potential building blocks over the past several like transitions!™'®, and meta-magnetism!”. It seems
decades'®. For example, [M (mnt),]" (M=Ni, Pd, Pt that changes of the magnitude and substitutions of the
Cu, Fe; mnt =maleonitriledithiolate) anions have been counter-cations shift the overlapping modes of the
extensively used as building units in the construction neighboring Ni[(mnt),]” anions and so that change the
of such molecule-based materials as in the areas of magnetic coupling in between!*1%,
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In this paper, we synthesized two ion-pair comp-
lexes, which consisted of Ni[(mnt),|” as anion, [2-[4
-(dimethylamino)-phenylazo]-1-methyl-py]* (1) and [2-
[[4-(dimethylamino)phenyl]azo]-1-benzyl-py[* (2) as the
counter-cations respectively. The cations are able to
exhibit cis-trans isomerization™ upon photo-excitation
of certain wavelength. Therefore, it is interesting to
figure out whether the cis-trans isomerization of

cations are able to change the crystal structure when

photo-excitated under certain wavelength.
1 Experimental

1.1 Chemicals and materials

All reagents and chemicals were purchased from
commercial sources and used without further
purification. The starting materials Ni(mnt),*, [2-[[4-
(dimethylamino)phenyl]azo]-1-methyl-py]I* and [2-[[4-
(dimethylamino)phenyl]azo]-1-benzyl-py |l were prep-
ared in accordance with reported procedures. [2-[[4-
[Ni(mnt),]
and [2-[[4-(dimethylamino)phenyl]azo]-1-benzyl-py] [Ni
(mnt),] were obtained by stirring the mixture in MeCN
Ni(mnt), and [2-][4-
(dimethylamino)phenyljazo]-1-methyl-py|]l ~ or 2-[[4-

(dimethylamino)phenylazo]-1-benzyl-py|l respectively

(dimethylamino)phenyl]azo|-1-meth-yl-py]|

solution of equivalent mole

for 20 min and evaporating under reduced pressure.
1.2 Syntheses of complexes 1 and 2

[2-[[4-(dimethylamino)phenyl]azo]-1-methyl-py]|[Ni
(mnt),]+ MeCN (1)

L, (150 mg, 0.59 mmol) was slowly added to a
MeCN solution (20 mL) of [2-[[4-(dimethylamino)
phenyl]azo]-1-methyl-py],[Ni(mnt),] (821 mg, 1.0 mmol),
and the mixture was stirred for 20 min. Afterwards,
diethyl ether (40 mlL) was added. The solution was
allowed to stand overnight at 4 °C. Microcrystals
(complex 1, 650 mg) that formed later were filtered
off, washed with diethyl ether, and dried in vacuum
(~80% vyield). Analytical calculation for CyHzNgS;Ni +
C,H;N(%): C, 46.39; H, 3.24; N, 20.29. Found for
complex 1 (%): C, 46.30; H, 3.18; N, 20.40. Peaks in
IR spectrum (KBr disk, em™): 3 090 (w), 2 206(vs),
1 606(vs), 1 490(m), 1 302(vs), 1 325(s), 1 161(s),
1 133(vs), 776(s).

[2-[[4-(dimethylamino)phenyl]azo]-1-benzyl-py|[Ni
(mn)] 2)

Complex 2 was prepared under the same procedure
as in that of complex 1. Microcrystals (complex 2, 660
mg) were dried in vacuum (~80% yield). Analytical
calculation for CyHNgS,Ni(%): C, 38.62; H, 2.29; N,
12.87. Found for complex 2(%): C, 38.58; H, 2.20; N,
12.81. Peaks in IR spectrum (KBr disk, em™): 3 092
(w), 2 206(vs), 1 604(vs), 1 466(w), 1 319(s), 1 252(s),
1 152(s), 1 094(vs), 831(w).

Single crystals of 1 and 2 suitable for X-ray
structure analysis were obtained by slowly evaporating
solutions of the corresponding complex in MeCN at
room temperature for about 7 days.

1.3 Physical measurements

Crystal structure determination was carried out
with a Bruker SMART APEX II CCD area diffraction
and Gemini-Xcalibur X-ray diffractometer. Elemental
analysis was performed on a Perkin-Elmer 240
analyzer. Infrared (IR) spectra were recorded on a
Bruker Vector 22 instrument as KBr pellets. TG
analysis was conducted on a Pyris 1 DSC thermal
analyzer (PerkinElmer Company, USA). Powder X-ray
(PXRD) data were collected on a Bruker
D8 Advance powder diffraction operating at 40 kV
and 40 mA for Cu Ka radiation with A=0.154 18 nm.
Magnetic susceptibility data for polycrystalline samples

diffraction

were carried out with a Quantum Design MPMS-5S
superconducting quantum interference device (SQUID)
magnetometer between 2 ~300 K under a magnetic
field of 1 T.
1.4 X-ray single crystallography

Two single crystals with dimensional of 0.18
mm x0.12 mmXx0.09 mm and 0.85 mmx0.4 mm x0.2
mm for Crystal 1 and 2 respectively were mounted
with an Bruker-SMARTCCD area detector, which was
equipped with a graphite monochromatic Mo Ko
radiation (A=0.071 073 nm) by using an -@ scan
mode at 296(2) K. For crystal 1, of the total 19 709
reflections collected in the range of 1.36°~28.41°, 7 096
were independent with R;,=0.049 0, 3 730 were cons-
idered to be observed (I>20°(I)) and used in the succ-
eeding refinement; For crystal 2, of the total of 10 856
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reflections collected in the range of 1.32°~28.40°,
7 363 were independent with R;,=0.076 0, 5 700 were
considered to be observed (/>20(/)) and used in the
succeeding refinement. For crystal 2 of 180 K (2)
with dimensional of 0.28 mmx0.22 mmx0.17 mm was
mounted on a Gemini-Xcalibur X-ray diffractometer
with a graphite-monochromatic Mo Ka radiation (A=
0.071 073 nm) by using an ¥-w scan mode at 180(2)
K. A total of 18 557 reflections were collected at the
range of 2.85°~25.99°and 5 725 were independent
with R,,=0.030 9, of which 4 885 were observed with
I>20(I). All the corrections for Lp factors were applied.
All structures were solved by direct methods with
SHELXS-97 program™. The non-hydrogen atoms were
anisotropically refined using the full-matrix least-
squares method on F*. All hydrogen atoms were placed

at the calculated positions and refined riding on the

parent atoms. For crystal 1, the final refinement
including hydrogen atoms converged to R,=0.046 2,
wR,=0.087 5; R,=0.045 0, wR,=0.117 4 for crystal 2
at 296 K and R,=0.029 8, wR,=0.078 1 for crystal 2’
at 180 K. Crystallographic data are shown in Table 1.
CCDC: 993885, 1; 993887, 2; 993886, 2'.

2 Results and discussion

2.1 Description of crystal structures

Complex 1 crystallizes in monoclinic space group
C2/c. As showed in Fig.1, the single asymmetric unit
explicitly comprises one [Ni(mnt),]” monoanion, one
[2-[[4-(dimethylamino)phenyl]azo]-1-methyl-py]* cation
together with one MeCN solvent molecule. In [Ni(mnt),]
moiety, the Ni(ll) ion is coordinated with four sulfur
atoms from two mnt*~ ligands, exhibiting a square

planar coordination geometry. The average distance of

Table 1 Crystallographic data for compound 1 at 296 K and 2 at 296 K or 180 K

Complex 1

Chemical formula CosHyN oNiS,

Formula weight 621.44

Temperature / K 296(2)

Wavelength / nm 0.071 073

Crystal system Monoclinic

Space group C2/c

a/ nm 2.563 4(3)

b / nm 0.735 56(10)

¢/ nm 3.039 6(4)

al (%) 90

B/(°) 98.683(2)

v/ () 90

V/nm? 5.665 5(13)

A 8

D./ (g-em™) 1.457

F(000) 2 552

Limiting indices 24 < h < 34,
-9 <k<9,
-40=<1[<40

Reflections collected / unique

R int

Goodness-of-fit on F*

19 709 / 7 096
0.049 0
1.001

2 2’
CosHyNgNiS, CosHy NgNiS,
656.5 656.5
296(2) 180(2)
0.071 073 0.071 073
Triclinic Triclinic

Pl Pl

0.766 71(7) 0.754 27(3)
1.288 08(12) 1.281 39(5)
1.567 19(14) 1.563 55(6)
79.211 0(10) 79.321(3)
88.996 0(10) 89.664(3)
78.625(2) 78.799(3)
1.490 2(2) 1.456 02(9)
2 2

1.463 1.497

674 674

-10 < h < 10, 9<h<9,

10 856 /7 363
0.076 0
1.004

-15 <k < 15,
S19<I<19
18 557 /5 725
0.030 9

1.000

Final R* indices [I>20(1)] R,=0.046 2, wR,=0.087 5

R=0.109 4, wR,=0.106 1

R* indices (all data)

R=0.045 0, wR,=0.117 4
R=0.055 4, wR,=0.124 3

R=0.029 8, wR,=0.078 1
R=0.037 1, wR,=0.082 8

Ri= X (IEJ-IFI S IF); R[S (FP-\F.P S w(IF, P
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Fig.1

ORTEP view of 1 with non-hydrogen atomic

numbering and 30% thermal ellipsoids

probability level
Ni-S bonds is 0.214 3 nm, and the average S-Ni-S
dihedral angle is 90.000° (Table 2), which are

comparable to those of reported data®,

The anions and cations in complex 1 form
regular stacks along the direction of crystallographic
b-axis. As illustrated in Fig.2(a), the anionic stacks
are separated from each other by the cationic packing
columns. Two adjacent cations stack in a head-to-tail
style to seemingly form a cationic dimer and the
phenyl rings are parallel to each other. There are two
kinds of weak interactions observed in the cations’

column: (1) 77 ---7r interaction between the benzene

rings; (2) C=H---N hydrogen bonds between the C13
atom from the cations and N9 atom from the MeCN
molecules, and the C13---NO distance is 0.347 9 nm.
Within the anion stack, two types of alignments are
observed with alternating Ni---Ni distances (d, and d,)
along the b-axis. As shown in Fig.3, in completely
the
moieties produce such distances as dy;xin=0.355 2 nm,

ds1.551=0.355 9 nm, and desn=0.351 7 nm. However

overlapping  model, two parallel [Ni(mnt),]~

Table 2 Selected Bond lengths (nm) and angles (°) for 1 and 2

1
C(6)-N(1) 0.147 1(4) C(19)-S(4) 0.170 8(3) Ni(1)-8(1) 0.214 3(9)
C17)-8(2) 0.171 1(3) C(20)-8(3) 0.170 5(3) Ni(1)-8(3) 0.214 4(9)
C(18)-8(1) 0.170 6(3) Ni(1)-S(4) 0.213 9(9) Ni(1)-S(2) 0.214 509)
C(2)-C(1)-N(1) 121.50(4) S()-Ni(1)-8(1) 179.06(4) S()-Ni(1)-8(2) 87.33(4)
N(1)-C(5)-N(2) 114.4(3) S()-Ni(1)-8(3) 92.50(4) S(1)-Ni(1)-8(2) 92.53(3)
N(1)-C(5)-C(4) 117.9(3) S(1)-Ni(1)-8(3) 87.64(3) SG3)-Ni(1)-8(2) 179.76(4)
2
Ni(1)-S(1) 0.214 8(5) Ni(1)-S(4) 0.215 3(5) S(2)-C(26) 0.170 6(2)
Ni(1)-S(2) 0.214 3(6) S(4)-C(24) 0.172 1(2) S(1)-C(25) 0.171 3(2)
Ni(1)-S(3) 0.214 6(6) S(3)-C(23) 0.171 8(2)
S(2)-Ni(1)-8(3) 179.79(2) S(2)-Ni(1)-8(4) 87.70(2) C(7)-C(6)-N(1) 113.45(16)
S(2)-Ni(1)-8(1) 92.35(2) S(3)-Ni(1)-(4) 92.51(2) S(3)-Ni(1)-8(1) 87.45(2)
S(1)-Ni(1)-8(4) 176.92(2)
Y
Ni(1)-S(1) 0.214 6(5) Ni(1)-S(4) 0.215 0(5) S(2)-C(26) 0.171 6(19)
Ni(1)-8(2) 0.214 2(5) S(4)-C(24) 0.172 4(2) S(1)-C(25) 0.171 1(19)
Ni(1)-8(3) 0.214 6(5) S(3)-C(23) 0.172 7(19)
S(2)-Ni(1)-5(4) 87.774(19) S(2)-Ni(1)-8(1) 92.290(19) N(1)-C(6)-C(7) 113.50(15)
S(2)-Ni(1)-S(3) 179.64(2) S()-Ni(1)-S(1) 176.40(2) S()-Ni(1)-S(3) 92.481(19)
S(3)-Ni(1)-8(1) 87.471(19)
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Fig.2 (a) Packing diagram showing the segregated and

regular stacks of anions and cations along the
crystallographic b-axis direction in complex 1;

(b) Hydrogen bonds between anions and cations
e = A S
R O

(a) (b)

Fig.3 Two types of anion alignments in 1 (completely
overlapping with dyx=0.355 2 nm (a) and
partially overlapping with dyx=0.390 0 nm (b))
in partially overlapping model, [Ni(mnt),]” anions slip
a little with each other to offer the distances dynisn=
0.390 0 nm, dy5%=0.373 1 nm. Some weak hydrogen
bonds in 1 are list in Table 3. In addition, plane-to-
plane distances of the benzene rings between the
cations differ slightly, which exhibit d;=0.366 6 and
d=0.371 1 nm respectively.
The crystal of 2 at 296 K belongs to triclinic

system with space group Pl, and its structure is
displayed in Fig.4. As shown in Fig.4, an asymmetric
unit consists of one planar [Ni(mnt),|~ anion together
with one [2-[[4-(dimethylamino)phenyl]azo]-1-benzyl-
py|" cation.

Fig.4 ORTEP view of 2 with non-hydrogen atomic

numbering and 30% thermal ellipsoids
probability level

The bond lengths of Ni-S are in the range of
0.214 3(5)~0.215 3(6) nm and the angles of S-Ni-S
are 87.45(2)° and 92.51(2)° in the [Ni(mnt),]” moiety.
For the [2-[[4-(dimethylamino)phenyl|azo]-1-benzyl-py|*
moiety, the azobenzene body is almost planar with a
small twist angle of 11.880° between the planes of
benzene ring and pyridine ring, with all the bond
lengths and angles in normal range. A dihedral
between the planes of attached benzyl ring and
pyridine ring is 77.399°. The azobenzene body of the
cation is almost parallel to the molecular plane of the
anion with a dihedral angle of 8.543° (The molecular
plane of the anion is defined by four coordinating
sulfur atoms).

As displayed in Fig.5, the [Ni(mnt),]” anions and
[2-[[4-(dimethylamino)phenyl]azo]-1-benzyl-py|* cations

Table 3 Hydrogen bonds in complex 1

D-H---A d(D-H) / nm d(H--A) / nm d(D---A) / nm £ (DHAY/ (°)

C(13)-H(13B)---N(9)#1 0.096 0.254 0.347 9(6) 166.4
C(6)-H(2B)---N(6)#2 0.096 0.254 0.346 8(6) 163.8
C(6)-H(2A)---NO)#3 0.096 0.262 0.347 7(6) 148.8

Symmetry transformation used to generate equivalent atoms: #1: —x+1/2, —y+3/2, —z+2; #2: x—1/2, y—1/2, z; #3: —x+1/2, y-1/2,

—z+3/2.
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form segregated stacks along the anions and [2-[[4-
(dimethylamino)phenyljazo]-1-benzyl-py|* cations form
segregated stacks along the direction of the crystallo-
graphic a-axis. Both the anion and cation stacks are
equidistant owing to the existence of one anion and
one cation per cell unit along the direction of the
stacks. Thus the neighboring Ni---Ni, N---N distances
are equal to the length of the a-axis, ds=0.766 7 nm
and d¢=0.766 7 nm within an anion or a cation stack.
But the distances within an anion or a cation stack of
crystal 2 at 180 K are both 0.754 3 nm, which was
0.012 4 nm shorter than that at 296 K. However, the
average bonds length is a little larger at 180 K. This
might explain the spin-gap behavior in magnetic
susceptibility measurements of complex 2 in the

temperature range 2~300 K.

~PEIAATS
VRt
fm”’;j?%« Q—Z) Q—y Q—f 4

Fig.5 Segregated columnar stack of anions and cations

along the direction of a-axis in 2 (296 K)

2.2 XRD and Thermogravimetric analysis
The powder X-ray diffraction data for complexes 1
and 2 were collected on a Bruker D8 Avance powder

diffraction operating at 40 kV and 40 mA for Cu Ka
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radiation with A=0.154 2 nm, and were compared with
the data simulated with Mercury software. The results
were showed in Fig.6. It is experimentally evident that
all the peaks in both lines coincide well. So the

experimental samples are homogeneous accordingly.

A A
W
T x T * T T 1
5 10 20 30 40 50
20/(°)
2
510 20 30 40 50

20/ ()
Fig.6  Powder X-ray diffraction pattern of complexes 1
and 2 (upward side lines: experimental;

downward side lines: simulated)

Moreover, thermogravimetric — analyses  were
operated as well. As showed in Fig.7, complex 1 is
stable up to 80 °C, and the first weight loss of 6.27%
from 80 to 152 °C was assigned to the liberation of
CH;CN (Caled. 6.60%). Above 287 °C, the framework
of complex 1 started to collapse. The framework of
complex 2 started to collapse above 260 °C.
2.3 Magnetic properties

The magnetic properties of complexes 1 and 2
have been determined using polycrystalline samples at

temperature range 2~300 K in a field of 2 kOe. The

100

400 500 600 700

T/C

0 100 200 300

Fig.7 Thermogravimetric analysis of complexes 1 and 2
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Fig.8 Plots of x,, vs T of complex 1 (a) and 2 (b), open circles: experimental data, and solid lines:

theoretic calculations

results are given in Fig.8. Equation (1) was used to fit

the temperature dependence of the magnetic
susceptibilities of complex 1:
c
Xm: T_0 +X0 (1)

The best fitting produced parameters of equation
(1) with C=0.037 5 emu-K-mol™, #=—0.016 2 K, x,=
0.001 8 emu -mol™". The magnetic susceptibility data
within the range of 60~300 K can be finely fitted to
the Curie-Weiss law (the circle formed line in Fig.8a).

For complex 2, when the temperature decreases
from 300 K to 110 K, the value of y,, drops slowly. It
is noted that y,, values decreases exponentially upon
cooling at higher temperature region (Fig.8b), indicating
that 2 exhibits the characteristics of spin gap™. Equation
(2) was used to fit the temperature dependence of
magnetic susceptibilities of complex 2.

-Alk, T = ¢
Xomesp(— oo

(2)

Where « is a constant corresponding to the
dispersion of excitation energy, A is the magnitude of
the spin gap, k;, is the Boltzmann constant, C is a
constant corresponding to the contribution of the
magnetic impurity, X, contributes from the core

the Van  Vleck
paramagnetism'™. As observed in Fig.8b (the solid

diamagnetism  and possible
line), equation (2) provides a good fit of experimental
data. The best fitting yielded the parameters of
equation (2) with «=0.002 49, A/k,=38 915.42 K, x,=

0.001 13 emu-mol™, C=0.005 46 emu-K-mol™.
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