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The reactions of manganese(ll) acetate or perchlorate, sodium azide, and the inner-salt-type dicarboxylate ligand 1,3-
bis(4-carboxylato-1-pyridinium)propane (L) under different conditions yielded four different Mn'' coordination polymers
with mixed azide and carboxylate bridges: {{Mn(L)(N3)]CIO4- 0.5H20} , (1), {[Mnx(L)2(N3)2][Mn(N3)4(H20),] - 2H20} ,
(2), {[Mno(L)2(N3)2(H20)2]Br(N3) - 2H,0} , (3), and [Mn4 (L)o(N3)g], (4). The compounds exhibit great diversity in their
structures and magnetic properties. Both 1 and 2 contain anionic chains featuring a mixed (OCQ)»(EO-N3) triple bridge
(EO = end-on) between adjacent Mn' ions. In 1, two independent sets of triple bridges with apparently different structural
parameters alternate in the AABB sequence, and the resulting alternating chains are cross-linked into a cationic 3D
framework by the cationic dipyridinium spacers. Differently, the chains in 2 have uniform bridges and are interlinked into a 2D
coordination layer. An expression of the magnetic susceptibility for 1D systems with alternating J;J;Jads> interactions has
been deduced and applied to 1. Magnetic studies on 1 and 2 reveal that the (OCO),(EO-Ns) triple bridges induce
antiferromagnetic coupling between Mn" ions, and magnetostructural analyses suggest that the magnitude of the coupling
can be correlated to the Mn—N and Mn—N—Mn parameters. Compound 3 contains 2D coordination layers in which the
chains with alternating double EO-azide and double carboxylate bridges are interlinked by the dipyridinium spacers, and
magnetic studies suggest altemnating ferro- and antiferromagnetic interactions through the alternating bridges. The 3D
framework of compound 4 is formed by the organic ligands interlinking the unique manganese—azide—carboxylate layers in
which the [Mny(ez-Ng)2(12-N3)o(112-COQ),4] clusters are interlinked through EE-azide bridges (EE = end-to-end). The
structure represents a novel type of self-catenated 8-connected 3D net. Magnetostructural analyses suggest that all of the
short bridging moieties in 4, including (u3-EO-N3),, (OCO)(EO-Ng), (OCO)(EO-N3),, and single EE-Ns, propagate

antiferromagnetic coupling.

Introduction

Recent years have witnessed great interest in the field of
molecular magnetism, focusing on the understanding of
magnetostructural correlations and the design of magnetic
materials with potential applications.' > The basic strategy
to design such materials is to organize paramagnetic centers
into polynuclear aggregates or polymeric networks by use of
bridging ligands that can efficiently propagate magnetic
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superexchange. As a short bridging ligand and efficient
superexchange mediator, the pesudohalide azido ion has
proved to be very versatile and diverse in both coordination
chemistry and magnetism.*> Many azide-bridged systems
with different dimensionality and topology have been synthe-
sized by using various auxiliary ligands, and a great diversity
of magnetic behaviors have been demonstrated.* > A useful
synthetic approach to obtaining new structures and magnetic
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properties is to incorporate a second short bridge that
provides different pathways for magnetic exchange. Consid-
ering that the carboxylate group can also efficiently transmit
superexchange,'®”'® we are interested in combining azide and
carboxylate into one system. More interestingly, the combi-
nation of azide and dicarboxylate ligands may lead to high-
dimensional networks, providing an opportunity to tune the
structure and magnetism by changing the organic spacer
between carboxylate groups. However, only a limited num-
ber of systems with azide and carboxylate simultaneously
bridging neighboring metal ions have been reported, where
the carboxylate bridges mainly come from simple monocar-
boxylates (formate or acetate)'”'® or pyridylcarboxylate-
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Chart 1
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derived ligands.'**° The approach using the usual dicarbox-
ylates as coligands in metal azide systems seldom succeeded
in giving the expected materials with simultaneous azide and
carboxylate bridges.' The difficulty may arise from the
unbalanced competition of the two anionic bridges in binding
metal ions and compensating for the metal charge. To over-
come this, we proposed employing the inner-salt-type (or
zwitterionic) ligands bearing separated positive (pyridinium)
and negative (carboxylate) charges, as exemplified in Chart 1.
Such dicarboxylate ligands are overall neutral, and thus the
simultaneous coordination of azide and carboxylate is facili-
tated, giving high-dimensional networks with various mag-
netic properties, as we have demonstrated recently.*?

Here we report the structures and magnetic properties of
four different coordination polymers obtained from the
reactions of manganese(II) salts and azide in the presence
of the neutral dicarboxylate ligand 1,3-bis(4-carboxylato-1-
pyridinium)propane (L, Chart 1). Their formulas are
{IMn(L)(N3)ICIO4-0.5 HyO},, (1), {[Mna(L)2(N3)o][Mn(N3)4-
(H20),]-2H,0},, (2), {{Mny(L)2(N3)2(H,0),]Br(N3)- 2H,04,
(3), and [Mny(L)>(N3)g],, (4). The charge balance in these
compounds is achieved in different ways, depending upon the
reaction conditions, and the azide and carboxylate bridges are
mixed in different fashions to give different bridging networks,
including alternating (1) or uniform (2) chains with
(OCO)y(N3) triple bridges, chains with alternating (OCO),
and (N3), bridges (3), and Mny-cluster-based layers containing
four different bridging moieties (4). The different magnetic
behaviors for these diverse structures are revealed and ana-
lyzed, and some magnetostructural correlations have been
proposed. Compound 4 has been preliminarily communicated
elsewhere.”*

Experimental Section

Materials and Physical Measurements. Elemental analyses
were determined on an Elementar Vario ELIII analyzer. The
FT-IR spectra were recorded in the range 500—4000 cm ™' using
KBr pellets on a Nicolet NEXUS 670 spectrophotometer. The
phase purity of the bulk or polycrystalline samples was verified
by powder X-ray diffraction (PXRD) measurements performed
on a Bruker D8-Advance diffractometer equipped with Cu Ka
at a scan speed of 1° min~'. The measured patterns are con-
sistent with those calculated from the crystal data (see the
Supporting Information). Temperature-dependent magnetic
measurements were performed on a Quantum Design MPMS-
XL5 SQUID magnetometer. The experimental susceptibilities
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Table 1. Crystal Data and Structure Refinement for Compounds 1—4
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1 2 3 4
formula C;5H;5CIMnN;Og 5 C30H36Mn3N», 0o Mn,C39H36N1301,Br C30H23MnyN,gOg
M, 491.71 1061.63 960.51 1128.56
cryst syst monoclinic monoclinic triclinic orthorhombic
space group P2y/c C2/m Pl Pbca
alA] 14.1561(17) 20.103(9) 7.49280(10) 13.7371(5)
b[A] 10.5239(13) 7.623(3) 10.82610(10) 15.6580(5)
c[A] 27.033(3) 13.549(6) 12.19460(10) 19.9617(7)

B [dee§] 100.649(3) 97.323(7) 104.7710(10) 90

VIA7] 3958.0(8) 2059.3(16) 952.471(17) 4293.7(3)
VA 8 2 1 4

Peated [2 cm ] 1.650 1.712 1.675 1.746
wu[mm™"] 0.860 0.995 1.790 1.234
unique reflns 6918 2503 4405 4970

Ring 0.0619 0.0586 0.0207 0.0500
R1[I > 20(1)] 0.1111 0.0651 0.0339 0.0337
wR2 (all data) 0.2874 0.1826 0.0976 0.0874

were corrected for the diamagnetism of the constituent atoms
(Pascal’s tables).

Synthesis. The reagents were obtained from commercial
sources and used without further purification. 1,3-Bis(4-carbox-
ylato-1-pyridinium)propane dihydrobromide ([H,L]Br,) was
prepared according to the literature.?

Caution! Although not encountered in our experiments, azido
compounds of metal ions are potentially explosive. Only a small
amount of the material should be prepared, and it should be
handled with care.

{[Mn(L)(N3)]ClO4-0.5H,0},, (1). [H,L]Br, (0.0448 g, 0.1 mmol)
and sodium azide (0.026 g, 0.4 mmol) were dissolved into a mixture
of ethanol (2 mL) and water (2 mL), and then the solution
was added into an ethanol solution (2 mL) of Mn(ClO,),-6H-,O
(0.0791 g, 0.2 mmol). The mixture was stirred for a few minutes,
yielding a little orange-yellow precipitate, which was filtered off.
Slow evaporation of the filtrate at room temperature afforded
orange-yellow crystals of 1 after 1 day. The crystals were collected
by filtration, washed by water and ethanol, and dried in air. Yield:
35.6% based on L. Mixing Mn(ClOy), and [H,L|Br; in aqueous
ethanol in a 1:1 ratio in the presence of excessive NalNj3 yielded a
polycrystalline product of 1, as confirmed by IR and PXRD
measurements. Elem anal. Caled for C;sH;sCIMnNsOgs: C,
36.64; H, 3.07; N, 14.24. Found: C, 37.18; H, 3.43; N, 14.45. Main
IR bands (KBr, cm '): 2082s [#(N3)], 2062s [»(N3)], 1613s
[v.s(COO)], 1568m, 1461m, 1396s [vy(COO)], 1379s, 1096s
[(ClOy4)], 784m, 694m.

{[Mn2(L)2(N3)2][Mn(N3)4(H,0)] - 2H,0},, (2). A mixture so-
lution of Mn(OAc),-4H,0 (0.049 g, 0.2 mmol), NaN3(0.065 g,
1.0 mmol), and [H,L]Br; (0.0448 g, 0.1 mmol) in ethanol (4 mL)
and water (1 mL) was sealed in a Teflon-lined stainless steel
vessel (25 mL), heated at 70 °C for 4 days under autogenous
pressure, and then cooled to room temperature. Yellow plate
crystals of 2 were obtained in a yield of 85% based on L. Anal.
Caled for MH3C30H36N22012: C, 3394, H, 342, N, 29.03.
Found: C, 34.41; H, 3.76; N, 29.37. Main IR bands (KBr, cmfl):
2085s [v(N3)], 2036s [v(N3)], 1619s [v,(COO)], 1564s, 1465m,
1391s [vs(COO)], 1176m, 782m, 688m.

{[Mny(L),(N3)2(H,0),]Br(N3) - 2H,0}, (3). A mixture solu-
tion of Mn(OAc),-4H,0 (0.049 g, 0.2 mmol), NaN3(0.0195 g,
0.3 mmol), and [H,L]Br; (0.0896 g, 0.2 mmol) in ethanol (4 mL)
and water (1.5 mL) was sealed in a Teflon-lined stainless steel
vessel (25 mL), heated at 70 °C for 4 days under autogenous
pressure, and then cooled to room temperature. Orange block
crystals of 3 were obtained in a yield of 40.5% based on L. Anal.
Calcd for Mn2C30H36N13012Br: C, 3752, H, 378, N, 18.96.
Found: C, 37.28; H, 4.10; N, 18.58. Main IR bands (KBr, cmfl):
2066s [v(N3)], 2018s [v(N3)], 1639s, 1620s [v,(COO)] 1567s,
1453m, 1386s [v(COO)], 1179m, 783m, 690m.

(23) Mao, J.-G. I 1993, /7(5), 353.

[Mny(L)2(N3)gl, (4). A mixture solution of Mn(OAc),-4H,0
(0.049 g, 0.2 mmol), [H,L]Br, (0.0448 g, 0.1 mmol), and NaNj3
(0.065 g, 1.0 mmol) in water (2 mL) and ethanol (4 mL) was
allowed to stand at room temperature, and red crystals of 4 were
obtained in 1 week. Yield: 27.5% based on L. Anal. Caled for
C30H2sMnyNogOg: C, 31.91; H, 2.50; N, 34.72. Found: C, 31.94;
H, 2.90; N, 34.50. Main IR bands (KBr, cm ™ '): 2076s [v(N3)],
2038s [v(N3)], 1619s [v,s(COO)], 1563m, 1450m, 1396s
[vs(COO)], 1334w, 1309w, 780m, 690m.

X-ray Crystallography. Diffraction data for 1—4 were col-
lected at room temperature on a Bruker Apex II CCD area
detector equipped with graphite-monochromated Mo Ko ra-
diation (A = 0.71073 A). Empirical absorption corrections were
applied using the SADABS program.®* The structures were
solved by direct methods and refined by the full-matrix least-
squares method on F2, with all non-hydrogen atoms refined with
anisotropic thermal parameters.”> All of the hydrogen atoms
attached to carbon atoms were placed in calculated posi-
tions and refined using the riding model, and the water hydrogen
atoms in 1—3 were located from difference maps. The octahed-
rally coordinated Mn2 site in 2 has a symmetry of 2/m, with the
mirror passing the two axial azide ions and the 2-fold axis lying
in the equatorial plane. This crystallographic symmetry is higher
than the actual coordination symmetry, making the equatorial
ligands (azide and water) disordered at two sets of symmetry-
related sites around Mn2, with '/, occupancy for each set (see the
Supporting Information). The structure can also be solved in the
lower-symmetry C2 and Cm space groups, but disorder of the
Mn2 coordination environment remains. Efforts to avoid dis-
order by expanding the unit cell were in vain. A summary of the
crystallographic data, data collection, and refinement para-
meters for complexes 1—4 is provided in Table 1.

Results and Discussion

Synthesis. The compounds were synthesized by the
reactions of Mn(ClOy4), or Mn(OAc),, NaNj, and
[H,L]Br, in aqueous ethanol. Compounds 1 and 4 were
obtained by allowing the solution containing the reac-
tants to stand at room temperature. The use of Mn-
(ClOy), led to 1, which contains perchlorate as lattice
counteranions, while the use of Mn(OAc), yielded 4,
which is free of lattice anions. Excessive NalN3 has been
used in the syntheses, which could act as a weak base to
deprotonate [H,L]Br, besides serving as the ligand to

(24) Sheldrick, G. M. Program for Empirical Absorption Correction of
Area Detector Data; University of Gottingen: Gottingen, Germany, 1996.

(25) Sheldrick, G. M. SHELXTL, version 5.1; Bruker Analytical X-ray
Instruments Inc.: Madison, WI, 1998.
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Figure 1. (a) Local coordination environments of the manganese centers and the ligands in compound 1. Hydrogen atoms are omitted for clarity, and
symmetry codesare (A)l —x,1 —y,1 =z, (B)x,0.5—»,z—0.5,(C) 1 = x,0.54+y,1.5—z,(D)x,1.5—»,0.54+z,(E) —x,1 —y,1 —z;and (F) —x, —0.5+ y,

0.5 — z. (b) 1D chain along the ¢ direction in compound 1. (c) 3D network of 1.

bind metal ions. Both compounds could be prepared
using the stoichiometric M:L ratios of 1:1 and 2:1,
respectively, although single crystals of 1 were grown in
the presence of excessive Mn(ClOy),. Compounds 2 and 3
were synthesized by heating the reaction mixtures in a
sealed vessel at 70 °C. Compound 2 was obtained by using
excessive manganese salt and sodium azide (the starting
M:L:Nj ratio is 2:1:10). When a stoichiometric M:L:N3
ratio of 3:2:6 for 2 was used, the reaction yielded com-
pound 3, which has a stoichiometric M:L:Nj3 ratio of
2:2:3. Compound 3 could also be prepared using the
stoichiometric ratio M:L:N3 = 2:2:3.

Description of the Structures. Compound 1. The com-
pound exhibits a 3D anionic framework consisting of
[Mn(N3)(COO),], chains connected by 1,3-bis(1-pyridi-
nium)propane spacers. The coordination environments
of the metal ions are shown in Figure la. There are three
crystallographically independent Mn'" ions, each residing
in the [N,Oy4] environment completed by two azide ions
and four carboxylate groups. For each manganese, the
Mn—N distances [2.206(8)—2.242(8) A] are longer than
Mn—O [2.142(7)—2.206(6) A]. While Mn2 and Mn3 are
located at different inversion centers with the axially
elongated trans-octahedral geometry, the Mnl site is
asymmetric with the cis-octahedral geometry (the two
nitrogen atoms are at neighboring vertices of the
octahedron). The metal ions alternate in the —Mnl—
Mn2—Mnl—Mn3— repeating sequence, and the neigh-
boring metal ions are triply bridged by two carboxy-
late groups in the syn—syn mode and an azide ligand
in the end-on (EO) mode, generating an infinite chain
along the ¢ direction, in which metal octahedra share
corners (the bridging azide nitrogen atoms; Figure 1b).
The triple bridges between Mnl and Mn2 and bet-
ween Mnl and Mn3 are somewhat different in struc-
tural parameters. The Mnl1(OCO),(N3)Mn3 moiety
has longer Mn—N/O distances, a larger Mn—N—Mn
angle, and, consistently, a longer Mn---Mn distance
than Mnl(OCO),(N3;)Mn2, as shown in Table 2.
The carboxylate bridges also show different degrees of

Table 2. Selected Distances (A) and Angles (deg) for the (OCO)y(N;) Triple
Bridges in 1 and 2

For Mn1(OCO),(N;)Mn2 in 1

Mnl—NI 2.208(8) Mn2—NI 2.206(8)
Mnl-02 2.157(7) Mn2-01 2.194(6)
Mnl1-06C 2.192(7) Mn2-05C 2.142(7)
Mnl:--Mn2 3.641(2) Mnl—NI1—Mn2 111.1(4)
Mnl-02-C1-01  37.80(14) Mn2-O1-C1-02 6.90(15)
Mnl1-06C— 27.01(13) Mn2—-05C— 74.86(12)
C16C—05C C16C—06C
For Mn1(OCO),(N;)Mn3in 1
Mnl1-08 2.186(7) Mn3—04D 2.206(6)
Mnl1-03D 2.204(7) Mn3—-07 2.184(7)
Mnl—N4 2.242(8) Mn3—N4 2.222(8)
Mnl---Mn3 3.814(2) Mnl—N4—Mn3 117.4(4)
Mnl—08—C30—07 25.35(19) Mn3—04D— 59.93(14)
C15D-03D
For Mn1(OCO),(N3)MnlA in 2
Mnl—N3 2.234(3) Mnl—-02B 2.170(3)
Mnl-0Ol1 2.176(3) Mnl—N3—MnlA 117.0(2)

Mnl—-O1—-CI—-OIA 28.95(74) Mnl—02B—C11C—02C 37.45(73)
Mnl---MnlA 3.811(2)

Symmetry codes for 1: (A) 1 —x, 1 —y, 1 —z;(B) x,0.5—y,z—0.5;
€)1 —x,0.54+y,1.5—z (D) x, 1.5—»,0.5 + z. Symmetry codes for 2:
A)x, 1=y, zzB) 1 —x,1=p,2-2zCO)1-xp2-z

distortion. Typically, the syn—syn bridging mode has
bridged metal ions lying in or near the OCO plane, with
zero or small M—O—C—O torsion angles. In 1, the
carboxylate bridging modes are significantly distorted
toward the syn—anti mode, with the largest Mn—O—
C—O torsion angles being 74.9° for the Mnl—Mn2 pair
and 59.9° for Mn1—Mn3. The distortions lead to non-
planar but spiral conformations for the M—O—C—0—M
moieties.

The L ligand in the structure serves as a 4 bridge, using
its two carboxylate groups to bind two pairs of metal ions
from two chains, and the trimethylene tether between the
pyridinum rings adopts the trans—trans conformation to
generate a bent shape for the ligand. Through the bent
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Figure 2. Local coordination environments of the manganese center
and the ligands in compound 2. Hydrogen atoms are omitted for clarity,
and symmetry codesare (A) x,1 —y,z,(B) 1 —x, 1 —»,2 =z, (C) |l — x, »,
2=z x ="'y ="hz= LE) a=x b=y 1=z (F)x =), b=
yz—=1L,G) o=x, Yo+ 1=z and(H) '/ —x,y — ' 1 — z. The
disorder of the methylene groups in the ligand is also shown.

ligands in four different directions, each [Mn(Ns)-
(COO0),], chain is linked to four identical chains, produ-
cing a 3D framework (Figure 1c). The shortest interchain
Mn- - -Mn distance is about 10.0 A, which is significantly
shorter than those spanned by the organic spacers
(13.7—16.3 A). Although the chain, with a M*":N;:
COOQO™ ratio of 1:2:1, is formally negatively charged, the
3D framework is positively charged owing to the over-
compensation of the chain charge by the interchain
cationic pyridinium groups. The positive framework
charge is compensated for by the perchlorate anions,
which are enclosed within the interchain channels.

Compound 2. This compound contains 2D cationic
coordination layers and mononuclear complex anions,
and the layer consists of [Mn(N3)(COO),], chains con-
nected by dipyridinium spacers. There are two crystal-
lographically independent Mn" ions. The unique metal
ion (Mnl) of the layer resides on an inversion center and
assumes an axially elongated trans-octahedral [N,Oy]
geometry similar to that for Mn2 and Mn3 in 1, with
four equatorial oxygen atoms (O1, O1E, O2B, and O2D)
from different carboxylate groups and two axial nitrogen
atoms (N3 and N3H) from azide ions (Figure 2). The
neighboring Mnl ions are triply bridged by two carbox-
ylate groups in the syn—syn mode and an azide ligand in
the EO mode, generating an infinite chain of corner-
sharing octahedra along the b direction (Figure 3a). The
Mn(OCO),(N3)Mn moiety has a crystallographic mirror
passing the two carboxylate carbon atoms and the three
azide nitrogen atoms. Selected structural parameters for
the bridging moiety are listed in Table 3. The Mn—N,
Mn—N—Mn, and Mn- - -Mn parameters are comparable
to those between Mnl and Mn3 in 1. The Mn—O—C—-0O
torsion angles indicate moderate distortions of the car-
boxylate bridges from the ideal syn—syn mode. The
chains in 2 and 1, both having (OCO),(N3) triple bridges,
show evident differences. In 1, two independent bridging
moieties (A and B) with apparently different structural
parameters alternate in the AABB sequence, while all of
the bridging moieties in 2 are identical. The uniform chain
in 2 is linear, which is dictated by the centrosymmetric
trans-octahedral geometry for all metal ions, while the
alternating chain in 1 assumes a sigmoidal shape, which
arises from alternation of the cis- and trans-octahedral
geometries along the chain.

The interchain connection in 2 is completely different
from thatin 1. The L ligand also acts as a u4 bridge via its
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Figure 3. Views showing the structure of 2: (a) 2D coordination layer
based on Mn(COO),(N3) chains and the enclosed hydrogen-bonded
chains formed from the mononuclear species; (b) side view of the layer
with enclosed hydrogen-bonded chains; (c) hydrogen-bonded chain.

Table 3. Selected Distances (A) and Angles (deg) for the Bridging Networks in 3¢

For Mn(N3),Mn
Mnl—-N3(A) 2.2780(17) Mnl—N3A 2.2050(17)
Mnl—N3—-MnlA 101.82(7) Mnl---MnlA 3.480(1)
For Mn(OCO),Mn
Mnl-0l1 2.1378(14) Mnl—-02B 2.1722(14)
Mnl-01-C1-02 5.95(31) MnlB—02—-CI1-01 89.74(24)
Mnl---MnlB 4.511(1) Mnl-05 2.2836(17)

“Symmetry codes: (A)2 —x, 1 —p, 1 —zz(B)l —x, 1 =y, 1 —z
O1+x 1431 +z

two carboxylate groups, and the trimethylene tether takes
the trans—gauche conformation, which also leads to a
bent shape for the whole ligand. The ligands appear in
pairs, with each pair binding the same four metal ions
from two adjacent chains. Consequently, each chain in 2
is linked to two (instead of four) adjacent chains to
generate a 2D layer network extending along the (10—1)
plane (Figure 3b). The pairwise bent ligands appear as
arch bridges connecting adjacent chains above and below
the layer plane. This generates large open channels paral-
lel to the chain, as revealed by a side view of the layer
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along the b direction. The alternation of the arch bridges
on two opposite sides of the chain also leaves large open
windows between adjacent chains, as revealed by a view
of the layer from above (Figure 3a). The 2D layer is
positively charged, in which the anionic chains are over-
compensated for in charge by the interchain cationic
pyridinium groups.

To compensate for the charge and to avoid emptiness, a
hydrogen-bonded chain of mononuclear [Mn(N5)4(H>0)-]*~
anions is enclosed in the open space of the coordination
layer of 2. In the complex anion, the unique metal ion
(Mn2) is located at a centrosymmetric [N4O,] environ-
ment with two equivalent azide ions and two equivalent
water molecules at the equatorial plane and two other
equivalent azide ions at axial positions (Figure 3b). The
axial Mn—N distances [Mn2—N6 = 2.305(7) A] are
longer than the equatorial Mn—N/O distances
[Mn2—03 = 2.180(7) A and Mn2—N9 = 2.097(10) A],
and the cis O—Mn—N/O angles fall in the narrow range
86.62(13)—93.38(13)°, defining a trans-octahedral geo-
metry with axial elongation. The mononuclear complex
ions are associated into chains through strong and quasi-
linear O—H---N hydrogen bonding, which involves a
water molecule from one complex ion and a terminal
azide nitrogen atom from another complex ion, with
O3—H3W]---NIl = 176.52(16)°, H3WI1---NIl =
1.918(17) A, and O3---N11 = 2.782(8) A. As shown in
Figure 3c, a 12-membered ring with self-complementary
double hydrogen bonds, [Mn(O—H: - -N—N—N),Mn], is
formed between neighboring complex ions, with a
Mn- - -Mn separation of 7.623(3) A (the b length of the
unit cell). The hydrogen-bonded chains run along the
same direction (the crystallographic b direction) as the
[Mn(N3)(COO),], chains and thread through the chan-
nels surrounded by the organic “arch bridges”
(Figure 3b). The hydrogen-bonded and coordination
chains are connected by another set of O—H- - - N hydro-
gen bonds, which are formed between the water molecules
from the former chain and the terminal nitrogen atoms of
the EO-azide bridges in the latter chain. The relevant
parameters are O3—H---N5 = 144.4(6)°, H---N5 =
2.1(1)A,and O3 - - N5 = 2.84(15) A. To complete the 3D
lattice in 2, the filled layers are packed in parallel in an
offset way, with the small interlayer apertures being
occupied by free water molecules (see the Supporting
Information).

Compound 3. This compound contains a 2D coordina-
tion network in which 1D Mn" chains with alternating
double EO-azide and double carboxylate bridges are
linked by the organic L ligands. The coordination envi-
ronments are shown in Figure 4a. The unique Mn''ion in
the structure resides in an asymmetric pseudooctahedral
[N,Oy4] environment, with three carboxylate oxygen
atoms (O1, O2B, and O4C) defining a triangular face
and two azide nitrogen atoms (N3 and N3A) plus a water
oxygen (O5) defining the opposite face. The Mn—N and
Mn—Oy.er distances [2.2050(17)—2.2836(17) A] are
somewhat longer than Mn—Ocurboxylate [2-1378(14)—
2.1722(14) A. The neighboring manganese atoms are
alternately doubly bridged by two EO-azide ligands and
two carboxylate groups, generating an infinite chain
along the «a direction (Figure 4b). Selected bridging para-
meters are given in Table 3. The double EO-azide bridging
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Figure 4. (a) Local coordination environments of the manganese center
and the ligands in compound 3. Hydrogen atoms attached to carbon
atoms are omitted for clarity, and symmetry codesare (A)2 — x,1 — y,1 — z,
B)l—x,1—y,1—z,and (C) 1 + x, 1+ y, | 4+ z. (b) 2D network formed
by the L ligand interlinking the chains with alternating double EO-azide
and double carboxylate bridges. (¢) View showing the 3D packing of the
layers and the lattice azides, bromides, and water molecules.

moiety is centrosymmetric and forms a planar [Mn,N,]
parallelogram ring; the Mn—N—Mn and Mn- - - Mn para-
meters fall within the normal ranges for such bridges.**%*
The double carboxylate bridging moiety is also centro-
symmetric, and the eight-membered [Mn,(OCO),] ring
assumes a chairlike conformation. It is noteworthy that
the carboxylate bridge adopts an uncommon mode inter-
mediate between syn—syn and syn—anti. For both syn
and anti coordination mode, the metal atom usually lies
in or near the OCO plane, with the M—O—C—O torsion

(26) (a) Karmakar, T. K.; Ghosh, B. K.; Usman, A.; Fun, H.-K.; Riviere,

E.; Mallah, T.; Aromi, G.; Chandra, S. K. kiskcaiabed 2005, 44, 2391.
(b) Das, A.; Rosalr G. M.; Salah El Fallah, M.; Ribas, J.; Mitra, S.
2006, 45, 3301 (c) Ni, Z.-H.; Kou, H.-Z.; Zheng L; Zhao Y.-H.; Zhang, L. F
Wang, R.-J.; Cui, A.-L.; Sato 0. M 2005 44, 4728. (d) Liu, B.-L,;
Xiao, H.-P.; Nfor, E.-N.; Song, Y.; You, X.-Z. | NG 2009,
12,8.
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(a)

(b)

Figure 5. (a) Tetranuclear manganese cluster in compound 4. Hydrogen
atoms are omitted for clarity, and symmetry codes are (A) —x, =y, | — z,
B) —' =~ 4150 a4 x b=y 1=z (D) 1 +x, L—y,05+z,
and (E) =1 —x, —'/» 4+ 1, '/> — z. (b) (4.4) networks formed by connecting
the clusters with azide.

angles being ideally 0 and 180°, respectively. In 3, the
carboxylate bridge has one metal ion nearly in its plane
(M—0—C—-0 ~ 6°), but the other metal ion deviates
significantly from the plane, as indicated by the large
M—-0—C—0 angle of about 90°.

Unlike that in 1 and 2, the L ligand in 3 serves as a u3
bridge, with a bridging carboxylate group binding two
metal ions (via O1 and O2) from one chain and a mono-
dentate carboxylate group binding a metal ion (via O4)
from another chain. The uncoordinated carboxylate oxy-
gen (0O3) forms a hydrogen bond with the coordinated
water molecule (Figure 4a), with O5—HS5B---04C =
107.27(18)°, H5B- - -O3C = 1.884(23) A,and O3C- - - O5 =
2.719(3) A. The overall interchain connection is similar to
that in 2. The chains are connected into a 2D layer
network along the (01—1) direction (Figure 4b), in which
the bent ligands serve as pairwise archlike bridges above
and below the layer plane. The 2D layers are also posi-
tively charged and packed in an offset way. The intralayer
open space is occupied by free bromide ions and water
molecules, while free azide ions are located in the inter-
layer apertures (Figure 4c).

Compound 4. This compound has been reported in our
previous communication.””® A brief description of the
structure focusing on the bridging network is presented
here for the convenience of comparison with other com-
pounds. The compound is based on butterfly-like
[Mng(t3-N3)o(1a-N3)o(1-COO),] clusters (Figure 5a), in
which the two “body” manganese ions are doubly bridged
by two us-EO-azide (or 1,1,1-azide) ligands, while the
“body” and “wing-tip” manganese ions are either doubly
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Table 4. Sclected Distances (A) and Angles (deg) for the Bridging Networks in 4

For (EO-Ng)z

Mn2—N9 2.2793(19) Mn2—N9—Mn2A 92.80(7)
Mn2—N9A 2.2843(18) Mn2---Mn2A 3.3047(7)
For (OCO)(EO-N3),

Mnl-02 2.2610(16) Mn1—02—C15-01 3.22(39)
Mn2-01 2.1167(18) Mn2—01—-C15—-02 0.95(41)
Mnl—N9 2.3435(19) Mnl—N9—Mn2 92.27(7)
Mn2—-N6 2.209(2)  Mnl—N6—Mn2 97.30(8)
Mnl—N6 2.231(2) Mnl---Mn2 3.3334(5)
For (OCO)(EO-N3)

Mnl1—-04D 2.1749(17) Mn1—04D—CID-03D  8.41(38)
Mn2—-0O3E 2.1269(18) Mn2A—0O3D—CI1D—04D 60.56(33)
Mnl—N9—Mn2A 116.48(8) Mnl---Mn2A 3.9350(5)
For Single EE-N;

Mn2—N3 2.196(2) Mn2—N3—N4 121.98(2)
MnlC—NS5 2.2152) MnlC—N5—-N4 134.2(2)
Mn2---MnlC 5.9150(5) Mn2—N3—N4—N5—MnlC 123.66(17)

“Symmetry codes: (A) —x, —y, 1 — z; B) —'/» — x, ="/ + y. z:
(O =t x h=p =z D) 14X, = 2,05+ 5 E) ~1=x, ~'h+,
[2—z.
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Figure 6. Temperature dependence of y and y7 for 1. The solid lines
represent the fits to Fisher’s equation (eq 1) for uniform chains (blue line)
and our equation (eq 5) for J,J,J>J> alternating chains (red line) (see the
text).

bridged by a u;-EO-azide and a syn—syn carboxylate
bridge or triply bridged by a u;-EO-azide, a u,-EO-azide,
and a syn—syn carboxylate bridge. Selected distances and
angles for the bridging networks are given in Table 4.
Each cluster is connected with four equivalent clusters
through four equivalent u,-EE-azide bridges, producing a
complex layer with mixed azide and carboxylate bridges
(Figure 5b). The layers are interlinked by the L ligands to
generate a complex 3D framework, which represents an
unprecedented self-catenated 3D net (Schléifli symbol
41 -612).22'&

Magnetic Properties. Magnetic measurements were
carried out on polycrystalline samples of 1—4 under
1000 Oe in the range of 2—300 K, and the y and y7'vs T
plots are given in Figures 6—9, respectively. According to
the structural data, all of the compounds except 4 contain
Mn" chains interlinked by the L ligands. Considering the
long interchain Mn- - - Mn distances, the systems could be
treated as magnetically isolated 1D chains.

Complex 1. The y 7'value per Mn" for this compound at
300 K is about 4.08 emu K mol ™', lower than the spin-only
value (4.38 emu K mol™') expected for a magnetically
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Figure 7. Temperature dependence of y and y7 for 2. The solid lines
represent the fit to the model for uniform chains (see the text).
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Figure 8. Temperature dependence of y and y7 for 3. The solid lines
represent the fit to the conventional equation for an alternate chain (see
the text).

isolated high-spin Mn'" ion. As the sample is cooled from
room temperature, the y7" value decreases continuously,
while the y value increases to a broad maximum at about
14 K and then decreases upon further cooling. The data above
70 K follow the Curie—Weiss law with C = 4.58 emu K
mol ! and § = —33.9 K, indicating antiferromagnetic
coupling interactions between the neighboring Mn"' centers.

Two different classical-spin models have been utilized
to simulate the experimental magnetic behavior.

(1) The first model assumes that the system can be
treated as a uniform chain in which the magnetic inter-
actions between neighboring metal ions are identical.
Then the interaction (J) can be expressed by the spin
Hamiltonian H = —JY_S;:S;.1. In the classical-spin ap-
proximation, the following expression (eq 1) of magnetic
susceptibility was deduced by Fisher.?’

Kebain = [NGF*S(S+1)/3KT[(1 +u) /(1= w)] (1)

where u is the Langevin function u = coth[JS(S + 1)/kT] —
kTJ[JS(S + 1)], with S = °/,. The best simulation of the
experimental data of 1led to J = —2.75 cm™ ' with g fixed
at 2.00. As shown in Figure 6, the agreement between the
experimental data and the simulated line (blue) is good
above 100 K, but the fit is somewhat unsatisfactory in the
low-temperature range, with the maximum of the calcu-
lated y—T curve deviating toward higher temperature.
(2) Considering that the chain in 1 actually contains
two structurally different sets of triple bridges alternat-
ing in the AABB sequence, it is best described as a 1D

(27) Fisher, M. . ghiimmmi. 1964, 32, 343.
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Heisenberg system with alternating J1J1J,J> interactions
(Chart 2). To our knowledge, no analytical expression for
such systems is available prior to this study. Followin% the
general methodology applied by Fisher?” and others® for
uniform and different alternating chains, a convenient
expression in the classical-spin approximation can be de-
duced. In this case, the spin Hamiltonian can be expressed as

= —Ji Z(S4i+ 184i 12+ S4i+254i 4+ 3)
=0

il Z(S4i+3s4i+4+54i+4s4i+5) (2)
=0

Generally, the wave-vector-dependent susceptibility® is
given by

S0 = r LSS ewlian) O

where the pair correlation function between spin operators
located at sites n and n + p, in our case, can be written as

<SnSn+p> = UiU U U UTUIUIUY ... (4)

where 1, and u, are the Langevin functions corresponding to
Ji and J,, respectively.

Then, following the general procedure,?' the expression
of the bulk susceptibility per site in the ¢ = 0 limit can be
deduced as

NBg A
1= SS+g ()

A =4+ 4u; + 4wy + duuy +2u12—|—2u22—|—4u|2u2—|—

4u1u22 +4u12u22

B=1— u12u22

(28) (a)Cano, J.;Journaux, Y.; Goher, M. S. A.; Abu-Youssef, M. A. M.;
Mautner, F. A.; Reia, G. J.; Escuer, A.; Vicente, R. piginbninbgis. 2005, 29,
306. (b) Abu-Youssef, M. A. M.; Drillon, M.; Escuer, A.; Goher, M. A. S.;
Mautner, F. A.; Vicente, R. fisismibaid 2000, 39, 5022. (c) Cortés, R.; Drillon,
M.; Solans, X.; Lezama, L.; Rojo, T. fisiteiabei 1997, 36, 677.

(29) Thorpe, M. F. @) 1975, 36, 1177.
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It is noted that this expression reduces exactly to eq 1
when u; = us.

As shown in Figure 6, eq 5 can simulate the experi-
mental data of 1 better than eq 1, especially in the region
around the maximum. The best fitled to J; = —4.27cm !
and J, = —1.19 cm™ ' with g fixed at 2.00. The J; and J,
values confirm that appreciably different magnetic inter-
actions are mediated through the alternating triple
bridges.

The magnetic interaction through mixed bridges
should be the cooperative or competitive effect of the
different exchange pathways. The syn—syn or syn—anti
carboxylate bridge always induces antiferromagnetic
coupling between Mn" ions, as has been observed in a
number of compounds with single or double carboxylate
bridges."*'® For the EO-azide bridge, it is believed that
the coupling is dependent upon the M—N—M bridging
angle. Density function theory calculations® on binuclear
Mn" systems suggested that the bridge induces ferromag-
netic coupling for Mn—N—Mn angles >98°, which has
been experimentally verified in many systems.**?-* Mag-
netic analyses on 1 suggest that the interplay among the
two carboxylate and one azide pathways leads to an
overall antiferromagnetic coupling, although the
Mn—N—Mn angles (111.1° and 117.4°) imply ferromag-
netic exchange through the azide pathway. The strength
of the overall coupling in such systems could be influ-
enced by a number of factors, including the Mn—N/O
distances, the Mn—N—Mn angle, the distortion of the
Mn—0O—C—0O—Mn pathway, and the Mn---Mn dis-
tance. According to the structural data of 1 (Table 2), the
bridges between Mnl and Mn2 have shorter Mn—N/O
and Mn---Mn distances, a smaller Mn—N—Mn angle,
and smaller Mn—O—C—0O angles than the bridges be-
tween Mnl and Mn3. We tentatively assign the larger J;
parameter to the Mnl- - -Mn2 interaction and J, to that
for Mnl---Mn3. The assignment is supported by the
data obtained for 2 (see below).

Complex 2. The T value per formula for this com-
pound at 300 K is about 12.76 emu mol ' K, lower than
the spin-only value (13.125 emu mol ' K) expected for
three magnetic isolated high-spin Mn" ions. As the
temperature is lowered, the ¥ 7" value decreases continu-
ously, while the y value increases monotonically (Figure 7).
The data above 80 K follow the Curie—Weiss law with
C = 486 emu K mol ' and & = —2.0 K, indicating
antiferromagnetic coupling interactions between the
neighboring Mn'" centers.

The experimental magnetic behavior of 2 has also been
simulated by two different approaches.

(1) According to the structural data, the system can be
treated as 1D uniform Mn'' chains plus mononuclear
Mn" species. The magnetic contribution of the chain
(Xchain)» In which magnetic coupling (J) is mediated
through the (OCO),(EO-N3) triple bridges, can be de-
scribed by eq 1. Then, according to the stoichiometry of
the compound, the total susceptibility is ¥ = 2¥chain +
Ymonos> WHEre ¥mono = Ngz,BzS(S + 1)/3kTis the contribu-
tion from the mononuclear component. The simulation
leads to J = —1.02 cm ™! with g fixed at 2.00. The J value

(30) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P. i 1998,
120, 11122.
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indicates that weak antiferromagnetic interactions are
operative through the triple bridges in 2.

(2) Considering that the mononuclear complex ions are
associated into 1D uniform chains through O—H---N
hydrogen bonds, the total susceptibility can be expressed
asy = 2xchain + X chain» Where ¥cnain is for the coordination
chain as described above and ¥’ 4, for the hydrogen-
bonded chain. The expression of ¥’ cpain 1S Obtained from
eq 1 by replacing u with «/, which corresponds to the
interaction (J') mediated through the hydrogen bonds.
This approach yielded a slightly better simulation than
the first, with the best-fit parameters being J = —0.92 cm ™
and J/ = —0.06 cm ™' with g fixed at 2.00. The J value is
comparable to that obtained by the first approach, and
the J' value indicates very weak antiferromagnetic cou-
pling through the hydrogen bonds.

The antiferromagnetic interaction through the
(OCO),(EO-Nj3) triple bridge (denoted as B2 for con-
venience) in 2 is very similar to that (denoted as B13)
between Mnl and Mn3 in 1 but much weaker than that
(denoted as B12) between Mnl and Mn2 in 1. As can be
ecasily seen from the data listed in Table 2, the Mn—N and
Mn—N—Mn parameters for B2 and B13 are almost
identical, but these parameters for B12 in 1 are appreci-
ably smaller. This suggests that the Mn—N and
Mn—N-—Mn parameters are important in determining
the magnitude of the interaction. The larger these para-
meters, the weaker the interaction. This trend is also
followed in the only previous Mn" compounds with
similar bridges, which exhibits an intermediate interac-
tion of J = —3.0 cm™'.?*® When compared with B12, the
bridge in this previous compound has a similar
Mn—N—Mn angle [111.1(1)°] but a significantly longer
Mn—N distance [2.259(3) A], which leads to a decreased
interaction. When compared with B2 and B13, it can be
assumed that the effect of increasing Mn—N is overtaken
by the significant decrease in Mn—N—Mn, so an in-
creased interaction is observed. The carboxylate bridges
in the above compounds also show differences in the
Mn—O distances and Mn—O—C—O torsion angles, but
no unambiguous magnetostructural relationship can be
derived.

Complex 3. The T value per formula for this com-
pound at 300 K is ca. 8.80 emu K mol ', comparable with
the value expected for two magnetically isolated Mn""
ions with g = 2.00. As the temperature is lowered, the y 7'
value first increases slowly to a rounded maximum of 9.42
emu mol ™' K at 55 K and then decreases rapidly, while
first increases smoothly to reach a maximum of 0.524 emu
mol™! at about 8 K and then decreases upon further
cooling (Figure 8). The data above 100 K follow the
Curie—Weiss law with C = 8.57(1) emu K mol~' and
6 = 7.90(4) K. The above features indicate that compe-
titive antiferro- and ferromagnetic interactions are op-
erative in 3, and the high-temperature behavior implies
that the ferromagnetic interaction is stronger than the
antiferromagnetic one.

These are consistent with the presence of two alter-
nating bridges along the chain in 3, and the system can
magnetically be treated as classical-spin chains with
alternating JJ, interactions. On the basis of the spin
Hamiltonian given in eq 6, the expression of mag-
netic susceptibility (corresponding to two spin sites)
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for such systems has been deduced by Cortés et al.**¢ as
eq7.

H= =Y Su1Sui2=D Y Syui2Siis  (6)

2= [NSFS(S+1)/3kT)[(1+ w1 +uz +wianr) /(1 = wyur)]
(7)

Here u; and u, are the Langevin functions corresponding
to J; and J,, respectively, as defined above ineq 1 (S = °/,).
With the g parameter fixed at 2.0, the best fit of
the experimental data led to J; = 3.15cm™ ' and J, =
—1.54 cm™". The results confirm alternating ferro- and
antiferromagnetic interactions. The J; value for the fer-
romagnetic interaction falls within the usual range of
1—10 cm ™' for double EO-azide bridges between Mn'"'
ions,**2® while the J, value for the weak antiferromag-
netic interaction falls within the range of —2 to 0 cm ™' for
similar double carboxylate bridges observed in a few Mn"'
compounds, 314716

Complex 4. The P{Tvalue per Mny unit for this compound
is 14.58 emu mol " K at 300 K, significantly lower than the
spin-only value (17.5 emu mol ! K) for four isolated Mn""
ions. Upon cooling, ¥ and x7 exhibit monotonic increases
and decreases, respectively (Figure 9). The data above 15 K
follow the Curie—Weiss law, with 8 = —57.8 K and C =
17.48 emu mol ' K. The large negative 6 value suggests an
overall antiferromagnetic behavior.

Magnetically, 4 can be regarded as Mny cluster-based
layers with four different sets of short bridging systems
between metal ions, including three intracluster sets [(EO-
N3), (OCO)(EO-N3),, and (OCO)(EO-N3)] and one
intercluster set (single EE-N3). Four different interaction
parameters are needed to describe the magnetic behavior,
and it is unwarranted to neglect any of them. Because of
the lack of an appropriate model for such a system, we
cannot quantitatively evaluate these parameters. How-
ever, we give a tentative and qualitative analysis on the
nature of the interactions based on the known magneto-
structural information for related systems.

Let us begin with the double EO-azide bridge between
the two “body” metal ions (Mn2 and Mn2A; Figure 5a).
Double EO-azide bridges usually have Mn—N—Mn =
99—105° and induce ferromagnetic coupling, as demon-
strated in 3 and a number of previous compounds.**%-2
However, theoretical studies suggest a crossover from
ferro- to antiferromagnetic when Mn—N—Mn is smaller
than the critical angle 98°°° In 4, the bridge has
Mn—N—Mn = 92.8° significantly smaller than the
critical angle, so it may be assumed to propagate anti-
ferromagnetic coupling. This is open to discussion based
on further experimental systems with similar angles.

There are two different types of magnetic interactions
between the “body” and “wing-tip” Mn ions in the
cluster, corresponding to the (OCO)(EO-N3), and
(OCO)(EO-N3) bridges. Because of the complexity aris-
ing from the mixing of the different bridges (such as
complementarity and anticomplementarity'°) and from
the large number of singly occupied orbitals involved in
Mn", it is difficult to deduce the magnetostructural
information for such systems. However, we note that all
of the known Mn" complexes with simultaneous azide
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and carboxylate bridges exhibit antiferromagnetic inter-
actions, whether the bridges are double or triple. The
(OCO)(EO-Nj3) double bridges have been observed in a
few Mn'' compounds,'*®® with Mn—N—Mn being about
120° and interaction Parameters in the range of —1.5 to
+2.5 cm ™. Two Mn" complexes with (OCO)(EO-N5),
triple bridges have recently been reported by us,*** which
have Mn—N—Mn ~ 94° and J ~ —5 cm . In 4, the
double and triple bridges are similar to those in the
previous compounds, with Mn—N—Mn being 116.5°
and 94.8°, respectively. Therefore, we could anticipate
that intracluster interactions between the “body” and
“wing-tip” Mn ions are all antiferromagnetic in nature.

Finally, the “body” and “wing-tip” Mn ions from
different clusters should also be antiferromagnetically
coupled through single EE-azide bridges. The EE bridge
is very common in metal azide compounds, and it always
induces antiferroma%netic interactions in the known Mn"!
compounds.*98:903

Conclusion

We have described four different Mn"' coordination poly-
mers with azide and dicarboxylate ligands bearing the dipyri-
diniumpropane spacer. In these compounds, Mn'" ions are
connected by the azide and carboxylate bridges mixed in dif-
ferent fashions to give different anionic manganese—azide—
carboxylate chains (1—3) or layers (4), which are interlinked
by cationic organic spacers to 2D (2 and 3) or 3D (1 and 4)
networks. The chain in 1 contains different (OCO),(EO-N3)
triple bridges alternating in the AABB sequence, while 2 con-
tains identical (OCO),(N3) triple bridges. The (OCO),(EO-
N3) triple bridges induce antiferromagnetic coupling between
Mn" ions, and the magnitude of the coupling may be corre-
lated to the Mn—N and Mn—N—Mn parameters. The chain
in 3 contains alternating double EO-azide and double carboxy-
late bridges that induce ferro- and antiferromagnetic inter-
actions, respectively. The layer in 4, which shows overall
antiferromagnetic characteristics, contains unique [Mng(us-
EO-N3),(t-EO-N3)»(1,-OCO),] clusters interlinked through
single u,-EE-azide bridges. With this work, we further demon-
strated that the incorporation of zwitterionic dicarboxylate
ligands into metal azide systems is an efficient approach toward
magnetic systems with mixed azide and carboxylate bridges
and that the systems exhibit great structural diversity depend-
ing upon the synthetic conditions. In addition, the large
diversity of the zwitterionic carboxylate ligands offers us great
opportunities to systematically investigate the mixed bridging
systems for the purpose of unveiling the magnetostructural
correlations and constructing new magnetic materials.
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