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New novel 2D network bimetallic Mn"Ag' coordination compounds {Mn"(L),[Ag/(CN),]»}, (L = 3-methylpyridine
(1) or 4-methylpyridine (2)) were synthesized and characterized by using single-crystal X-ray analysis and magnetic
measurements. Mn' ion in both complexes has MnNg coordination with octahedral geometries, which are linked by a
[Ag'(CN),]™ unit at the equatorial plane to form a polymeric 2D sheet architecture. The two pyridine rings coordinate at
the axial positions. However, coordination polymers for 1 and 2 are structural isomers. The structure of 1 comprises a
parallel 2D array and the layers interact by pairs defining bilayers with strong binuclear argentophilic interaction, while 2
comprises a double interpenetration structure with 1D-chain weak argentophilic interaction. Furthermore, intermolecular
C--C contacts in these complexes are significantly smaller than the sum of the van der Waals radius. Variable-temperature
(2-300K) magnetic susceptibility measurements of both the compounds have been performed to understand the
possibility of spin transition in 1 and 2. However, the susceptibility data of 1 and 2 indicate the existence of high-spin

(HS) state manganese(II) throughout the temperature range.

Polynuclear coordination compounds, in which the metal
centers self-assemble from organic linkers to display a variety
of supramolecular architectures are currently evolving a great
deal of research due to their intriguing metal-organic frame-
work (MOFs) topologies and their potential uses in molecular
devices, nonlinear optics, porous materials, and other applica-
tions. Polycyanometalates are useful building blocks for
various kinds of coordination polymeric networks with useful
functional properties, such as clathrate hosts,' spin-crossover
phenomena,>” and molecular magnets.® Among the synthetic
strategies for cyano-bridged coordination networks, dicyano-
metalates [M(CN),]~ (M = Ag and Au) with linear coordina-
tion geometries have been used as building blocks, because
they can link coordination metal centers, through the N atoms
of the bidentate CN substituents.

Examples of coordination polymers built with a dicyano-
metalate are {M"(py),[M"(CN),],} (M =Fe and Cd) (M’ =
Ag and Au) (py = pyridine).!**3 These complexes are
isostructural to each other and construct two-dimentional
(2D) {M"[Ag/(CN),],} sheet network structures, including
the large rhombus {MU[Ag(CN),]s}, which are called
Hofmann-like structures. In particular, {Fe(py):[Ag'(CN),]»}
and {Fe(py):[Au'(CN),],} undergo spin-crossover phase tran-
sition.?®3¢ We have developed a synthetic route to prepare
several Hofmann-like cyano-bridged coordination polymers
with pyridine derivatives. Another interesting feature of some

of these silver and gold compounds is the metallophilic
interactions.'*7-9-!1! Metallophilicity is a closed-shell intermo-
lecular interaction between silver(I) or gold(I) atoms.'? The
interactions are comparable to hydrogen bonds.!"! In the case
of silver, the attraction has been called an argentophilic
interaction. Some octahedral Fe"-[Ag(CN),] compounds, such
as {Fe'(py),[Ag(CN),],}, exhibit spin-crossover phenomena.
The crystal structures of octahedral Mn"—[Ag'(CN),] com-
pounds are similar to that of Fe-[Ag/(CN),].*!* Many
Hofmann-like compounds {Fe(3-Xpy),[M(CN),],} (X =CN,
F, Cl, Br, and I) (M = Ag and Au) have been reported,>®!* but
Mn" ions in place of Fe' ions have been little investigated.

In this work, we report the synthesis, crystal structure, and
magnetic properties of novel bimetallic coordination polymers
with the formula {Mn"(L),[Ag'(CN),]»}, (L = 3-methylpyri-
dine (1) or 4-methylpyridine (2)).

Experimental

Materials. All the chemicals were purchased from commercial
sources and used without any further purification.

Synthesis. In 10 mL of water, MnCl,-4H,0 (0.02 g, 0.1 mmol)
and K[Ag(CN),] (0.04g, 0.2mmol) were dissolved. Vapor
diffusion using 3-methylpyridine or 4-methylpyridine as a source
of ligand molecules provided colorless polycrystalline crystals
suitable for X-ray diffraction of 1 and 2 over a period of two days.
Yield: 0.023 g (41%) for 1, 0.031g (55%) for 2. 1: Anal. Calcd for
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Table 1. Crystal Data

Bimetallic Mn"4g" Coordination Compounds Mn"—[Ag(CN),]

Table 2. Selected Bond Lengths and Angles

Crystal data 1 2 1 2
Empirical formula CigHisAgoMnNg  CigH14AgoMnNg Bond lengths/ A
Fw 561.01 561.01 Mn(1)-N(1) 2316(3)  Mn(1)-N(1) 2253(3)
Temperature /K 293 293 Mn(1)-N(2) 231203)
grystal system M(;lzochnlc Tetr;fonal Mn(1)-N(3) 22173)  Mn(1)-N(2) 2271(4)
pace group 1/n ! Mn(1)-N(4) 2.2352)  N(1)-N(3) 2.270(4)
a/A 9.5395(5) 12.0788(3)
; Mn(1)-N(5) 2.232(3)
b/A 14.3539(7) 12.0788(3) Mn(1)»-N(6) 123103)
c/A 15.7069(8) 13.4674(6) :
Ag(1)-C(11) 2.058(3)
B/° 105.6430(10) — A1 C(12 50924
V/A3 2071.07(18) 1964.86(11) g()-C(12) 052(4)
, 4 y Ag(2)-C(13) 2.052(4)  Ag(1)-C(7) 2.07(4)
doues/Mgm= 1799 | 296 Ag(2)-C(14) 2.050(4)  Ag(1)-C(8) 2.081(4)
‘/Af;‘l’fffnon coefficient 2.482 2,616 Bond angles/°
F(000) 1084 1084 N(1)>-Mn(1)-N(2)  172.68(10) N(1)-Mn(1)-N(1)’ 179.9(3)
Crystal size/mm’ 0.30 x 0.30 x 0.30 030 x 0.30 x 030  N(3)-Mn(1)-N(5)  177.58(12) N(2)-Mn(1)-N(3) 170.61(14)
Reflections collected 13185 7387 N@4)-Mn(1)-N(6) 177.51(12)
Independent 4912 2799 N(1)-Mn(1)-N(3)  90.13(11) N(1)-Mn(1)-N(2)  94.63(15)
Reflections [R(int) = 0.0224]  [R(int) = 0.0288]  N(1)-Mn(1)-N(4)  85.36(11) N(1)-Mn(1)-N(3)  94.76(15)
GOF on F* 1.077 1.167 NQ)-Mn(1)-N(5)  90.62(11)
R1,» wR2® 0.0270, 0.0478 0.0374, 0.0880 N(2)-Mn(1)-N(6)  90.54(11)
Largest diff. peak C(14-N(3)-Mn(1) 173.93) C(7)-N@2)-Mn(1) 171.9(3)
and hole/e A3 0.407 and —0.911 0441 and —2495 13y N@Ay-Mn(1) 1703(3) C(8)-NG)-Mn(l) 173.93)
C(11)-N(5)-Mn(1) 172.8(3)
— _ _ _ 2
) RIS (BUR = IFD/EIF. b B2 = (B0 =D 12y N-ant) 17336)
ol 1 C(11)-Ag(1)-C(12) 176.14(16) C(7)-Ag(1)-C(8) 178.82(17)

C, 34.26; H, 2.52; N, 14.98%. Found: C, 34.17; H, 2.47; N,
14.98%. IR (nujol method, cm™"): 2156 (Ven(CN)). 2: Anal. Caled
for C, 34.26; H, 2.52; N, 14.98%. Found: C, 34.13; H, 2.57; N,
14.97%. IR (nujol, cm™): 2152 (vey).

Structure Determination. Crystal structures of the two
complexes were determined using a BRUKER APEX SMART
CCD area-detector diffractometer with monochromated Mo Ko
radiation (1 = 0.71073 A). The diffraction data were treated using
SMART and SAINT, and absorption correction was performed
using SADABS.!5 The structures were solved by using direct
methods with SHELXTL.'® All non-hydrogen atoms were refined
anisotropically, and the hydrogen atoms were generated geometri-
cally. Pertinent crystallographic parameters are displayed in
Table 1 and selected metric parameters for the complexes are
presented in Table 2. Crystallographic data have been deposited
with Cambridge Crystallographic Data Centre: Deposition num-
bers CCDC-692264 for compound No. 1 and CCDC-692265 for
compound No. 2. Copies of the data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge, CB2 1EZ, U.K.; Fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).

Magnetic Measurement. Measurements of the temperature
dependence of the magnetic susceptibility of the two complexes in
the temperature range of 2-300 K with a cooling and heating rate
of 1Kmin™! in a 1kOe field were measured on a MPMS-XL
Quantum Design SQUID magnetometer.

Results and Discussion

Synthesis and IR Spectra. The reaction of an aqueous
solution of MnCl,-4H,0 containing two equivalents of
K[Ag(CN),] with a vapor diffusion method using pyridine-

C(13)-Ag(2)-C(14) 178.98(16)

derivative ligand (L = 3-methylpyridine or 4-methylpyridine)
afforded crystals of the 2D cyano-bridged coordination
polymers {Mn™(L),[Ag/(CN),],}, (L = 3-methylpyridine (1)
or 4-methylpyridine (2)).

The solid-state IR spectra of 1 and 2 had C=N bands at
2156 cm™! for 1 and 2152 cm™! for 2, which are both at higher
wavenumbers than that of free [Ag(CN),]~ (2135cm™"), at
room temperature. This suggests that both of the CN groups of
[Ag(CN),]~ act as bidentate bridging ligands.

Crystal Structure. Coordination compounds 1 and 2
crystallized in the centrosymmetric space groups P2;/n and
I4,, respectively. Two-dimensional frameworks of 1 and 2 are
shown in Figure 1. The [Mn"Ag'(CN),]; rectangular mesh
network is bent. The coordination environment of the Mn'' ions
and Ag' atoms in complex 2 are similar to those of 1. There is
one type of manganese ion Mn(1) which lies on an inversion
center with an Ny coordination sphere. Four N atoms from
bidentate cyano substituents are coordinated to Mn'' atoms in
the equatorial positions. Complex 1 has two types of crystallo-
graphically distinct almost linear [Ag(CN),]~ units while
complex 2 has one type of crystallographically distinct almost
linear [Ag(CN),]™ unit (Figure 2). The angles for 1 defined by
C(11)-Ag(1)-C(12) and C(13)-Ag(2)-C(14) are, respectively,
176.14(16) and 178.98(16) and for 2 defined by C(7)-Ag(1)-
C(8) is 178.82(17). The pyridyl nitrogen ligation site at the two
3-methylpyridine or 4-methylpyridine ligands coordinates in
the axial positions of Mn(1) (Figure 2). The N,,—Mn(1)-N,,
angle for complex 2 is perfectly linear, but complex 1 is bent
(172.68(10)). The Mn--Mn distances in the Mn(1)-NC-Ag(1)-
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CN-Mn(1) and Mn(1)-NC-Ag(2)-CN-Mn(1) one-dimension-
al wave chain edges for 1 and Mn(1)-NC-Ag(1)-CN-Mn(1)
edge for 2 are 10.758, 10.758, and 10.876 A, respectively
(Figure S1).

The structure for 1 comprises a corrugated 2-D cyano-
bridged array. Interestingly, the layers interact by pairs defining
bilayers (Figure 3). The cohesive force in the bilayer networks
from strong argentophilic interactions. The average Ag-Ag
distance in the bilayers is 3.208 A, less than the sum of the van
der Waals radii of Ag (3.60 A). The distances between two
consecutive non-interacting layers are notably larger. The space
between the 2D Mn(-NCAgCN-Mn, 4)4 host frameworks is
filled with the 3-methylpyridine. On the other hand, the
structure for 2 is doubly interpenetrating, as shown in Figure 4.
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Figure 1. The cylinder drawing, 2-D structure of 1 (a) and 2

(b). Atom code: Mn(purple), Ag(white), N(blue), C(black).
In this picture, hydrogen atoms, 3-methylpyridine, and
4-methylpyridine are omitted for clarity.

Figure 3. Stacking of consecutive bilayers of 1 with strong
argentophilic interactions. In this picture, hydrogen atoms
are omitted for clarity.
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The closest approach between networks corresponds to weak
argentophilic Ag-Ag interactions (3.341A), which define
zigzag-chain Ag arrangements (Figure 5). Such a zigzag-chain
structure is unprecedented for Hofmann-like cyano-bridged
coordination polymers. Furthermore, we note that 4-methyl-
pyridine rings of 2 are involved in a parallel displaced 71—7
stacking interaction. The centroids of the 4-methylpyridine
rings are separated by 3.479 A. The mode of 1D infinite 77—
stacking is displayed in Figure 6. The interaction is weak in
nature.'”

Magnetic Properties. 7 versus T and yy ' versus T
plots, with X\ being the molar magnetic susceptibility and T
the temperature, for 1 and 2 are shown in Figures S2 and S3. At
room temperature, the magnetic behaviors of the complexes 1
and 2 are characteristic of Mn"l compounds in the high-spin
state, xmT =4.11 (1), 4.30cm®*Kmol~! (2) and the values of
Uefi are (o = 2.828,/(xmT)) of 1 and 2 per one Mn'! ion at
300K were 5.73, and 5.86 ug, respectively. The values for 1
and 2 are slightly smaller than 5.92 (=g/(S(S+ 1)), g =2,
S =5/2) that of a pure spin only system, whereas the values
are similar to the u.; value at 300K of other Mn" com-
pounds.'® The magnetic values could be fitted with the Curie—
Weiss equation yy = C/(T — 0), where C = 4.11 emuK mol ™!
and 6=-026K for 1 and C=4.32emuKmol~! and
6= —0.07K for 2. These slightly negative 6 values seem
consistent with very weak antiferromagnetic interaction be-
tween two Mn'' atoms with S=5/2 spins bridged by a
[Ag(CN),]™ unit. For both complexes, the xm7 values were
nearly constant in the range of 15-300K; however, they

—

) i ¥ 1

Figure 4. The cylinder drawing, doubly interpenetrated 2D-
networks of 2.
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Figure 5. Doubly interpenetrated networks of 2 with weak
1D argentophilic interactions (black dotted line) among the
networks.

R -SRI R SL
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Figure 6. View of 1D infinite 77— stacking interactions
(purple dotted line) in the complex 2. In this picture,
hydrogen atoms are omitted for clarity.

decreased as the temperature was lowered to less than 15K.
The decrease in the values of yuT at lower temperature is due
to zero-field splitting (ZFS) effects of the sextuplet spin state of
the metallic Mn"" centers in the HS species.!®?! In general, for
Mn" ions, ZFS is small. Nevertheless, in 1 and 2, ZFS may be
important, because the octahedral coordination geometries of
the Mn'! ions in 1 and 2 are distorted.

Conclusion

In the current study, we synthesized novel bimetallic
polycrystalline coordination compounds with the formula
{Mn™(L),[Ag(CN)]»}. (L = 3-methylpyridine (1) or 4-meth-
ylpyridine (2)). In complex 1 and 2, Mn" and Ag' atoms
constitute the building blocks of these structures. The quasi-
linear bidentate [Ag(CN),]~ bridges Mn'! atoms, assemble to
form a similar large {Mn';[Ag'(CN),]4} rectangular mesh 2D
network. However, these complexes are structural isomers. The
structure of 1 comprises parallel 2D array and the 2D layers are
organized in pairs, in which strong binuclear argentophilic
interactions hold them together. On the other hand, double
interpenetration occurs in 2 and the attraction between 2D
networks corresponds to weak argentophilic interactions, which

Bimetallic Mn"Ag' Coordination Compounds Mn"—[Ag(CN),]

create Ag zigzag-chain arrangements.

From the measurements of the temperature dependence of
the magnetic susceptibility, the profile of the magnetic
behaviors of the complexes 1 and 2 are characteristic of Mn'!
compounds in the high-spin state with ZFS.

In many dicyanometalates complexes, the introduction of
[M(CN),]- (M = Ag and Au) plays an important role as a
bridging ligand between metal atoms (e.g., Mn, Fe, Co, Cd,
etc.) to form multi-dimensional structures, such as 1D
chains,'%?? 2D layers,"»>!! and 3D frameworks, #1913 including
1 and 2 in this study. From the standpoint of crystal
engineering, these fact suggest that structural control to form
multi-dimensional structures involving -NC-M—-CN- linkages
between M’ atoms with the secondary ligands is delicate work
and that the construction of supramolecular coordination
architecture should give rise to unexpected crystal packing or
inclusion structures. It may be possible to prepare analogous
Fe' compounds, which may have interesting magnetic proper-
ties, such as spin-crossover phase transition and molecular
magnetism. These novel Mn'" coordination polymers should be
useful as crystalline model compounds for studying spin
crossover in analogous Fe' compounds and for controlling
coordination metal-organic frameworks on the nanoscale level.
The increasing interest in metal-organic frameworks arises not
only from their intrinsic beauty, but also from their potential
applications. Therefore, this simple synthetic method for the
preparation of multi-dimensional complexes might be useful
for generating a variety of functional complexes.

Supporting Information

Figures S1, S2, and S3 show the cylinder drawing, one-
dimensional wave chain edge structure of 1 and 2, the magnetic
properties of 1 and 2, and the magnetic plot for the best-fit
calculation of Curie—Weiss law on 1 and 2. This material is
available free of charge on the Web at: http://www.csj.jp/journals/
besj/.
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