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Abstract

lon-pair compounds of phenyl-substituted viologen dications with [M(mnt),] dianions were prepared and
characterized. (Benzyl viologen)[M(mnt),] (M = Cu (1), Ni (2), Pt (3)) and (phenyl viologen)[Cu(mnt),] (4)
exhibited mixed-stack crystal structures, whereas (dinitrophenyl viologen)[Cu(mnt),] (5) exhibited no n—=
interactions. Magnetic susceptibility measurements revealed that 1 exhibits a ferromagnetic exchange
interaction (Weiss constant € = +0.9 K), possibly mediated by the diamagnetic cation. Antiferromagnetic
interactions were observed for 4 (8 = —2.0 K) and 5 (¢ = —2.9 K), whereas 2 and 3 were diamagnetic.
Absorption bands assignable to charge transfer were observed in the mixed-stack salts in the visible to

near-infrared region.
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1. Introduction

To date, a great deal of research has been carried out on charge-transfer (CT) complexes consisting of
electron donors (D) and electron acceptors (A). Organic CT complexes with mixed-stack crystal structures
usually become either neutral (D°A°) or ionic (D*A"), depending on the balance between the redox potentials
of the components and the Madelung energy in the ionic state [1,2]. Similarly, molecules that afford stable
monocations and dications, such as biferrocenes and viologens, produce monovalent ionic salts (D*A,) or
divalent ionic salts (D**A,”). Indeed, biferrocenium salts have been shown to exhibit transformation between
the monovalent and divalent states by external stimuli [3]. Concerning viologens [4,5], many CT salts
reported to date are predominantly divalent ion-pair compounds (D**A,>) [5-8], although a few monovalent
salts have also been reported [6b,9].

In this context, given our interest in the magnetism and valence states of viologen complexes, here we
have prepared a series of CT salts using phenyl-substituted viologens and [M(mnt),] anions (mnt =
maleonitriledithiolate). Although many alkyl viologen complexes with metal dithiolates have been synthesized
to date [6], their magnetic properties have not been thoroughly investigated. CT salts with [M(mnt),]" are
interesting from the viewpoint of magnetism, as they exhibit magnetic transitions and ferromagnetic
interactions [10-12]. Among the anions, [Cu(mnt),]* is a paramagnetic dianion that exhibits diverse
coordination geometries around the copper atom, although there are relatively few examples of its complexes
[13-15].

Herein we report the preparation, crystal structures, and magnetic properties of (benzyl
viologen)[M(mnt),] (M = Cu (1), Ni (2), Pt (3)), (phenyl viologen)[Cu(mnt),] (4), and (dinitrophenyl
viologen)[Cu(mnt),] (5) (Figure 1). 1-4 exhibited mixed-stack crystal structures, whereas 5 showed no n—n
stacking structure. 1, 4, and 5 were paramagnets. In particular, 1 exhibited a small ferromagnetic interaction,

despite its mixed-stack structure with a diamagnetic cation.

2. Results and discussion

2.1. Syntheses

Single crystals of 1-5 were obtained by slow diffusion of solutions of the viologen dications in a



water-ethanol mixture and of [M(mnt),] dianions in acetone. These complexes were divalent solids with 1:1
stoichiometry (D?*A?). In the infrared (IR) spectra, the CN stretching vibrations of the anions were observed
at around 2180-2200 cm™*, indicating that the acceptors are dianions [16]. A characteristic signal of Cu(ll)
[17] was consistently observed in the electron spin resonance (ESR) spectrum of 5. The intramolecular bond
lengths of the viologens and [M(mnt),] determined by crystallographic analyses (vide infra) are typical of

those of viologen dications [6] and [M(mnt),] dianions [18], respectively.

2.2 Structures of Benzyl and Phenyl Viologen Salts 1-4

1-3 were isomorphous, although 1 was slightly larger in cell volume than the other two [V = 745.7 A% (1;
M = Cu), 735.7 A*(2; M = Ni), and 736.5 A® (3; M = Pt) at 173 K; Table 1]. The packing diagram of 1 is
shown in Fig. 2a. Both the viologens and [M(mnt),] are located on inversion centers, and half the molecules
are crystallographically independent.

1-3 exhibit a mixed-stack structure (...D**A* D?**A?"...) along the b-axis (Fig. 2a). The bipyridinium
moieties in the viologens are coplanar, and [M(mnt),]*" dianions exhibit planar geometries. This contrasts with
[H.bpy][Cu(mnt),], in which non-planar cations and distorted anions are stacked alternately [15]. As seen in
Fig. 2b, the cations and anions exhibit side-by-side co-planar arrangement along the [1 1 0] direction, forming
contacts between the pyridyl hydrogens and heteroatoms in [M(mnt),]. A similar cation—anion arrangement is
commonly seen in the structure of 4 (vide infra) as well as in (methyl viologen)[M(mnt),] (M = Ni, Pd, Pt
[6a,d]). The benzyl groups are located between the columns, having mutual m—m contacts. The
centroid—centroid distance between the phenyl rings are 3.912 A (1), 3.921 A (2), and 3.981 A (3).

The packing diagram of 4 is shown in Fig. 3. Both viologen and [M(mnt),] are located on inversion centers.
The bipyridinium moiety in the cation is planar, and the terminal phenyl groups are tilted with respect to the
bipyridinium moiety by 33°. This salt exhibits a mixed-stack structure, in which the stacking extends along
[110] for molecules on the (002) plane, and along [1-10] for molecules on the (001) plane. Within the
stacking columns, the molecular long axes of the viologen and [Cu(mnt),] are aligned in parallel, although
their molecular planes are tilted with respect to each other by 7°. In addition, the molecular planes of the

cations and anions are coplanar, arranged side-by-side as in 1-3.



The stacking structures of 1 and 4 projected nearly along the molecular long axes are shown in Figs. 4a and
4b, respectively. In both structures, the intermolecular S---S distances (> 4.41 A) are much longer than the
vdW distance of 3.8 A, and there are no direct contacts between the anions. Significant intermolecular
interactions exist only between the cation and anion through n—= stacking and side-by-side contacts. Hence,

direct magnetic exchange between the anions should be negligible.

2.3 Structure of a Dinitrophenyl Viologen Salt 5

The structure of 5 is much more complicated than those of 1-4. In addition, it is exceptional in that it lacks
a mixed-stack structure. The packing diagram is shown in Fig. 5. There are two pairs of crystallographically
independent molecules in the crystal, denoted as D1, D2, Al, and A2. D1 and Al are located on inversion
centers, whereas D2 and A2 have no center of symmetry. Accordingly, the bipyridinium moiety is planar in
D1, whereas the moiety is twisted by 32° in D2. The dinitrophenyl groups are twisted with respect to the
pyridinium rings by 64° in D1 and by 80° and 83° in D2.

The cations and anions are arranged in a zigzag fashion with their long axes aligned in parallel (Fig. 5).
The molecular planes of the bipyridinium moiety and the anion are highly twisted with respect to each other,
and there is no direct n—m overlap between them. Although the nearest cation—anion pair is D1 and A2, their
molecular planes are twisted relative to one another by 56°. Hence, CT interactions between D1 and A2 are
expected to be small. The anions are surrounded by the dinitrophenyl groups and bipyridinium hydrogens of
the cations. A2 forms a side-by-side centrosymmetric dimer-like arrangement, which has a long S---S

intermolecular distance of 4.44 A.

2.4 Magnetic Susceptibilities

Magnetic susceptibility measurements revealed that 1, 4, and 5 were paramagnets, whereas 2 and 3 were
diamagnetic. This is consistent with the valence states of the salts; [M(mnt),]*" is paramagnetic for M = Cu
and diamagnetic for M = Ni and Pt. The temperature dependence of the magnetic susceptibilities of the
paramagnetic salts are shown in Fig. 6 in the form of 4T versus T plots. The 4T values at room temperature

correspond to one spin per formula unit (4T = 0.375 emu K mol™), which resides on the [Cu(mnt),]*" anion.



The temperature dependence of the 4T value obeyed the Curie-Weiss law, y = C/(T—6). With decreasing
temperature, the values for 1 increased at low temperatures, indicating the presence of a ferromagnetic
interaction (6 = +0.89 K). On the other hand, the values for 4 and 5 decreased, indicating antiferromagnetic
interactions. The Weiss constants for 4 and 5 were = -2.04 K and —2.92 K, respectively.

Considering the mixed-stack structure with the diamagnetic cation, the ferromagnetic interaction in 1 is
noteworthy despite its small magnitude. In general, pyridinium salts with [Cu(mnt),]* exhibit
antiferromagnetic interactions smaller than a few K [14a—c], although there is a salt that exhibits a slight
ferromagnetic interaction (@ = +0.38 K) [14d]. In 1, the ferromagnetic exchange between [Cu(mnt),]*
dianions may be communicated through the cation, giving rise to an intermolecular superexchange. Indeed,
magnetic exchange mediated through non-magnetic counterions is suggested for [BDTA],[Cu(mnt),] (J = —16
K) [13] and [BDTA][Ni(mnt),] (J = +2.20 K) [19], as well as for a ferromagnet [NH,][Ni(mnt),]-H,O [10a,b,
19] (Tc = 4.5 K). In 1, however, a CT interaction is likely to exist between the cation and anion (vide infra),
which might lead to an antiferromagnetic superexchange. Further studies, mainly theoretical, are needed to

elucidate the interaction mechanism.

2.5 Solid-state Absorption Spectra

lon-pair compounds between bipyridinium dications and metal-bis(dithiolene) dianions often exhibit CT
absorption bands in the visible to near-IR region [6, 15]. The solid-state absorption spectra for 1-5 are shown
in Fig. 7. Comparison of the spectra for 1-3 suggests that the intense broad bands at around 1.8 eV (~700 nm)
as a shoulder in 1 and 1.5 eV (~850 nm) in 2 and 3, not observed in their precursors, are assignable to the CT
transition from [M(mnt),]*>" to [benzyl viologen]?*. These are consistent with the redox potentials (E*"*") of
the anions [17b], 330 mV, 226 mV, and 210 mV (vs. SCE), for M = Cu, Ni, and Pt, respectively. The very
weak absorption bands observable at around 1.1 eV (~1100 nm) in the copper complexes 1, 4 and 5 may be
d-d transitions in [Cu(mnt),]*> [15], although the absorption in 5 is very slight. In 4, a broad peak is observed
at around 1.8 eV (~750 nm), which likely reflects the intramolecular transitions in phenyl viologen overlapped
by a CT transition. No clear CT band was observed in 5, consistent with the absence of n—r interactions

between the cation and anion, as crystallographically demonstrated.



3. Conclusion

lon-pair compounds of phenyl-substituted viologens with [M(mnt),] dianions were prepared. Salts with
benzyl viologen and phenyl viologen exhibited mixed-stack crystal structures, whereas n—n interactions were
absent in the salt with dinitrophenyl viologen. CT absorption bands were observed for the mixed-stack salts.
Notably, a small but clear ferromagnetic interaction was found in (benzyl viologen)[Cu(mnt),]. This is an
interesting example of a ferromagnetic interaction that is mediated through diamagnetic molecules, as has
previously been suggested only in a few other salts. Although many salts with viologens have been reported to
date, magnetic investigations have been scarce. Our results suggest that ferromagnetic interactions may also

be found in other viologen salts.

4. Experimental Section
4.1 Materials and physical measurements

Benzyl viologen dichloride (= 1,1'-dibenzyl-4,4'-bipyridinium dichloride), phenyl viologen dichloride (=
1,1'-diphenyl-4,4"-bipyridinium dichloride), dinitrophenyl viologen dichloride (=
1,1'-bis(2,4-dinitrophenyl)-4,4'-bipyridinium dichloride), and (NBu,),[Ni(mnt),] were purchased from TCI.
(NBug),[M(mnt),] (M = Cu, Pt) were prepared according to methods in the literature [20]. IR spectra were
recorded as KBr pellets on a Thermo Nicolet Avatar 360 spectrometer. NIR-UV-vis absorption spectra of
powder samples were recorded as KBr pellets on a JASCO V-570 UV/VIS/NIR spectrophotometer in a range
of 250-2000 nm. Magnetic susceptibilities were measured under a magnetic field of 1 T in the temperature

range of 2-300 K using a Quantum Desigh MPMS-XL SQUID magnetometer.

4.2 Preparation of Salts

lon-pair compounds were prepared by diffusion methods. Typically, viologen dichloride (1.1 x 107> mol)
and (NBug).[M(mnt),] (1.1 x 10°® mol) were dissolved in 3 mL of a water-ethanol mixture (2:1 v/v) and
acetone, respectively. These solutions, which were layered in a test tube and allowed to diffuse for a week,

produced crystalline ion-pair compounds of 1-5. Crystalline salts of (dinitrophenyl viologen)[Pt(mnt),] and



(benzyl viologen)[Ni(benzene-1,2-dithiolate),], were also obtained but not structurally characterized because
of their poor crystal quality.
4.2.1 (Benzyl viologen)[Cu(mnt),] (1)

Black needle crystals. FT-IR (cm™): 736, 742, 802, 825, 912, 1149, 1215, 1336, 1436, 1460, 1479, 1606,
1631, 2193 (CN), 2198 (CN), 3051, 3115 cm™. Anal. Calcd. for C3,H»,N¢S,Cu (682.36): C, 56.32; H, 3.25; N,
12.32. Found: C, 56.14; H, 3.43; N, 12.14.

4.2.2 (Benzyl viologen)[Ni(mnt),] (2)

Brown needle crystals. FT-IR (cm™): 736, 742, 802, 825, 912, 1149, 1215, 1336, 1436, 1460, 1479, 1606,
1631, 2193 (CN), 2198 (CN), 3051, 3115 cm™. Anal. Calcd. for C3,H,,NS:Ni (677.51): C, 56.73; H, 3.27; N,
12.40. Found: C, 56.53; H, 3.36; N, 12.17.

4.2.3 (Benzyl viologen)[Pt(mnt),] (3)

Black needle crystals. FT-IR (cm™): 736, 742, 802, 825, 912, 1149, 1215, 1336, 1436, 1460, 1479, 1606,
1631, 2193 (CN), 2198 (CN), 3051, 3115 cm™. Anal. Calcd. for C3,H,,NgS,Pt (813.92): C, 47.22; H, 2.72; N,
10.33. Found: C, 46.98; H, 2.88; N, 9.94.

4.2.4 (Phenyl viologen)[Cu(mnt),] (4)

Brown needle crystals. FT-IR (cm™): 759, 832, 913, 1150, 1431, 1485, 1629, 2195 (CN), 2215 (CN),
3037, 3114. Anal. Calcd. for C3H1gNgS,Cu (654.31): C, 55.07; H, 2.77; N, 12.84. Found: C, 54.61; H, 2.96; N,
12.55.

4.2.5 (Ditrophenyl viologen)[Cu(mnt),] (5)

Black plate crystals. FT-IR (cm™): 736, 825, 912, 1149, 1336, 1436, 1460, 1541, 1606, 1631, 2193 (CN),

3051, 3115 cm™. Anal. Calcd. for C5H14N105S,Cu (834.30): C, 43.18; H, 1.69; N, 16.79. Found: C, 42.94; H,

1.81; N, 16.39.

4.3 X-ray Structure Determination

Single crystal X-ray diffraction data were collected at 173 K on a Bruker SMART APEX Il CCD
diffractometer equipped with a graphite crystal and incident beam monochromator using Mo Ke radiation (4
= 0.71073 A). The structures were solved by the direct method (SHELXS 97 [21]) and expanded using

Fourier techniques. The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed at
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idealized positions and allowed to ride on the relevant heavier atoms. Crystallographic parameters are listed in
Table 1. ORTEP-3 [22] was used for molecular graphics.

CCDC 793659 (1), 793658 (2), 793657 (3), 795496 (4), and 793660 (5) contain the supplementary
crystallographic data for this paper. 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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Fig. 1. Chemical formulas of 1-5.

Fig. 2. (a) Packing diagram of 1 projected along the a-axis. Hydrogen atoms are omitted for clarity. (b)
Molecular arrangements viewed perpendicular to the molecular planes. Dashed lines represent cation-anion

contacts.

Fig. 3. Packing diagram of 4 viewed along the a-axis. Hydrogen atoms are omitted for clarity.
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Fig. 4. Molecular arrangements in (a) 1 and (b) 4, viewed nearly along the molecular long axes. The n—=n

stacking direction is shown by an arrow. Hydrogen atoms are omitted for clarity.

Q c
Fig. 5. Packing diagram of 5 viewed along the b-axis. Molecules on the ac planes are omitted. Hydrogen

atoms are omitted for clarity.
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Fig. 7. Solid-state electronic spectra of 1-5.
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Table 1

Crystallographic Parameters

1 2 3 4 5

Empirical formula Ca,H,,NGCUS, CaoH,NgNiS, CaH,NgPtS, CaoH1gN6CUS, CaoH14N1,CUO,S,
Formula weight 682.34 677.51 813.92 654.28 834.48
Crystal size (mm®) 0.38x0.15x0.03  0.15x0.08x0.05  0.30x0.25x0.03  0.61x0.14x0.02  0.5x0.13x0.03
Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic

a (A 6.6279(6) 6.5384(11) 6.4844(6) 13.391(4) 9.3198(7)

b (A) 8.9564(8) 8.9767(19) 9.0975(9) 7.542(2) 22.5924(16)
c (A 13.5994(12) 13.536(2) 13.4236(13) 27.630(7) 23.7992(17)
a (deg) 95.555(2) 83.376(5) 94.424(2)

S (deg) 90.727(2) 88.017(3) 93.233(2) 90.634(4) 90.6920(10)
7 (deg) 111.6750(10) 68.794(3) 110.517(2)

v (A% 745.66(12) 735.7(2) 736.48(12) 2790.4(13) 5010.7(6)
Space group P-1 P-1 P-1 C2lc P2,/c

Z value 1 1 1 4 6

D carc 1.52 1.529 1.835 1.557 1.643

F (000) 349 348 398 1332 2105

No. of reflections 4753 4687 5012 7464 31439

No. of observations 3412 3328 3501 3101 11464
Parameters 197 196 196 187 718
Temperature (K) 173 173 173 173 173

R,% WR, (I > 20 (1)

0.0470, 0.1266
0.0695, 0.1473

0.0767, 0.1283
0.1359, 0.1464

0.0353, 0.0747
0.0363, 0.0752

0.0356, 0.0835
0.0467, 0.0893

0.0476, 0.0832
0.1211, 0.1043

R,% WR," (all data)
Goodness-of-fit 1.026 1.046 0.975 1.028 0.953

aR1: )Y HF0| - |Fc|| /X |Fo|-
"WR,=[ = W(F,—F 2%/ = w(F2)? Y2

TOC

T (emu K mol")

0 25 50 75 100
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