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A new organic fluorescent ionic compound [MOBIP]I (1) (MOBIPþ¼ 1-methyl-2-oxo-3 -(1H-
benzimidazol-2(3H)-ylidene)-2,3-dihydropyridinium) was synthesized and used to prepare
seven maleonitriledithiolate metal complexes [MOBIP]n[M(mnt)2] by substitution of the iodide
ion with [M(mnt)2]

n� (M¼Cu2þ (2), Ni2þ (3a), Ni3þ (3b), Zn2þ (4), Cd2þ (5), Pd2þ (6), and
Pt2þ (7)). An investigation of fluorescence properties shows that these complexes are a new
series of solution luminescent complexes of maleonitriledithiolate derivatives with strong blue
light fluorescence in daylight by irradiation with UV light with high quantum yields. They
display similar symmetric emissions with �em at the deep blue region of �426 nm upon
excitation at �364 nm in DMF, caused by L–L transition of MOBIPþ. Existence of
[M(mnt)2]

n� anions in the solution prolongs the fluorescent lifetimes. For all these compounds
in the solid state, the fluorescent emission is blue-shifted and more narrow than that in solution.
Based on their crystal structure analysis, the weak stacking interactions in compounds cause the
difference of their fluorescence spectrum. Investigations of variable-temperature magnetic
susceptibility indicate that 2 has weak antiferromagnetic coupling, while 3b exhibits stronger
antiferromagnetic coupling.

Keywords: Bis(maleonitriledithiolato)metalate anion; Fluorescent properties; Crystal structure;
Magnetic properties

1. Introduction

Recently, luminescent materials have provoked interest for their applications, such as
light-emitting diodes, fluorescent sensors and probes, nonlinear optics, photoconduc-
tors, photovoltaics, upconversion lasing [1–9]. Research for luminescent materials
focuses on higher quantum yields (Ff) of fluorescence emission, prolonging the
complexes luminescence lifetime at room temperature, and wide emission bands ranging
from UV to near infrared (NIR) [10, 11].
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Maleonitriledithiolate (mnt2�) complexes of transition metals are useful building
blocks for molecular conductors and magnets because they possess an extended
electronically delocalized core [12–16], and they show variable properties affected by
the intra- or inter-molecular contacts [17–20]. However, they are very rarely found
in luminescent materials. Zuleta and coworkers reported the first series of solution
luminescent complexes Pt(diimine)(mnt) in which the fluorescence of complexes were
caused by M–L or L–M transitions [21]. Then Bremi et al. synthesized quasi-one-
dimensional [Pt(NH2R)4][Pt(mnt) 2] complexes in which the fluorescence was similar
[22].

In this article, we have synthesized a new organic fluorescent ionic compound
[MOBIP]I (1) (MOBIPþ¼ 1-methyl-2-oxo-3-(1H-benzimidazol-2(3H)-ylidene)-2,3-
dihydropyridinium) which displays strong blue emissions and high luminescence
quantum efficiencies. In order to improve its luminescence, we prepared a new series of
maleonitriledithiolate complexes by using [M(mnt)2]

n� anions to substitute for iodide
(scheme 1). Herein we present the preparations, UV-Vis spectra, fluorescence, crystal
structures, and magnetic susceptibilities of these compounds.

2. Experimental

2.1. Chemicals and reagents

All reagents of AR grade were used as supplied. The sodium salts of the ligand,
cis-maleonitriledithiolate (Na2mnt), were prepared according to the published
method [23].

2.2. Physical measurements

Melting points were determined with an X-4 microscope melting-point testing
apparatus (Shanghai). C, H, and N microanalyses were carried out with a Perkin-
Elmer 240 elemental analyzer. Infrared (IR) spectra were recorded using KBr discs on
a Bruker Vector 22 spectrophotometer from 4000 to 400 cm�1. 1H NMR spectra
were obtained from a Bruker RX-500 spectrometer. Mass spectra were measured on
a Finnigan LCQTM spectrometer. The UV-Vis-NIR spectra were recorded with a
Shimadzu UV-3100 spectrophotometer. Fluorescence measurements were performed

(n = 1 or 2; M = Cu2+, Ni2+, Ni3+, Zn2+, Cd2+, Pd2+, and Pt2+)

Scheme 1. Chemical formulae of the complexes.
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using a Perkin-Elmer LS 55 luminescence spectrometer with a 1 cm quartz cell at room
temperature. Time resolved fluorescence spectra were performed using an Edinberge
FLS920 luminescence spectrometer. Variable-temperature magnetic data for 2 and 3b

were obtained over the temperature range of 1.8–300K using a Quantum Design
MPMS-XL7 SQUID magnetometer.

2.3. Synthesis of compounds

2.3.1. Synthesis of [MOBIP]I (1). According to the literature method [24, 25],
[MOBIP]I (1) was synthesized as shown in scheme 2. A mixture of 2-chloronicotinic
acid (6.3 g, 40mmol) and o-phenylenediamine (4.3 g, 40mmol) in polyphosphoric acid
was heated at 170�C for 8 h with stirring. The reaction mixture was then cooled to room
temperature and poured into ice-water (200mL). The solution pH was adjusted to 9.0
with ammonia. The pale-yellow precipitate was filtered and washed with water several
times, and then dried in vacuo. Finally, the yellowish precipitate was dissolved in dry
acetone (100mL) by dropwise addition of a solution of methyl iodide (2.5mL, 40mmol)
in dry acetone (10mL) under an atmosphere of nitrogen. The reaction mixture was
refluxed for 24 h. After cooling, the precipitate was filtered, washed with acetone, and
then recrystallized in 80% ethanol solution. The yellowish micro-crystallite was
collected and dried in vacuo. Yield: 7.6 g (54%). M.p.: 236�C. 1H NMR (DMSO,
500MHz) �: 3.71 (s, 3H, Me–H), 6.78 (m, 1H, Py–H), 7.55 (dd, J¼ 3.00, 6.00Hz, 2H,
Ph–H), 7.88 (dd, J¼ 3.00, 6.00Hz, 2H, Ph–H), 8.33 (d, J¼ 6.50Hz, 1H, Py–H), 8.60
(d, J¼ 7.00Hz, 1H, Py–H), 14.5 (br, 2H, N–H); IR (KBr, cm�1): 3388(s), 3126(m),
1647(s), 1624(m), 1572(s), 1451(w), 1414(w), 1345(w), 1286(m), 1233(w), 1180(w),
1135(w), 1044(w), 865(w), 768(m). MS (ESI): m/z 226.4 (Mþ). Anal. Calcd for
C13H12IN3O (%): C, 44.21; H, 3.42; N, 11.90. Found: C, 44.35; H, 3.28; N, 11.77.

2.3.2. Synthesis of [MOBIP]2[Cu(mnt)2] (2). A methanol solution of Na2mnt (372mg,
2.0mmol) was mixed with a methanol solution of CuCl2 � 2H2O (171mg, 1.0mmol),
stirred for 30min at room temperature and filtered. A dark-red precipitate formed after
adding dropwise a methanol solution containing [MOBIP]I (1) (704mg, 2.0mmol) to
the filtrate, which was filtered off, washed with methanol, and then dried in vacuum.
Yield: 622.1mg (78.3%). Anal. Calcd for C34H24CuN10O2S4 (%): C, 51.27; H, 3.04;
N, 17.59. Found: C, 51.67; H, 2.63; N, 17.56. IR (KBr, cm�1): �(NH), 3420m; �(CN),
2196s; �(C¼C) of mnt2�, 1460m. IR (KBr, cm�1): 3420(m), 3155(m), 3121(m), 2196(s),

Scheme 2. Synthetic route of [MOBIP]I (1).
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1657(s), 1623(m), 1572(s), 1460(m), 1393(w), 1347(w), 1290(m), 1244(w), 1193(w),
1150(w), 1112(w), 1032(w), 866(w), 766(m).

2.3.3. Synthesis of [MOBIP]2[Ni(mnt)2] (3a). This dark-brown complex was prepared
by an analogous procedure replacing CuCl2 � 2H2O with NiCl2 � 6H2O (237mg,
1.0mmol). Yield: 659.3mg (83.5%). Anal. Calcd for C34H24NiN10O2S4 (%):
C, 51.59; H, 3.06; N, 17.69. Found: C, 51.56; H, 2.75; N, 17.65. IR (KBr, cm�1):
�(NH), 3419m; �(CN), 2194s; �(C¼C) of mnt2�, 1479m. 3419(m), 3180(m), 3126(m),
2194(s), 1656(s), 1623(m), 1573(s), 1479(m), 1392(w), 1347(w), 1291(m), 1244(w),
1194(w), 1151(w), 1109(w), 1035(w), 867(w), 763(m).

2.3.4. Synthesis of [MOBIP][Ni(mnt)2] (3b). An acetonitrile solution (10mL) of I2
(88.5mg, 0.35mmol) was slowly added to an acetonitrile solution (20mL) of 3a

(394.5mg, 0.5mmol) and the mixture was stirred for 12 h. Methanol (120mL) was then
added, and the mixture was allowed to stand overnight, black micro-crystals formed
and were filtered off, then were washed with methanol, and dried in vacuum. Yield:
215.7mg (76.3%). Anal. Calcd for C21H12N7NiOS4 (%): C, 44.62; H, 2.14; N, 17.34.
Found: C, 44.56; H, 1.89; N, 17.45. IR (KBr, cm�1): �(NH), 3419m; �(CN), 2210s;
�(C¼C) of mnt2�, 1455m. 3419(s), 3146(m), 3112(m), 2210(m), 1660(m), 1624(m),
1567(s), 1455(w), 1397(w), 1344(w), 1288(w), 1234(w), 1190(w), 1160(w), 1101(w),
1045(w), 838(w), 754(m).

2.3.5. Synthesis of [MOBIP]2[Zn(mnt)2] (4). This orange complex was prepared by an
analogous procedure replacing CuCl2 � 2H2O with ZnCl2 (136mg, 1.0mmol). Yield:
608.3mg (76.4%). Anal. Calcd for C34H24ZnN10O2S4 (%): C, 51.16; H, 3.03; N, 17.55.
Found: C, 51.16; H, 2.73; N, 17.48. IR (KBr, cm�1): �(NH), 3418m; �(CN), 2194s;
�(C¼C) of mnt2�, 1439m. 3418(m), 3145(m), 3109(m), 2194(s), 1644(m), 1623(m),
1572(s), 1439(m), 1344(w), 1286(m), 1236(w), 1192(w), 1148(w), 1112(w), 1040(w),
864(w), 763(m).

2.3.6. Synthesis of [MOBIP]2[Cd(mnt)2] (5). This orange complex was obtained in a
similar manner by replacing CuCl2 � 2H2O with Cd(NO3)2 � 4H2O (308mg, 1.0mmol).
The procedure was similar to the previous ones. Yield: 605.2mg (71.6%). Anal. Calcd
for C34H24CdN10O2S4 (%): C, 48.31; H, 2.86; N, 16.57. Found: C, 48.36; H, 2.55;
N, 16.45. IR (KBr, cm�1): �(NH), 3426m; �(CN), 2193s; �(C¼C) of mnt2�, 1440m.
3426(m), 3195(m), 3107(m), 2193(s), 1644(m), 1621(m), 1567(s), 1440(m), 1343(w),
1284(m), 1230(w), 1192(w), 1147(m), 1115(m), 1036(w), 856(w), 763(m).

2.3.7. Synthesis of [MOBIP]2[Pd(mnt)2] (6). This wine complex was obtained in a
similar manner by replacing CuCl2 � 2H2O with PdCl2 (177mg, 1.0mmol). Yield:
476.7mg (56.8%). Anal. Calcd for C34H24PdN10O2S4 (%): C, 48.66; H, 2.88; N, 16.69.
Found: C, 48.63; H, 2.73; N, 16.65. IR (KBr, cm�1): �(NH), 3422m; �(CN), 2197s;
�(C¼C) of mnt2�, 1479m. 3422(m), 3157(m), 3120(m), 2197(s), 1656(m), 1623(m),
1573(s), 1479(m), 1393(w), 1346(w), 1291(m), 1243(w), 1192(w), 1146(w), 1108(w),
1036(w), 863(w), 763(m).
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2.3.8. Synthesis of [MOBIP]2[Pt(mnt)2] (7). This dark-yellow complex was obtained
in a similar manner by replacing CuCl2 � 2H2O with K2PtCl4 (415mg, 1.0mmol). Yield:
753.6mg (81.4%). Anal. Calcd for C34H24PtN10O2S4 (%): C, 44.01; H, 2.61; N, 15.09.
Found: C, 44.23; H, 2.45; N, 15.05. IR (KBr, cm�1): �(NH), 3416m; �(CN), 2194m;
�(C¼C) of mnt2�, 1452m. 3416(s), 3149(m), 3107(m), 2362(w), 2194(w), 1655(m),
1621(m), 1570(s), 1452(m), 1394(w), 1344(w), 1288(w), 1236(w), 1193(w), 1151(w),
1107(w), 1040(w), 868(w), 757(m).

Single crystals suitable for X-ray structure analysis of 2, 3a, 3b, and 6 were obtained
by evaporating solutions of the complexes in acetonitrile at room temperature for
2 weeks; compound 1 was recrystallized in 80% ethanol solution.

2.4. X-ray crystallography

Crystallographic data were collected using a Bruker SMART APEX II CCD-based
diffractometer with graphite-monochromatic Mo-Ka radiation (�¼ 0.71073 Å) at
291(2)K. Data reductions and absorption corrections were performed with SAINT
and SADABS software packages [26], respectively. Structures were solved by direct
methods using the SHELXL-97 software package [27]. Non-hydrogen atoms were
refined anisotropically using the full-matrix least-squares method on F2. All hydrogen
atoms were placed at calculated positions (C–H¼ 0.930 Å for benzene, 0.960 Å for
methyl) and refined riding on the parent with U(H)¼ 1.2Ueq (bonded C of both pyridyl
and methyl group) and U(H)¼ 1.5Ueq (bonded C of methyl group). Details of the
crystallographic parameters, data collection, and refinements for 1, 2, 3a, 3b, and 6 are
summarized in table 1.

3. Results and discussion

3.1. Synthetic strategy

Pyridyl-benzimidazole derivatives are representative ligands in coordination and
metallosupramolecular chemistry which often show luminescent properties [8–11].
However, fluorescence of these ligands would quench when with N-alkyl reactions of
the pyridyl ring, because the pair of electrons on nitrogen was fixed by the alkyl group,
reducing the conjugation of the group and destroying its excited state.

In order to avoid this, we introduced chloride on the pyridyl ring by using
2-chloronicotinic acid; the o-chloride would be substituted by oxygen when reacted in
inorganic acids [24], strengthening the conjugation between oxygen, pyridyl ring, and
benzimidazole ring. This should avoid luminescence quench even with N-alkyl reaction
of pyridyl. Based on this synthetic idea, we formed a new organic fluorescent compound
1 [MOBIP]I (1-methyl-2-oxo-3-(1H-benzimidazol-2(3H)-ylidene)-2,3-dihydropyridi-
nium iodide). Compound 1 was characterized by elemental analysis, IR, MS, UV,
fluorescence spectra, and X-ray structure analysis.

3.2. IR spectra

The IR spectra of all eight compounds are complicated. The broad band at 3000–
3600 cm�1 and strong absorption around 1650 cm�1 may be ascribed to �(N–H) and
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�(C¼O) of [MOBIP]þ. Absorptions at �2194 (2210 in 3b), 1439–1479, and 1147–
1160 cm�1 correspond to �(C�N), �(C¼C), and �(C–S) of mnt2�, respectively.
Stretching of CN groups, i.e., �(C�N), is related to the charge (�1 to �3) on
[M(mnt)2]

n� [28]. Comparing the �(C�N) of these complexes with those in references, it
can be concluded that 2, 3a, 4, 5, 6, and 7 have charge of �2, while 3b has charge of �1.

3.3. UV-Vis absorption and fluorescence spectroscopy

UV-Vis absorption spectra of all seven complexes and [MOBIP]I (1) were measured in
DMF from 250 to 700 nm, table 2. These compounds show similar absorptions.
Absorptions at �285 and 265 nm are due to L(	)–L(	*) transitions. According to the
molecular structure of MOBIPþ, absorptions at �367 nm should belong to L(n)–L(	*)

Table 2. UV-Vis spectra [" (mol L�1)�1 cm�1 104)] and fluorescence spectra of the synthesized compounds
(5� 10�7mol L�1 in DMF).

Compound

Fluorescence

UV-Vis Excitation Emission Stokes shift
Fluorescent

quantum yield Lifetime

(�, nm)/" �max (nm) �max (nm) (nm) Tf 
 (ns)

1 366 (4.20) 363.5 (518.4) 425.5 (518.9) 62.0 0.70 3.76
264 (17.40)

2 485 (0.85) 363.5 (827.6) 426.5 (827.8) 63.0 0.54 3.84
367 (8.74)
285 (3.78)
264 (17.65)

3a 481 (0.94) 363.0 (856.8) 426.0 (855.8) 63.0 0.62 3.81
367 (8.30)
320 (6.81)
264 (20.15)

3b 485 (0.81) 363.5 (442.4) 425.5 (442.3) 62.0 0.56 3.80
367 (4.45)
316 (5.58)
265 (19.22)

4 485 (0.24) 365.0 (799.1) 425.5 (799.8) 60.5 0.49 3.75
367 (9.14)
265 (16.95)

5 485 (0.43) 364.0 (678.3) 425.5 (678.2) 61.5 0.45 3.87
368 (8.56)
264 (18.80)

6 444 (1.17) 361.5 (898.1) 424.5 (898.4) 63.0 0.62 3.77
367 (7.13)
287 (7.83)
265 (21.22)

7 485 (0.55) 364.5 (903.1) 426.0 (903.9) 61.5 0.67 3.92
367 (8.40)
285 (1.75)
265 (14.12)
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transition caused by the C¼O [29]; bands at �485 nm are assigned to MLCT
absorptions for the metal dithiolene [30]. According to the reference and UV-Vis
absorption spectra, the electronic transition of these compounds should be induced by
n–	* excited states.

Remarkably, these eight compounds emit strong blue light fluorescence in daylight
by irradiation with UV light when dissolved in DMF at room temperature. These seven
complexes in DMF are solution luminescent. All fluorescence data of these compounds
at 5� 10�7mol L�1 in DMF are also shown in table 2. Emissions were measured
between 380 and 600 nm versus excitations performed between 300 and 400 nm. The
fluorescence quantum yields (�f) were measured as compared with quinine sulfate
in order to evaluate their fluorescence [31].

The fluorescent data in table 2 show that all the compounds in DMF display similar
symmetric emissions with �em at the deep blue region, �426 nm, upon excitation
at �364 nm in DMF, with Stokes shifts of about 62 nm. Because mnt2� itself is not
photo-emitting, it is unlikely that emission is due to a d–d transition or L–L transition
of anions [22], so fluorescence is caused by L–L transition of MOBIPþ. This transition
mode is different from LMCT or MLCT modes of other solution luminescent
maleonitriledithiolate complexes [21, 22].
�f of these eight compounds were high at 0.45–0.70 (table 2). Surprisingly,

introduction of [M(mnt)2]
n� with MOBIPþ prolongs the fluorescent lifetimes. The

maximum value of fluorescent lifetime in complexes is 3.92 ns, 0.16 ns longer than
the fluorescent lifetime of [MOBIP]I (1).

For solution luminescent complexes, the main factors which influence luminescence
ability are transition modes, photon transfer efficiency, solvent effect, and steric effects
[21, 32]. The luminescent differences between these seven complexes should be mainly
caused by different spatial obstacles influence on the photon transfer induced by
[M(mnt)2]

n� anions, because they have same transition mode and solvent effect.
As shown in table 2, the fluorescence intensity decreases in the order,

Ni2þ4Cu2þ4Zn2þ4Cd2þ, in contrast with the order reported [33]. Probably,
collisional quenching differences between the four complexes may be related to the
structure of the complexes. The Zn2þ and Cd2þ complexes have tetrahedron
configuration, while Ni2þ and Cu2þ complexes are square-planar geometry. Due to
this, the collisional quenching caused by anions of Zn2þ and Cd2þ complexes is larger
than for Ni2þ and Cu2þ. For anions with similar configuration, the collisional
quenching will become larger, corresponding to the metal ionic radius increasing.
However, these [M(mnt)2]

n� can prolong the fluorescent lifetimes because of their
influence on photon transfer efficiency, enhanced by increasing the planarity of anions.

As to d8 complexes (Ni2þ, Pd2þ and Pt2þ), their complexes have square-planar
geometry [21]. With the metal ionic radius increasing, the photon transfer can be easier
and collisional quenching to luminescence decreased. So the fluorescence intensity of d8

complexes follows the order Pt2þ4Pd2þ4Ni2þ; the fluorescent lifetime of 7 is the
longest one in all compounds.

When the stoichiometric ratio of cations and anions in 3a and 3b changed from 2 : 1
to 1 : 1, �f declined only 8.9%. Due to its higher nuclear charge, smaller ionic radius and
more planarity, quenching by Ni3þ was lower than by Ni2þ [34].

When all these compounds are in the solid state, 1 exhibits a strong blue emission
with �max¼ 393 nm with excitation at 357 nm at room temperature, while emissions
of 2–7 are quenched. There exist a variety of molecular interactions which can result in
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quenching, such as excited-state reactions, molecular rearrangement, energy transfer,
ground state complex formation, and collisional quenching [34].

As shown in figure 1, Stokes shift of 1 is 36 nm in the solid state, nearly half the value
in DMF solution. Compared with the fluorescent emission of 1, the emission in the
solid state is blue-shifted and more narrow than that in solution. This phenomenon
is attributable to the absence of intermolecular interactions in solution, most likely 	–	
stacking interactions [35].

In order to study how molecular interactions influence fluorescence in the solid
compounds, we obtained single crystals of 1, 2, 3a, 3b, and 6.

3.4. Crystal structures

3.4.1. X-ray structures of 1. Crystal analysis reveals that 1 crystallizes in the
monoclinic space group P21; selected bond lengths and angles are listed in table S1.

As shown in figure 2(a), one MOBIPþ balanced with an iodide in an asymmetric unit
as well as one water molecule. MOBIPþ has bond lengths between C3–C7 and C2–C3
of 1.438(6) Å and 1.439(7) Å, which means there exist super-conjugation and electron
delocalization between the carbonyl group and C=C bonds. There also exist strong
intramolecular H-bonding interactions between O1 and neighboring N2 in the cation
(with H-bonding parameters of dN � � �O¼ 2.695(5) Å and ffN–H � � �O¼ 121(2)�), which
bind O1, C2, C3, C7, and N2 to a six-member ring. The dihedral angle between the
benzimidazole plane and pyridyl plane is 2.769(124)�. These structural characters
enhance the molecular coplanarity and luminescence capability of this organic cation.

The packing diagram and intermolecular H-bonding of 1 viewed along the a-axis are
shown in figure 2(b). BMOIPþ are stacked into two crossing columns with crossing
angle between the columns of 73.893(50)�. Within the cation columns, the cations
slipped, presenting strong 	 � � �	 interactions which induced the fluorescent emissions
of 1 in the solid state to become blue-shifted and narrow. The centroid-to-centroid

Figure 1. Excitation and emission spectra of 1 in the solid state and in DMF at room temperature
(5� 10�7mol L�1).
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distance between benzimidazole and pyridine ring is 3.5497(5) Å (figure S1). Two
neighboring columns are bonded by intermolecular H-bonding interactions between
N2 of imidazoline ring and O1 of pyridyl (with H-bonding parameters of
dN � � �O¼ 3.118(5) Å and ffN–H � � �O¼ 135.5�).

Among every two crossing cation columns, there exist 1-D zigzag chains from two
intermolecular H-bonding interactions between the iodide and H2O (with H-bonding
parameters of dO � � � I¼ 3.476(4) Å and ffO–H � � � I¼ 165.8�, dO � � � I¼ 3.444(4) Å and
ffO–H � � � I¼ 159.7�, respectively). Between the 1-D chains and the cation columns, there
exists an intermolecular H-bond between O2W and N3 from imidazoline of cation
(with H-bonding parameters of dN � � �O¼ 2.680(5) Å and ffN–H � � �O¼ 173.7�).

3.4.2. X-ray structures of 2, 3a, 3b, and 6. Crystal analyses reveal that 2, 3a, and 6 are
isostructural with very similar packing structures. Selected bond lengths and angles for
2, 3a, and 6 are listed in table 3. As shown in figure 3(a), there is one half of an anion
with one cation in an asymmetric unit; the metal is located on a crystallographic
inversion center, which imposes perfect planarity to the four coordinated S-atoms with
the metal. The Cu–S bond lengths range from 2.2536(7) to 2.2791(7) Å, the bite angle in
the chelating ring of S–Cu–S is 90.64(2)� in 2; bond lengths of Ni–S range from
2.1598(8) to 2.1681(8) Å, the bite angle in the chelating ring of S–Ni–S is 91.93(3)� in 3a;
bond lengths of Pd–S range from 2.2762(14) to 2.2909(14) Å, the bite angle in the
chelating ring of S–Pd–S is 90.30(5)� in 6 (table 3). These bonding parameters are
comparable with those values in reported [Cu(mnt)2]

2�, [Ni(mnt)2]
2�, or [Pd(mnt)2]

2�

complexes [36, 37]. A striking feature of the structure for these three complexes is that
[M(mnt)2]

2� exhibits Z-shaped nonplanar geometry with the ligand fragment bent away
from the MS4 plane with a dihedral angle of 13.6� in 2 (10.2� in 3 and 9.5� in 6

(figure 3b). The most favorable structures of [Cu(mnt)2]
2�, [Ni(mnt)2]

2�, and
[Pd(mnt)2]

2� are planar, and nonplanar geometry is rare.
Crystals 2, 3a, and 6 were packed layer-by-layer (figure 4a). Within layers, two types

of H-bonding interactions are observed. The intermolecular H-bonding interaction is
between the imidazoline of the cations and the nitrile of the anions (with H-bonding

Figure 2. (a) ORTEP view of 1 with atom labeling and (b) the H-bonding interactions in layers of 1 are
viewed along the a-axis.
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parameters of dN � � �N¼ 2.879(3) Å and ffN–H � � �N¼ 160.9� for N2 � � �N4,
dN � � �N¼ 3.173(3) Å and ffN–H � � �N¼ 123(2)� for N3 � � �N5 in 2; dN � � �N¼ 2.902(3) Å
and ffN–H � � �N¼ 161.3� for N2 � � �N4, dN � � �N¼ 3.1781(38) Å and ffN–H � � �N¼ 116�

for N3 � � �N5 in 3; dN � � �N¼ 2.882(5) Å and ffN–H � � �N¼ 160.7� for N2 � � �N4,
dN � � �N¼ 3.1793(68) Å and ffN–H � � �N¼ 120.9� for N3 � � �N5 in 6). There also exist
similar intramolecular H-bonding interactions as found in 1 (figure 4b).

Table 3. Selected bond lengths (Å) and angles (�) in complexes.

Complex 2

Cu(1)–S(1) 2.2791(7) S(1A)–Cu(1)–S(1) 180.000(19)
Cu(1)–S(2) 2.2536(7) S(2A)–Cu(1)–S(2) 180.0
S(2)–Cu(1)–S(1) 90.64(2) C(16)–S(1)–Cu(1) 100.69(8)
S(2)–Cu(1)–S(1A) 89.36(2) C(14)–S(2)–Cu(1) 101.24(8)

Complex 3a

Ni(1)–S(1) 2.1598(8) S(2)–Ni(1)–S(2A) 180.000(1)
Ni(1)–S(2) 2.1681(8) S(1A)–Ni(1)–S(1) 180.0
S(1)–Ni(1)–S(2) 91.93(3) C(14)–S(1)–Ni(1) 103.00(9)
S(1)–Ni(1)–S(2A) 88.07(3) C(16)–S(2)–Ni(1) 102.79(9)

Complex 3b

Ni(1)–S(1) 2.1292(8) S(1)–Ni(1)–S(4) 86.94(3)
Ni(1)–S(2) 2.1340(9) S(2)–Ni(1)–S(4) 179.02(4)
Ni(1)–S(3) 2.1354(8) S(3)–Ni(1)–S(4) 92.59(3)
Ni(1)–S(4) 2.1371(9) C(14)–S(1)–Ni(1) 103.23(9)
S(1)–Ni(1)–S(2) 92.45(3) C(16)–S(2)–Ni(1) 103.61(10)
S(1)–Ni(1)––S(3) 179.42(4) C(18)–S(3)–Ni(1) 103.08(9)
S(2)–Ni(1)–S(3) 88.02(3) C(20)–S(4)–Ni(1) 103.26(10)

Complex 6

Pd(1)–S(1) 2.2762(14) S(1A)–Pd(1)–S(1) 180.0
Pd(1)–S(2) 2.2909(14) S(2A)–Pd(1)–S(2) 180.00(3)
S(1)–Pd(1)–S(2) 89.70(5) C(14)–S(1)–Pd(1) 102.05(14)
S(1)–Pd(1)–S(2A) 90.30(5) C(16)–S(2)–Pd(1) 101.77(15)

Figure 3. (a) ORTEP views of 2, 3a, and 6 with atom labeling and (b) Z-shaped nonplanar geometry
(2, �¼ 13.6�; 3a, �¼ 10.2�, and 6, �¼ 9.5�) (hydrogen atoms are omitted for clarity).
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Between neighboring molecular layers, there exist two intermolecular interactions.
The 	 � � �	 interactions are stronger between benzimidazole rings of neighboring layers
(figure S2). The mode of these 	 � � �	 interactions is offset face-to face. The centroid-
to-centroid distances between imidazole ring and benzyl planes are 3.5974(6) Å in 2,
3.6216(7) Å in 3a and 3.6051(15) Å in 6. The weaker interaction is anion � � �	
interactions between the electron-deficient pyridinium ring of cation and the rich-
electron MS4 core of [M(mnt)2]

2� (figure S3). The distances between pyridyl ring and
MS4 plane are 3.7967(4) Å in 2, 3.7747(5) Å in 3a, and 3.8147(11) Å in 6.

Compound 3b crystallizes in the monoclinic space group P21/n. Because the
stoichiometric ratio of cations and anions is 1 : 1, there are one [Ni(mnt)2]

� and one
[MOBIP]þ in an asymmetric unit (figure S4). The [Ni(mnt)2]

� exhibits a nearly planar
geometry and the NiS4 core exhibits a slightly distorted square-planar coordination
geometry, different from 3a (figure S5). As shown in table 3, the Ni–S bond distances
of 3b (2.1292(8) to 2.1371(9) Å) are unequal and shorter than those of 3a. S–Ni–S bond
angles are also smaller than those of 3a, in agreement with the other reported
[Ni(mnt)2]

� complexes [17, 20, 38].
The stacking columns of anions and cations for 3b viewed along the b-axis are shown

in figure 5. Similar to a reference [39], the anions (A) and cations (C) alternate to stack

Figure 4. (a) The packing diagram of 2, 3a, and 6 as viewed along the b-axis showing the layered structure
and (b) H-bonding interactions in layers.
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into a mixed 1-D column in the fashion of � � �AACCAACC � � � . In the column

(figure 6), two neighboring [Ni(mnt)2]
� anions form a dimer via face-to-face stack

with interatomic separations (3.7414 Å of Ni(1) � � �Ni(1)i, 3.7498 Å of S(1) � � � S(3)i,

3.7098 Å of S(2) � � � S(4)i, symmetric code i¼ x, 1þ y, �1þ z) owing to two [Ni(mnt)2]
�

anions along the a-axis. The Ni � � �Ni distance (3.7414 Å) between anions is smaller than

that in the references. Two [MOBIP]þ cations also form a dimer with an antiparallel

arrangement, and the crystal packing of cations arises from medium strong 	-stacking.
The distance between pyridyl and phenyl rings is 3.7415(7) Å. Between neighboring

[Ni(mnt)2]
� and [MOBIP]þ, there also exist anion � � �	 interactions between the

Figure 5. The packing diagram of 3b as viewed along the b-axis.

Figure 6. The intermolecular interactions in 3b as viewed along the a-axis.
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electron-deficient pyridinium ring of cation and the rich-electron NiS4 core of
[Ni(mnt)2]

�. The centroid-to-centroid distance between imidazoline ring and NiS4
plane is 3.6734(8) Å.

As shown in figure 5, neighboring columns are connected via intermolecular
H-bonding interactions between imidazoline of the cations and nitrile of the anions
(with H-bonding parameters of dN � � �N¼ 2.933(3) Å and ffN–H � � �N¼ 175.9� for
N2 � � �N4, dN � � �N¼ 2.964(3) Å and ffN–H � � �N¼ 140(2)� for N3 � � �N6) as well as van
der Waals forces. The angle between the neighboring columns is 29.9�. These weak
molecular interactions observed in 3b result in formation of the 3-D supramolecular
structure.

The difference of fluorescence spectra should be induced by the different intra- and
inter-molecular interactions. Comparing structures of 2, 3a, 3b, 6 with 1, there exist
similar intra- and inter-molecular H-bonding interactions. However, with iodide
substituted by [M(mnt)2]

n�, the 	–	 stacking interactions become weak and there exist
new anion � � �	 interactions between the electron-deficient pyridinium ring of cation
and the rich-electron MS4 core of [M(mnt)2]

n�. Fluorescent quenching of these
complexes is not mainly caused by the 	 � � �	 stacking interactions among the cations
but by the anion � � �	 interactions.

Figure 7. Temperature dependence of magnetic susceptibility in �m and �mT forms for 2 and 3b.
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3.5. Magnetic properties

Variable-temperature magnetic susceptibilities of 2 and 3b have been investigated from
1.8 to 300K. The diamagnetic correction was performed by Pascal’s constants [40], and
the magnetic susceptibility as �m and �mT are displayed in figure 7. As for 2 (figure 7a),
the magnetic behavior exhibits weak antiferromagnetic coupling, and the value of �mT
at 300K is 0.405 emuKmol�1, slightly larger than the value of 0.375 emuKmol�1

expected for a spin-only system with S¼½. The magnetic behavior can be interpreted
in terms of the Curie–Weiss law (equation (1)):

�m ¼ C=ðT� �Þ: ð1Þ

Plots of the molar magnetic susceptibilities were fitted using equation (1) to give
�¼�0.950K and C¼ 0.406 emu K mol�1; the g value obtained from the Curie constant
C is 2.08, which is very close to the average g value measured by EPR (2.04, figure S6).
The small minus value of � reveals antiferromagnetic interaction between adjacent Cu2þ

ions is very weak, in agreement with the fact that there exist larger separations between
neighboring magnetic anions (Cu � � �Cu distance¼ 8.632 Å).

For 3b (figure 7b), the magnetic susceptibility data can be analyzed using
simple dinuclear model approximation (the Hamiltonian being H¼�2J SASB)
(equation (2) [41]):

�m ¼ ð2N�
2g2=kTÞð1� Þ=ð3þ expð�2J=kTÞ þ ðN�2g2=2kTÞþ �0, ð2Þ

where N, g, k, �, and  have their usual meanings [42] and J is the exchange coupling
parameter describing the magnetic interaction between two neighboring S¼ 1/2 spins.
The best fit parameters obtained by least-squares fit are g¼ 2.14, J¼�333.7 cm�1,
¼ 1.49� 10�2, �0¼ 1� 10�5 emu mol�1, and R¼ 3.44� 10�8 (R is defined asP
ð�calcdm � �obsdm Þ

2=
P
ð�obsdm Þ

2). The negative value of J reveals the antiferromagnetic
interaction between neighboring [Ni(mnt)2]

� anions and this is in agreement with the
distance between two neighboring nickel anions (Ni � � �Ni distance¼ 3.741 Å), which is
stronger than the antiferromagnetic interaction shown in the references. The model
provides an excellent fit (the solid lines figure 7b), as indicated by the low value of R.

4. Conclusions

We obtained a new organic fluorescent ionic compound [MOBIP]I (1) by using
2-chloronicotinic acid instead of nicotinic acid to react with o-phenylenediamine. With
substitution of the iodide by [M(mnt)2]

n� (M¼Cu2þ, Ni2þ, Ni3þ, Zn2þ, Cd2þ, Pd2þ,
and Pt2þ), seven maleonitriledithiolate metal complexes [MOBIP]n[M(mnt)2] were
prepared.

When these compounds were dissolved in DMF solution at room temperature, there
is strong blue light fluorescence by irradiation of UV light. The quantum yields of
fluorescent emission (�f) of these eight compounds are high at 0.45 to 0.70. These
seven complexes in DMF are a new series of solution luminescent complexes of
maleonitriledithiolate. They display similar symmetric emissions with �em at the deep
blue region of �426 nm upon excitation at �364 nm in DMF, caused by L–L transition
of MOBIPþ. This is different than previous solution luminescent maleonitriledithiolate
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complexes. Existence of [M(mnt)2]
n� in the solution can prolong the fluorescent

lifetimes; the maximum value of fluorescent lifetime in 7 is 3.92 ns, 0.16 ns longer than
[MOBIP]I (1), while �f is still high at 0.67. The differences of these complexes’ �f
are caused by the influence on the photon transfer induced by [M(mnt)2]

n�. Due to
different shape and metal ionic radius of [M(mnt)2]

n�, the �f decrease in the order
Pt2þ4Pd2þ4Ni2þ4Ni3þ4Cu2þ4Zn2þ4Cd2þ.

For all of these compounds in the solid state, emission of 1 is blue-shifted and narrow
compared to solution; fluorescence of the seven complexes is quenched. Based on their
crystal structures, the 	 � � �	 stacking interactions among cations in 1 and anion � � �	
stacking interactions in complexes mainly cause the difference of their fluorescence
spectrum.

Crystal analyses also reveal that 2, 3a, and 6 are isostructural and [M(mnt)2]
2� anions

show rare Z-shaped nonplanar geometry, while 3b crystallizes in the P21/n space group
and its anions (A) and cations (C) are stacked in a mixed column in the fashion
of � � �AACCAACC � � � . Variable-temperature magnetic susceptibilities of 2 and 3b

reveal that 2 exhibits almost isolated spin system, while 3b exhibits stronger
antiferromagnetic coupling, because of the smaller Ni � � �Ni distances in 3b induced
by the planar cation instead of the folded cation as the counter cation.

Supplementary material

CCDC 810779, 763560, 763561, 776708, and 776709 contains the supplementary
crystallographic data of 1, 2, 3a, 3b, and 6 for this article. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif
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