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Four new inorganic—organic hybrid coordination polymers in which 1D or 2D manganese(ll) azido inorganic motifs
are interlinked into higher-dimensional networks have been synthesized by use of a series of bis(pyridyl)-type
organic bridging ligands (linkers) with different side groups and/or different coordination orientations. The dimensionality
and the topology of the manganese(ll) azido motif and the whole structure are sensitive to the organic linkers
used. Compounds 1 and 3 are 3D coordination polymers with pillared-layer architectures: in 1, 2D Mn(ll) layers
with alternate double end-on (EO) and single end-to-end (EE) azido bridges are pillared by zigzag organic linkers,
and 3 is built from single EE azido-bridged Mn(ll) layers and linear organic linkers. The 3D nets of 1, 3, and related
compounds have been related to the specific length and coordination orientation of the organic pillars and the
undulate shape of the manganese(ll) azido layers. Consistent with their structures, both 1 and 3 exhibit weak
ferromagnetism due to spin canting. Compound 1 is a weak ferromagnet with T, = 16 K, and 3 is a metamagnet
with T, = 23 K. On the other hand, compounds 2 and 4 are 2D coordination networks in which 1D manganese(ll)
azido chains are interlinked by organic linkers: 2 is the first 2D network built from Mn(ll) chains with alternate
double EE and double EO azido bridges, which mediate antiferro- and ferromagnetic interactions, respectively; 4
is the first 2D network built from Mn(ll) chains with only single EE azido bridges, which mediate antiferromagnetic
interactions. The magnetic susceptibility of 4 exhibits a rapid rise at very low temperature, which may be attributed
to paramagnetic impurities or spin canting.

Introduction and efficient superexchange mediator, the pseudohalide azido
The design of molecular magnetic materials, such asiOn iS among those that have evoked the most intense
molecular ferromagnets and single-molecule magnets, hasdttention>™ The azido ion can link metal ions jr1,1 (end-
been of considerable interest in recent yédrghe basic ~ on, EO),u-1,3 (end-to-end, EE)u-1,1,3, or still other
strategy to design such materials is to organize paramagnetidnodes;* and the magnetic exchange mediated via an azido
centers into polynuclear or polymeric aggregates by use of bridge can be ferro- (F) or antiferromagnetic (AF), depending
bridging ligands that can efficiently propagate magnetic on the bridging mode and structural parameters of the
superexchange. The bulk magnetic properties depend on théridging moiety. Besides discrete binuclear and polynuclear
nature and magnitude of the superexchange propagated by
the bridge, the extended bridging networks, and the coopera- (3) Ribas, J.; Escuer, A.; Monfort, M,; Vicente, R.; Cait®.; Lezama,
tive interactions between the magnetic aggregates, besides L Rojo. T.Coord. Chem. Re 1999 19371953 1027 and references

the nature of the metal ions. As a versatile bridging ligand (4) For examples, see: (a) Mialane, P.; Dolbecg, A.; Marrot, J.; Riyie
E.; Seheresse, hem—Eur. J 2005 11, 1771-1778 {-1,1,1,3,3,3).

*To whom correspondence should be addressed. E-mail: eqgao@ (b) Goher M. A. S.; Cano, J.; Journaux, Y.; Abu-Youssef, M. A. M;
chem.ecnu.edu.cn. Faxt86-21-62233424. Mautner, F. A.; Escuer, A.; Vicente, Rhem—Eur. J.200Q 6, 778~
T East China Normal University. 784 (u-1,1,1). (c) Ribas, J.; Montfort, M.; Solans, X.; Drillon, Mhorg.

# Peking University. Chem. 1994 33, 742-745 (-1,1,3). (d) Papaefstathiou, G. S.;
(1) (a) Kahn, O.Molecular MagnetismVCH: New York, 1993. (b) Perlepes, S. P.; Escuer, A.; Vicente, R.; Font-Bardia, M.; Solans, X.
Miller, J. S., Drilon, M., EdsMagnetism: Molecules to Materials Angew. Chem., Int. EQR00L 40, 884-886 («-1,1,1,1). (e) Meyer,
Wiley-VCH: Weinheim, Germany, 2002. F.; Kircher, P.; Pritzkow, HChem. Commun2003 774-775 (u-

(2) Gatteschi, D.; Sessoli, Rngew. Chem., Int. E@003 42, 268—297. 1,1,3,3).
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Low-Dimensional Manganese(ll) Azido Motifs

molecules, an increasing number of coordination polyniets
with extended TM azido (TM= paramagnetic transition-

metal ions) networks have been synthesized, and they exhibit

a great diversity of structural motifs and magnetic properties.
Besides several TM azido polymers without any coligafi€s,

Chart 1. Chemical Structures of the Organic Bridging Ligands Used
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most species contain organic coligands, and a minor change

in the coligands may lead to significant changes in the azido
bridging mode, the dimensionality, and the topology of the
TM azido network. The observed bulk magnetic behaviors
include antiferromagnetism, ferromagnetism, ferrimagnetism,
metamagnetism, weak ferromagnetism related to spin cant-
ing, and paramagnetism.

In disproportion with the large number of known one-
(1D)¢ and two-dimensional (2D)TM —azido coordination
polymers, three-dimensional (3D) networks are limited, with
known examples including AMN(N3)z], (A = Cs# and
MesNT8) and [Mn(Ns)2(py)2]n.® An interesting approach to
3D motifs is to incorporate bis(pyridyl)-derived organic
bridging ligands into the TM(II) azido systems, although this
approach has succeeded in only a few cases: (i) 3D TM(II)
azido networks have been generated by incorporating py-
ridazine (TM= Mn)*° and 4,4-bipyridine (TM= Mn, Fe)}
which stabilize the 3D structures but do not lead to
dimensional increase; (ii) the use of 2Wpyrimidine?
pyrimidine° or pyrazineN,N'-dioxide'® yielded 3D motifs
in which 2D inorganic manganese(ll) azido layers are
interlinked by the organic ligands; (iii) recently, 1D man-

(5) For recent examples, see: (a) Escuer, A.; Font-Baidi; Massoud,

S. S.; Mautner, F. A,; Patba, E.; Solans, X.; Vicente, RNew J.

Chem.2004 28, 681-686. (b) Serna, Z. E.; Lezama, L.; Urtiaga, M.

K.; Arriortua, M. |.; Barandika, M. G. B.; Cofte R.; Rojo, TAngew.

Chem., Int. Ed200Q 39, 344—347. (c) Koner, S.; Saha, S.; Mallah,

T.; Okamoto, K.Inorg. Chem.2004 43, 840-842. (d) Ray, M. S.;

Ghosh, A.; Chaudhuri, S.; Drew, M. G. B.; Ribas,ELr. J. Inorg.

Chem.2004 3110-3117.

For recent examples, see: (a) Gao, E.-Q.; Bai, S.-Q.; Yue, Y.-F.; Wang,

Z.-M.; Yan, C.-H.Inorg. Chem2003 42, 3642-3648 and references

cited therein. (b) Gao, E.-Q.; Bai, S.-Q.; Wang, C.-F.; Yue, Y.-F;

He, Z.; Yan, C.-H.Inorg. Chem 2003 42, 8456-8464. (c) Ray, U.;

Jasimuddin, Sk.; Ghosh, B. K.; Monfort, M.; Ribas, J.; Mostafa, G.;

Lu, T.-H.; Sinha, CEur. J. Inorg. Chem2004 250-259. (d) Hong,

C. S.; Koo, J.; Son, S.-K.; Lee, Y. S.; Kim, Y.-S.; Do, €hem. Eur.

J. 2001, 7, 4243-4252. (e) Abu-Youssef, M. A. M.; Escuer, A.; Goher,

M. A. S.; Mautner, F. A.; Reiss, G.; Vicente, Rngew. Chem., Int.

Ed. 200Q 39, 1624-1626.

For recent examples, see: (a) Gao, E.-Q.; Yue, Y.-F.; Bai, S.-Q.; He,

Z.; Yan, C.-H.Chem. Mater2004 1590-1596 and references cited

therein. (b) Shen, Z.; Zuo, J.-L.; Gao, S.; Song, Y.; Che, C.-M.; Fun,

H.-K.; You, X.-Z. Angew. Chem., Int. EQ00Q 39, 3633-3635. (c)

Goher, M. A. S.; Abu-Youssef, M. A. M.; Mautner, F. A.; Vicente,

R.; Escuer, AEur. J. Inorg. Chem200Q 1819-1823.

(8) (a) Mautner, F. A.; Cofte R.; Lezama, L.; Rojo, TAngew. Chem.,
Int. Ed. Engl.1996 35, 78—80. (b) Mautner, F. A.; Hanna, S.; Ctste
R.; Lezama, L.; Barandika, M. G.; Rojo, Thorg. Chem.1999 38,
4647-4652.

(9) Escuer, A,; Vicente, R.; Goher, M. A. S.; Mautner, F.ldorg. Chem.
1996 35, 6386-6391.

(10) Escuer, A.; Vicente, R.; Goher, M. A. S.; Mautner, F. A.; Abu-Youssef,
M. A. M. Chem. CommurR002 64—65.

(11) (a) Han, S.; Manson, J. L.; Kim, J.; Miller, J. Borg. Chem200Q
39, 4182-4185. (b) Martin, S.; Barandika, M. G.; Lezama, L.; Pizarro,
J. L.; Serna, Z. E.; de Larramendi, J. |. R.; Arriortua, M. |.; Rojo, T.;
Cortes, R.Inorg. Chem2001, 40, 4109-4115. (c) Fu, A. H.; Huang,
X.Y,; Li, J;; Yuen, T,; Lin, C. L.Chem—Eur. J. 2002 8, 2239~
2247.

(12) De Munno, G.; Julve, M.; Viau, G.; Lloret, F.; Faus, J.; Viterbo, D.
Angew. Chem., Int. Ed. Endl996 35, 1807-1810.

(13) Ma, B.-Q.; Sun, H.-L.; Gao, S.; Su, Ghem. Mater2001, 13, 1946~
1948.
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ganese(ll) azido chains have also been joined into 3D motifs
by a bis(bidentate) bridging ligarid.It is noted that the
approach failed to give 3D networks for many related organic
linkers, such as pyraziné,4,4-bipyridine dioxide!®24,4-
bipyridylethene'® 4,4 -bipyridylethanée” 4,4-bipyridyl-
propane™ and a series of open-chain diazine ligands
containing two bidentate binding sit&sfor which only 2D
or even 1D structures were obtained. Nevertheless, these
results demonstrated that the metal azido networks could be
tuned by the organic cobridges. In particular, the success in
building 3D magnets from 1D or 2D TM(Il) azido motifs
opens the possibility of tuning the interchain or interlayer
interactions, and hence the bulk magnetic properties, by
changing the length and geometry of the organic linkers.
With these in mind, here we report the structures and
magnetic properties of four manganese(ll) azido coordination
polymers assembled using a series of relatively long and
semirigid bis(pyridyl) Schiff bases as organic linkers
(L*-L% Chart 1). With L* and L3, we succeeded in obtaining
two novel 3D networks in which 2D manganese(ll) azido
layers are pillared by the organic linkers: [MndLY)]:
nH,O (1) is built of (6,3) layers containing alternate double
EO and single EE azido bridges, and [Ma[NL3)] (3)
contains (4,4) grid layers with single EE azido bridges. The
3D nets ofl and 3 are novel and different from those for
related compounds reported previously. Because of spin
canting within the manganese(ll) azido layerfiehaves as
a weak ferromagnet an8 as a metamagnet with a large
canting angle. On the other hand, the use éfand L*
afforded two different 2D coordination polymers in which
manganese(ll) azido chains are interlinked by the organic

(14) Liu, C.-M.; Gao, S.; Zhang, D.-Q.; Huang, Y.-H.; Xiong, R.-G.; Liu,
Z.-L.; Jiang, F.-C.; Zhu, D.-BAngew. Chem., Int. EQ004 43, 990~
994.

(15) (a) Manson, J. L.; Arif, A. M.; Miller, J. SChem. Commuril999
1479-1480. (b) Hao, X.; Wei, Y.; Zhang, £hem. Commur200Q
2271-2272.

(16) (a) Ghosh, A. K.; Ghoshal, D.; Zangrando, E.; Ribas, J.; Chaudhuri,
N. R. Inorg. Chem2005 44, 1786-1793. (b) Hong, C. S.; Son, S.-
K.; Lee, Y. S.; Jun, M.-J.; Do, YInorg. Chem.1999 38, 5602~
5610.

(17) (a) Hernadez, M. L.; Barandika, M. G.; Urtiaga, M. K.; CO8gR.;
Lezama, L.; Arriortua, M. 1J. Chem. Soc., Dalton Tran800Q 79—

84. (b) Konar, S.; Zangrando, E.; Drew, M. G. B.; Mallah, T.; Ribas,
J.; Chaudhuri, N. Rlnorg. Chem.2003 42, 5966-5973.

(18) (a) Gao, E.-Q.; Bai, S.-Q.; Wang, Z.-M.; Yan, C.-H.Am. Chem.
S0c.2003 125 4984. (b) Gao, E.-Q.; Yue, Y.-F.; Bai, S.-Q.; He, Z,;
Yan, C.-H.J. Am. Chem. So@004 126 1419-1429.
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Table 1. Summary of Crystallographic Data for the Complexes

Gao et al.

1 2 3 4
formula Q2H12Manoo C14H14MnN10 C14H14IVInN10 C25H22|V|I'1N100
fw 367.26 377.29 377.29 532.46
T, K 293 293 293 293
crystal system monoclinic triclinic monoclinic monoclinic
space group C2lc P1 P2i/c C2lc
a, 27.8153(5) 8.6051(7) 12.5610(7) 23.9365(5)
b, A 8.6615(2) 8.6212(8) 8.5159(4) 10.8608(2)
c, A 15.2390(3) 11.8163(11) 8.2206(4) 19.7789(5)
a, deg 104.866(4)

f, deg 103.6010(10) 104.968(4) 105.093(2) 94.2343(7)
y, deg 94.773(4)

V, A3 3568.46(13) 807.96(12) 849.01(7) 5127.88(19)
z 8 2 2 8

D¢, g cni3 1.367 1.551 1.476 1.379

u(Mo Ka)), mmt 0.761 0.838 0.798 0.554

6 range, deg 3.4327.43 3.56-27.50 3.5%+27.43 3.46-27.52
unique reflnsRnt 4027/0.0710 3570/0.0614 1890/0.0719 5827/0.0535
params refined 223 228 117 340

R1a[1 > 20(1)] 0.0591 0.0427 0.0452 0.0664
wR2" (all data) 0.1813 0.1220 0.1239 0.1973

AR1= 3|IFol — [Fell/XIFol. "WR2 = {Z[W(Fo* — FA)F/ T [W(Fo?)7} >

linkers: the chain in complex [Mn®k(L?)], (2) is built by Found: C, 44.67; H, 3.61; N, 37.54. IR (ctKBr): va{N3) 2076s,
alternate double EE and double EO azido bridges, which »(C=N) 1608m.

mediate AF and F interactions, respectively; [Mg@N [MN(N 3)2(L %) (CH30H)]x (4). A solution of manganese(ll) per-
(L% (CH30H)]x (4) contains uniform chains with only single chlorate (0.2 mmol) and sodium azide (0.4 mmol) in methanol (15
EE azido bridges, which mediate AF interactions. The ML) was mixed with a suspension of (0.2 mmol) in methanol

preliminary results for3 have been communicated else- (15 mL). The mixture was refluxed under stirring for 20 min to
wherel? give a clear solution, which was cooled and filtered. Slow

evaporation of the filtrate at room temperature afforded yellow
Experimental Section crystals of4. Yield: 54%. Elem anal. Calcd (%) for JH2o

Materials and Synthesis.All of the starting chemicals were of ~ MNN1O: C, 56.29; H, 4.16; N, 26.26. Found: C, 55.99; H, 3.95;
analytical reagent grade and were used as received. Thghds N, 26.18. IR (cm*, KBr): v(O—H) 3372m,vadNs) 2121s, 2096,
were prepared by the condensation reactions of the appropriate20535”’(c=N) 1611m.
aldehyde or ketones with hydrazine according to literature proce-  Physical Measurements Elemental analyses (C, H, N) were
dures20 performed on an Elementar Vario EL analyzer. IR spectra were

Caution! Although not encountered in our experiments, azido recorded on a Nicolet Magna-IR 750 spectrometer equipped with
and perchlorate compounds of metal ions are potentially exjgosi & Nic-Plan microscope. Temperature- and field-dependent magnetic
Only a small amount of the materials should be prepared, and it measurements were carried out on an Oxford MagLab 2000
should be handled with care. magnetometer. Diamagnetic corrections were made with Pascal’'s

[Mn(L H(N3)z]anH20 (1). A solution of manganese(ll) perchlo- ~ constants.
rate (0.4 mmol) and sodium azide (0.9 mmol) in water (5 mL) was  Crystallographic Studies. Diffraction intensity data for single
mixed with a solution of £ (0.4 mmol) in methanol (15 mL), crystals were collected at room temperature on a Bruker Smart Apex
resulting in a clear yellow solution. Slow evaporation of the solution (for 1) or a Nonius Kappa (fo—4) CCD area detector equipped
at room temperature yielded yellow crystalslofvithin 1 week. with graphite-monochromated ModKradiation ¢ = 0.710 73 A).

The crystals were collected by filtration, washed by methanol, and Empirical absorption corrections were applied using the SADABS
dried in air. Yield: 62%. Elem anal. Calcd (%) for 4o (1) or Sorta#? (2—4) program. The structure was solved by the
MnNO: C, 39.25; H, 3.29; N, 38.14. Found: C, 39.38; H, 3.21; direct method and refined by the full-matrix least-squares method
N, 37.76. IR (cm?t, KBr): »(O—H) 3440m,v,d{N3) 2100s, 2075s, on F2 with anisotropic thermal parameters for all non-hydrogen
v(C=N) 1629m. atoms?® The water molecule inl exhibits disorder over two

[Mn(L ?)(N3)2]n (2). Crystals of2 were obtained by a procedure  positions, for which the occupancies were refined to be 0.61 versus
similar to that forl, using L? instead of L. Yield: 57%. Elem 0.39, and the water hydrogen atoms were not located. Hydrogen
anal. Calcd (%) for @H1saMnNyo: C, 44.57; H, 3.74; N, 37.13. atoms were located geometrically and refined using the riding
Found: C, 44.50; H, 3.56; N, 36.92. IR (ctnKBr): v,{N3) 2083s, model, except for the hydroxyl hydrogen atom of the methanol
v(C=N) 1614m. molecule in4, which was located from the difference map. Pertinent

[Mn(L 3)(N3)J]n (3). Crystals of3 were obtained by a procedure  crystallographic data and refinement parameters are summarized
similar to that forl, using L instead of L. Yield: 65%. Elem in Table 1.
anal. Calcd (%) for @H1saMnN3o: C, 44.57; H, 3.74; N, 37.13.

(21) Sheldrick, G. MSADABS, Empirical absorption correction program
(19) Gao, E.-Q.; Wang, Z.-M.; Yan, C.-i.hem Commun2003 1748~ version 2.01; University of Gtingen: Gudtingen, Germany, 1996.
1749. (22) (a) Blessing, R. HActa Crystallogr.1995 A51, 33—38. (b) Blessing,
(20) (a) Dong, Y.-B.; Smith, M. D.; Layland, R. C.; zur Loye, H.-Chem R. H. J. Appl. Crystallogr.1997, 30, 421—-426.
Mater. 200Q 12, 1156-1161. (b) Dong, Y.-B.; Smith, M. D.; zur Loye, (23) (a) Sheldrick, G. MSHELXTL, version 5.1; Bruker Analytical X-ray
H.-C. Inorg. Chem.200Q 39, 4927-4935. (c) Gao, E. QActa Instruments Inc.: Madison, WI, 1998. (b) Sheldrick, G. 8HELXL-
Crystallogr. 2005 C61, 0110-0111. 97, PC version; University of Gtingen: Gitingen, Germany, 1997.
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Low-Dimensional Manganese(ll) Azido Motifs

Figure 1. (a) View of the binuclear unit in complek with the atom-labeling scheme. The thermal ellipsoids are drawn at 30% probabilityx(A, %>,
—y+ Uy =2+ 1;B, X+ Yy =5,z C, =X+ 385y — Yo, =2+ 35, D, —x+ 1, -y + 1, —z+ 1; E,x, =y + 1,z — 1/,). (b) 2D azido-bridged Mn(Il)
layer. (c) Side view of the layer showing the undulated shape. (d) 3D netwdtkiefved down thec axis (gray balls: water molecules). (e) lllustration
showing the five-connected net topology bf

Table 2. Selected Bond Lengths and Angles for Compléx motif by 2; screw axes, generating a 2D manganese(ll) azido
Mn1—N1 2.299(3) MniN4B 2.290(3) layer (Figure 1b). The layers are parallel to twplane and
Mn1-N5 2.255(3)  Mni-N5A 2.232(3) exhibit a three-connected (6,3) topology, with Mn atoms as
Mnl-N8 2.183(4)  Mni-N10C 2.194(4) nodes and both double EO and single EE azido bridges as
N5—N6 1.205(5)  N8&N9 1.167(5) . ) . .
N6—N7 1.148(5)  N9-N10 1.153(5) linkers. The Mn--Mn distance spanned by the EE bridge is
L MLNS 02.00(12) N5 Mn1 NG 66.38(14) 5.982 A and the MARN—N—N—Mn torsion angle is 409

—vinl— . nl— . . - . .
N1—Mn1—N8 8820(13)  N5-Mni—N5A 77.34(14) suggestmg a gauche conformation for the _EE brldgmg
N1—Mn1—N5A 91.44(12) N5-Mnl1—N4B 93.11(12) moiety. The layer structure may also be described as single
m*mni*mgc 1&73231’:23%1:13)) N%Vlen'\}llelﬁgA 1529f27((1155)) EE azido-bridged Mn(ll) helical chains interlinked by the

—NMnl— . ni— . . . . .

NB—Mn1—N5A 165.69(14)  N106Mn1-N4B 89.16(13) double EO azido prldges._ Thg hehc;al chams_run ground
N8—Mn1—N4B 89.65(13)  N5A-Mn1—N4B 91.95(12) 2-fold screw axes in thé direction, with the helical pitch
N8-Mn1-N10OC ~ 101.83(16) N9N8—Mnl 137.0(3) being equal to théd dimension. The helicity leads to an
Mn1A—N5—-Mnl  102.66(14) N9N10—Mn1D 152.7(3) ¢ tic alt fi f two diff t orientati f metal
N6—N5—Mn1A 122.7(3) NZ-NB—N5 179.6(5) systematic alternation of two different orientations of meta
N6—N5—Mn1 126.6(3) N16-N9—N8 177.9(4) coordination spheres along the chain: the equatorial planes
a Symmetry codes: A-x + ¥a, —y + Up, —z+ 1: B,x + Yo y — Uy, of the neighboring r_netal centers linked b)_/ singk_e EE bridges

Z C, =X+ 3y — Yo =2+ 3 D, =X+ 3o,y + Yp, =z + 2. are nearly perpendicular to each other with a dihedral angle

of 85.6°. Closely related, the dihedral angle between

Results and Discussion neighboring MaN; planar rings is 848 These features are

Description of the Structures. (a) Complex 1.The important in determining the 3D crystal structure and the

complexl is a 3D coordination polymer built by the organic sp_in-canted magnetip behaviors (see below). Because of the
L ligand interlinking 2D inorganic layers in which bis( onentatlon_al alternation of thg meta_l sphere; and th_e gauche
1,1-azido)-bridged dimanganese(ll) units are joined by single conformation of the EE bridging moiety, the inorganic layer
EE azido bridges. Selected bond lengths and angles are listeds highly undulated (Figure 1c).
in Table 2, and the structure is depicted in Figure 1. The 2D inorganic layers are pillared into a 3D inorganic
Each Mn(ll) ion in the complex assumes a trans pseudo- organic hybrid coordination network by the organié L
octahedral coordination geometry. The equatorial positions molecules, which connect Mn(ll) ions from neighboring
are occupied by four azido nitrogen atoms (N5, N8, N5A, layers (Figure 1d). The pillar ligand adopts a nearly planar
and N10C), with the MaN distances ranging from 2.183- transoid conformation, and because of the off-axis coordina-
(4) to 2.255(3) A, and the axial positions are occupied by tion orientation of the ligand, the MnMn distance (14.57
two pyridyl nitrogens (N1 and N4B) from different!L ~ A) spanned by the ligand is significantly longer than the
ligands, with the Ma-N distances [2.290(3) and 2.299(3) interlayer separation (13.51 A), defined as the distance
A] being slightly elongated relative to those for azido ions. between the mean Mn(ll) planes of neighboring layers. The
Two neighboring Mn(l1) ions related by an inversion center shortest interlayer Mn-Mn distance is 13.37 A. As can be
are doubly linked by two EO azido bridges (N5 and N5A) seen from Figure 1d, the undulated inorganic layers are
to form a binuclear unit. In the resulting MX, planar ring, stacked down tha direction in a concave-to-concave mode
the Mn—N—Mn bridging angle is 1027and the Mnr--Mn so that interlayer space can accommodate the long organic
distance is 3.503 A. These values lie in the typical range for linkers comfortably by fitting the 3-pyridyl groups into the
double EO azido bridge®.Through four azido bridges in  concave regions of the layers. The coordination orientation
the EE mode, each binuclear unit is connected to four of the 3-pyridyl groups is complementary with the slanted
neighboring identical motifs that are related to the original orientation of the metal coordination spheres. Thgillars

Inorganic Chemistry, Vol. 44, No. 24, 2005 8825



are stacked in an overlapping way to form 1D infinite arrays
down thec direction, with weakr— interactions between
pyridyl rings. The dihedral angles between the interacting
aromatic rings are 428for the two ligands bonded to the
EO azido-bridged Mn ions and 10.for those bonded to

the EE azido-bridged Mn ions. The separations between the

rings are respectively 3.70 and 3.99 A for centrentroid

distances and 3.53 and 3.60 A for interplane distances. The

m—am-stacked arrays of the ligands divide the interlayer space
into 1D channels down thedirection, in which disordered
water molecules are included.

The 3D net ofl arises from the offset stacking of 2D (6,3)

nets and may be viewed as an irregular five-connected net

with three different sets of linkers (the double EO bridges,
the single EE azido bridges, and thedillars). A schematic
illustration of the net is given in Figure le, and the Séihla
notation is 4-6°, or 4-42-6-6>-6°. The latter notation is used
to differentiate the circuits that contain the same number of
nodes but exhibit different geometries. Such a net is distinct
from the known BN net (#6-6°), which is a simple prismatic
stacking of planar (6,3) nets.

Although the metal azido layers with alternate double EO
and single EE azido bridges have been found in several 2D
compoundg222> complex 1 is the first example of 3D
coordination networks built by pillaring such layers.

(b) Complex 2. This complex is a 2D coordination
polymer built by the organic 4 ligand interlinking 1D
manganese(ll) azido chains of alternate double EO and
double EE azido bridges. Perspective views of the 2D

structure are shown in Figure 2, and selected bond lengths ns5_ng

and angles are listed in Table 3.

Similar to that in1, the Mn(ll) ion in 2 assumes a trans
pseudo-octahedral coordination geometry, completed by four
equatorial azido nitrogen atoms (N5, N8, N5B, and N10C)
and two axial pyridyl nitrogens (N1 and N4A) with slightly
elongated Mr-N distances (Table 3). However, adjacent
Mn(ll) ions in 2 are related by inversion centers and linked
alternately by double EO and double EE azido bridges,
affording 1D infinite chains along tha direction. In the
double EO bridging moiety, the MnMn distance is
3.459(3) A and the MntN5—Mn1B bridging angle is
102.6(1). These values lie in the typical range for Mn(ll)
ions with double EO azido bridges (16Q205°).62 In the
double EE bridging moiety, the MAN—N—N—Mn torsion
angle ) is 30.4(3) and the dihedral angl&) between the
N8—Mn1—N10C plane and the plane defined by the two
EE azido ions is 18.2(2)indicating a slight chair conforma-
tion for the Mn—(N3),—Mn ring. Bothz andd in 2 lie in
the ranges (1964° for r and 8.9-35° for o) reported
previously for Mn(ll) chains with alternating EE and EO
bridges® The Mnr--Mn distance spanned by the EE bridge
is 5.188(3) A.

(24) O’Keeffe, M.; Eddaoudi, M.; Li, H.; Reineke, T.; Yaghi, O. M.
Solid State Chen200Q 152, 3—20.

(25) (a) Escuer, A.; Vicente, R.; Goher, M. A. S.; Mautner, F.l#org.
Chem 1997, 36, 3440-3446. (b) Escuer, A.; Cano, J.; Goher, M. A.
S.; Journaux, Y.; Lloret, F.; Mautner, F. A.; Vicente,IRorg. Chem
2000Q 39, 4688-4698.
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by

b

Figure 2. Top (a) and side views (b) of the 2D network in compE{A,
x—1y,z—1,B,—x+1,-y+1,-zC,—x -y+1, -z D, x+ 1,
y, z+ 1).

Table 3. Selected Bond Lengths and Angles for Compk&x

Mn1-N1 2.319(2)  Mn:-N4A 2.324(2)
Mn1—N5 2.221(3) Mni-N5B 2.211(2)
Mn1—N8 2.208(3) Mn:-N10C 2.233(3)
1.210(3)  N8&-NO 1.181(4)
N6—N7 1.146(3)  N9-N10 1.168(3)
N1-Mn1-N5 92.82(9)  N5-Mn1—-N8 170.39(9)
N1-Mn1-N8 89.31(9)  N5-Mn1-N4A 91.32(9)
N1-Mn1-N4A  169.08(9)  N5-Mni—N5B 77.39(10)
N1-Mn1-N5B 97.58(9)  N5-Mn1—-N10C 91.19(10)
N1-Mn1-N10C  86.23(9)  N5B-Mnl—N4A 93.18(9)
N8—Mn1—N4A 88.28(9)  N10G-Mn1-N4A  83.59(9)
N8—Mn1-N5B 93.05(10) N5B-Mn1-N10C  168.09(10)
N8—Mn1-N10C  98.29(11) MniN5-Mni1B  102.61(10)
N6—N5-Mn1B  130.4(2) N9-N8—Mn1 125.5(2)
N6—N5—Mn1 126.1(2) N9-N10-Mn1C 129.1(2)
N7—N6-N5 179.1(3) N16-N9—N8 177.7(3)

aSymmetry codes: Ax—1,y,z—1;B,—x+1,-y+1,-7C, —x,
-y+1 -z

The inorganic manganese(ll) azido chains are interlinked
into 2D inorganie-organic hybrid layers by the organié L
linkers (Figure 2). The tligand adopts a slightly twisted
trans conformation with respect to the centratN bond,
with the dihedral angle between the two pyridyl rings being
15.2. The Mn--Mn distance spanned by?2lis 12.69 A,
significantly shorter than that ih. This is mainly due to the
different conformations of the pyridylimine groups: For L
in 1, the pyridylimine groups are trans in that the pyridyl
donor atom and the imine nitrogen atom are at different sides
of the Gmine—Cpy bond, while for 12 in 2, the pyridylimine
groups are cis in that the pyridyl donor atom and the imine
nitrogen atom are at the same side of thg.&-Cpy bond.
The layer is highly undulated (Figure 2b) because of the
slanted disposition of the lLligand with respect to the
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Table 4. Selected Bond Lengths and Angles for CompB&x

Mn1-N1 2.281(2) N3-N4 1.158(4)
Mn1-N3 2.191(3)  N4N5 1.165(4)
Mn1—N5B 2.215(3)  N2-N2D 1.406(5)
N1-Mn1-N1A  180.0 N3-Mn1-N3A 180.0
N1-Mn1-N3 87.75(10)  N3-Mni—N5B 92.32(15)
N1-Mn1-N3A  92.25(10)  N3-Mn1-N5C 87.68(15)
N1-Mn1-N5B 89.97(10)  N5B-Mn1-N5C  180.0
N1-Mn1-N5C 90.03(10)  N3-N4—N5 175.2(4)
N4—N3—Mn1 146.1(3) N4-N5—Mn1E 128.6(3)

aSymmetry codes: Arx+1,—-y+1,-z B, —x+1,y— 1, —z+
Y CoX, =y + 3, z— Y3 D, —x+ 2, -y, —z+ 1, E,~x+ 1,y + 1y,
—-Z+ 1/2.

azido layers parallel to thiec plane (Figure 3b). The Mn
N—N—N—Mn torsion angle and the Mn- - -Mn distance
spanned by the bridge are 94.6(ahd 5.918 A, respectively.
Adjacent Mn atoms are related by 2-fold screw axes, which
leads to an systematic alternation of slanted coordination
polyhedrons throughout the layer: the equatorial plane of
each Mn(ll) ion is slanted relative to the layer plane with a
dihedral angle of 409 and the dihedral angle between
neighboring MnN equatorial planes is 81°6The systematic
alternation in coordination orientation leads to an undulated
shape for the manganese(ll) azido layer (Figure 3c).

The inorganic layers are pillared by the organfspacers
to generate a hybrid 3D architecture (Figure 3d,e). The pillar
ligands reside on inversion centers, adopt a planar trans
conformation, and separate Mn(ll) ions by 15.62 A. This
distance is longer than that separated ByrL1 because of
the different substitution positions on the pyridyl rings. To
adapt to the slanted orientations of the coordination spheres
in the layers, the Llinkers are also slanted markedly, with
two different orientations alternating down thedirection.
As a result, the interlayer separation (12.13 A) and the
shortest interlayer Mn-Mn distance (12.56 A) are much
shorter than the Mn-Mn distance separated by the ligand.
The former two distances are also much shorter than those

Figure 3. (a) View of the building block in comple® with the atom-
labeling scheme. The thermal ellipsoids are drawn at 30% probability (A,
—X+1,-y+1,-zB,—Xx+1,y— Y, —z+ Y3 C,x, =y + 35, z— Uy

D, —x+ 2, -y, —z+ 1). (b) 2D azido-bridged Mn(ll) layer. (c) Side view
showing the undulated shape of the layer. (d and e) 3D netw@kiefved
down thec andb axes, respectively.

M---M line. The slanted disposition is dictated by the specific
off-axis coordination orientation of the terminalp§ridyl
rings [the angle between the N bond and the
N(donor}--N(donor) line is about 120. The layers are
stacked in parallel, and the shortest interlayer-ivin
distance is 8.62 A.

Although a relatively large family of 1D manganese(ll)
azido chains with alternate double EO and double EE bridges
have been reporteéd complex2 represents the first example .
of 2D inorganic-organic hybrid networks built from these in 1. ] ) o
kinds of chains. A related 2D network built from alternating ~ Only five manganese(ll) azido compounds containing
manganese(ll) azido chains was reported very recently inSingle EE azido-bridged (4,4) layers have been reported
which azido bridges alternate in the double EE, double EE, €/sewheré?1%12¢ of which two are 3D pillared-layer
and double EE sequence and the organic linker is 4,4 Networks with pyrimidine (pyn} and pyrazineN,N'-dioxide
bipyridyletheneisa (pzdo}? as pillars. Thg undulated 2D layer®is very similar

(c) Complex 3. This complex is a 3D coordination (© those observed in the 2D compounds [Mn(4-agpy)
polymer built by the organic 1 ligand interlinking 2D (Na)2-*°*and [Mn(mincy(Ns).]:*" (4-acpy= 4-acetylpyri-
inorganic layers in which Mn(ll) ions are joined by single dine; minc= methyl isonicotinate) and the 3D compound
EE azido bridges. Some views illustrating the structure are IMN(PYM)(Ns)2]n, where the dihedral angles between neigh-

shown in Figure 3, and selected bond lengths and anglesP0"ng MnN, equatorial planes are in the range of #0.9
are listed in Table 4. 84.92. It seems that the undulated shape of the layers is

Again, the metal atom i is ligated by four equatorial induced (or templated) by the coordination of the pyridyl or

azido ions and two axial pyridyl nitrogens from the organic PYrimidine rings, which fit well with the concaves of the
ligands (Figure 3a), affording a trans octahedral environment l2yers. In the other 3D compound [Mn(pzdo)jh}., where
with slight axial elongation (Table 3). However, here all of the donors are the oxygen atoms of tiexide group, the
the azido ions are equivalent (related by inversion centers!ayer is only slightly undulated, which is related to a much
or 2-fold screw axes) and adopt the single EE bridging mode. Smaller dihedral angle (47pbetween neighboring MnN
Thus, each Mn(ll) ion, which resides at a inversion center,
is connected to four neighbors via four single EE azido
bridges, yielding neutral 2D (4,4) quadratic manganese(ll)

(26) (a) Escuer, A.; Vicente, R.; Goher, M. A. S.; Mautner, F.ldorg.
Chem.1995 34, 5707-5708. (b) Escuer, A.; Vicente, R.; Goher, M.
A. S.; Mautner, F. AJ. Chem. Soc., Dalton Tran$997, 4431-4434.
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fashion (Chart 2a). The zigzag coordination conformation
of the pzdo ligand makes it join two metal spheres of the
same orientation, and the specific length of the ligand makes
the layers stack in a concave-to-convex fashion. The features
of pym and pzdo compensate for the different orientations
of the metal spheres in the layers, leading to the simple quasi-
cubic nets (Figure 4c). The nearest interlayer -Mvin
distances in these two compounds are 6.15 and 6.42 A,
respectively, which are much shorter than thaBinn 3,

the quasi-linear E linkers have to slant markedly in two
Figure 4. lllustrations of some 3D nets built by pillaring (4,4) layers.  different orientations to be in accord with the slanted metal
spheres, and the specific length of the linkers dictates a

Chart 2.  Schematic lllustrations of the Connection Patterns between

the Undulated Layefs concave-to-convex interlayer stacking fashion (Chart 2g) and
¥ o VUV g SOOI a different 3D net (Figure 4a). To illustrate the influence of

the length and geometry of the linkers on the interlayer

Angular S G packing and the 3D net, some other possibilities are also

jﬂ \l given in Chart 2. While a length change of the angular linkers

leads to a change in the interlayer distance without changes

in the interlayer stacking fashion and net topology (Chart
2a,b), the length change of the zigzag or linear linkers not
[ a c f

: only leads to the change in the interlayer distance but also
§ may cause changes in the interlayer stacking fashion and/or
" m m & net topology. For example, elongating the zigzag linkers to
f-O: specific lengths would lead to the interlayer connection
£ patterns illustrated in Chart 2d,e, and the resulting structures
§ b i - would exhibit the new net topology shown in Figure 4b

V (Schidli notation 4*-4%62-6*8). The same net topology is

potentials of tuning the 3D structure through organic linkers.
a . . The 3D net ofl is closely related: taking the double EO
d,f,TQr?fFDig”ueer;’r{Sf f,g?td;? Figure 4c for partaFigure 4b for parts bridged [Mrn(N3)2] motifs in 1 as nodes that correspond to
the single Mn(ll) ions ir3, the manganese(ll) azido layer in
equatorial planes. In the third 2D compound [Mn(DEAN) 1 becomes a quadratic (4,4) network with single EE azido
(N3)2]n (DENA = N,N'-diethylnicotinamide)¢ the layer is bridges as linkers, and then the five-connected net illustrated
very flat, with the corresponding dihedral angle being only in Figure le is reduced to the six-connected net illustrated
5.6°, perhaps because of the steric effect of the large in Figure 4b and Chart 2d.
dimethylcarboxamide group on the 3 position of the pyridyl ~ (d) Complex 4. This complex is a 2D coordination
rings. polymer in which single EE azido-bridged manganese(ll)
Because of the different patterns of the interlayer connec- chains are interlinked by the*ligand. The structure is shown
tion, the 3D net (Figure 4a) &is distinct from those (Figure  in Figure 5, and selected bond lengths and angles are listed
4c) of the two previous 3D compounds!® although they  in Table 5.
are all irregular six-connected nets with two different kinds ~ There are two independent sets of Mn(ll) ionsdinand
of linkers (the single EE azido bridges and the pillars). The the coordination environments around them are different from

also expected with very short linear linkers (Chart 2f), and

elongating the linear linkers to specific lengths may result

in another new 3D net, for which the interlayer connection

pattern is illustrated in Chart 2h. These demonstrate the
e h

Schidli notations of the nets are*#?-6°-8 for 3 but 448 each other and from those in the previous complexes,
6-6° for the previous compounds. The latter net is an irregular although all are pseudo-octahedral with comparable bond
variation of the simple primitive cubic net {46%).24 The lengths. The Mn1 ion, which resides on a 2-fold axis along

interlayer packing and the 3D net of these complexes seemthe b direction, is ligated by two terminal azido ions (N5
to be the consequence of the interplay between the slantecand N5A) in cis positions, two EE bridging azido ions (N8
metal coordination orientation in the undulated layers and and N8A) in trans positions, and two pyridyl nitrogens (N1
the length and geometry of the interlayer linkers (Chart 2). and N1A) from the organic ligands in cis positions. Differ-
The angular coordination geometry of the pym linker is ently, the Mn2 ion is placed at an inversion center with a
complementary with the orientations of the metal spheres in trans-coordination sphere, which is completed by two EE
the layers, and hence the ligand can join two differently bridging azido ions (N10 and N10B), two methanol mol-
orientated metal spheres from different layers. This requiresecules (O1 and O1B), and two pyridyl nitrogens (N4C and
that neighboring layers be stacked in a concave-to-concaveN4D). The EE azido bridges join the Mn1 and Mn2 ions

8828 Inorganic Chemistry, Vol. 44, No. 24, 2005
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Figure 5. Structure of: (a) a perspective view showing the coordination
environments and the atom-labeling scheme. Thermal ellipsoids are drawn

separated by the azido bridge is 6.03 A, and the MN%
N—N—Mn2 torsion angle is only 077 Along the chain,
neighboring coordination octahedra are markedly slanted with
respect to each other, as indicated by the angle (215.5
between the N8Mn1—N8A line and the N16-Mn2—N10B

line or the dihedral angle (64¥between the neighboring
Mn1 and Mn2 equatorial planes (assuming the azido bridges
as the axial ligands).

The 1D chains are interlinked by the organitligand to
produce 2D hybrid layers parallel to the crystallographic
plane. While the corresponding organic ligand4 -8 adopt
quasi-planar conformations,*lin 4 distorts severely from
planarity, and none of the aromatic rings are coplanar with
one another. The dihedral angle between the two pyridyl
rings is 62.7, and the torsion angle for the centra=Sl—
N=C linkage is 63.2. The MnZX--Mn2 distance spanned
by the ligand is 8.91 A, which is much shorter than those in
the previous complexes due to the twist dfih 4. The layers
are stacked down the direction with deep interdigitation
between neighboring layers. The shortest interlayer metal
to-metal distance is 12.76 A between Mnl and Mn2
(X — Yo, y + Yy, 2).

Although single EE azido-bridged M(Il) chains have been
found in many Ni(ll) and Cu(ll) specié&?® and a few
Mn(ll1) species?® it should be noticed that only two Mn(ll)
analogues have been reported. One is a 1D chain compound
with single EE azido bridges in trans positions of the metal
centers, where the trans coordination of the azido ions was
believed to be forced by preformed planar Mn(ll) macrocycle
units® The other one, reported very recently, is a 1D
compound with single EE azido bridges in cis positiéfis.
Complex4 represents the first 2D compound in which single
EE azido-bridged Mn(ll) chains are interlinked by an organic
ligand. It is interesting to note that the single azido bridges
are in trans positions, although no macrocyclic ligand is
involved.

at 30% probability, and the symmetry-generated atoms are drawn as open Magnetic Properties. (a) Complex 1.The temperature

ellipsoids to highlight the asymmetric unit. (b) 2D layer.

Table 5. Selected Bond Lengths and Angles for Compéx

Mn1-N1 2.295(3) Mn2-0O1 2.199(3)
Mn1—N5 2.183(4) Mn2-N10 2.170(4)
Mn1—N8 2.240(4) Mn2N4C 2.299(3)
N5—N6 1.138(5)  N8-N9 1.164(4)
N6—N7 1.124(6)  N9-N10 1.165(4)
N1-Mn1-N5 179.45(15)  N18Mn2—-N10B  180.0
N1-Mn1-N5A  89.79(14) N16-Mn2—-0O1 89.55(15)
N1-Mn1-N8A  89.63(13) N16-Mn2—-O1B 90.45(15)
N1-Mn1-N8 90.31(12)  N16-Mn2—N4D 88.13(13)
N1-Mn1-N1A  89.80(16)  N16-Mn2—N4C 91.87(13)
N5—Mn1-N5A  90.6(2) O1-Mn2—-01B 180.0
N5—Mn1-N8A  90.75(15) O*Mn2—N4D 91.25(12)
N5—Mn1—N8 89.31(15)  OEMn2—NA4AC 88.75(12)
N8—Mn1-NSA  179.92(19) N4G-Mn2-N4D  180.0
N6—N5—Mn1 126.3(3) C2501-Mn2 129.4(4)
N7—N6—N5 175.9(7) N8-N9—N10 176.3(4)
N9—N8—Mn1 136.0(3) N9-N10—Mn2 155.9(3)

aSymmetry codes: A-x+1,y, —z+ Y2, B, —x+ 1, -y, =z C, X,
-y+1,z— YD, —x+1,y—1,-z+ Y,

alternately to generate a 1D singly bridged sinusoidal chain
along thec direction (Figure 5b). The Mn1-Mn2 distance

dependences of magnetic susceptibiliy)and its product
with temperatureyuT) for compoundLl at an applied field
of 5 kG are shown in Figure 6. Thg T value per Mn(ll) at

(27) (a) Maji, T. K.; Mukherjee, P. S.; Mostafa, G.; Mallah, T.; Cano-
Boquera, J.; Chaudhuri, N. hem. Commun2001 1012-1013.
(b) Woodard, B.; Willett, R. D.; Haddad, S.; Twamley, B.; Gomez-
Garcia, C. J.; Coronado, HEorg. Chem.2004 43, 1822-1824. (c)
Mukherjee, P. S.; Maji, T. P.; Escuer, A.; Vicente, R.; Ribas, J.; Rosair,
G.; Mautner, F. A.; Chaudhuri, N. EEur. J. Inorg. Chem2002 943—
949.

(28) (a) Mukherjee, P. S.; Dalai, S.; Zangrando, E.; Lloret, F.; Chaudhuri,
N. R. Chem. Commur2001, 1444-1445. (b) Monfort, M.; Resino,
I.; El Fallah, M. S.; Ribas, J.; Solans, X.; Font-Bardia, M.; Stoeckli-
Evans, HChem—Eur. J.2001, 7, 280-287. (c) Hong, C. S.; Do, Y.
Angew. Chem., Int. EA999 38, 193-195. (d) Escuer, A.; Harding,
C. J.; Dussart, Y.; Nelson, J.; McKee, V.; Vicente, RChem. Soc.,
Dalton Trans 1999 223-227. (e) Escuer, A.; Vicente, R.; Ribas, J.;
El Fallah, M. S.; Solans, X.; Font-BdalIM. Inorg. Chem1994 33,
1842-1847. (f) Ribas, J.; Monfort, M.; Ghosh, B. K.; CosteR.;
Solans, X.; Font-Bardy, M. Inorg. Chem.1996 35, 864—868.

(29) (a) Reddy, K. R.; Rajasekharan, M. V.; Tuchagues, lhd?g. Chem
1998 37, 5978-5982. (b) Li, H.; Zhong, Z. J.; Duan, C. Y.; You, X.
Z.; Mak, T. C. W.; Wu, B.norg. Chim. Actal998 271, 99-104. (c)
Panja, A.; Shaikh, N.; VojufOek, P.; Gao, S.; Banerjee, Rew J.
Chem.2002 26, 1025-1028.

(30) Sra, A. K.; Sutter, J. P.; Guionneau, P.; Chasseau, D.; Yakhmi, J. V;
Kahn, O.Inorg. Chim Acta 200Q 300—302 778-782.
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Figure 6. Temperature dependencesygfandymT for 1. The solid lines
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300 K is ca. 4.0 emu K mol, lower than the spin-only value 0.1p L
(4.38 emu K mot!) expected for a magnetically isolated 15 kG

high-spin Mn(ll) ion withg = 2.00. As the sample is cooled 0.0, 10 20 30 20
from room temperatureyy first increases smoothly to reach T/K

a rounded maximum of 0.045 emu mblat about 33 K, Figure 7. FC and ZFC magnetization plots at 200 G (a) and FC
then d?creases slightly to 0.044 emu Mat 25 K, and ][ir:ggﬁg)z?g:)g-s in the forms gfv andymT (inset) vsT plots at different
finally increases rapidly to 0.090 emu mblat 1.8 K. On
the other handywT first decreases upon cooling to a spacers because of the large metal-to-metal separation
minimum of 0.98 emu K mott at 21 K, and then after a  between layers. The above values are in good agreement with
slight increase to a maximum of 1.1 emu K mbat 17 K, those (4.5 to—5.4 cnm! for J and 1.1-3.1 cn1? for zJ)
it decreases again upon further cooling to 1.8 K. reported previously for 2D Mn(ll) complexes with the same
The magnetic behaviors df above 25 K are typical of  azido bridging networkd-25cand confirm that the interactions
1D or 2D Mn(ll) complexes with dominant AF interactions. mediated via the single EE and the double EO bridges are
It has been demonstrated by many Mn(ll) complexes that AF and F, respectively.
the interaction between azido-bridged Mn(ll) ions is AF for  Although the AF/F intralayer interactions tend to align the
the EE bridging mode but F for the EO mode. Therefore, Mn(ll) spins within the layer in a compensated way to give
we can assume that compourid exhibits F and AF  a zero residual moment, the low-temperature magnetic
interactions through double EO and single EE azido bridges, behaviors (the abrupt rises in bota andywT) of 1 suggest
respectively. To evaluate the magnetic interactions, we the existence of uncompensated residual spin moments and
applied an approximate approach that has been used fothe occurrence of long-range weak F ordering. The weak
similar 2D layers’»25¢ This approach treated the 2D layer ferromagnetism may be attributed to spin canting: the
as EE azido-bridged AF chains interacting ferromagnetically antiferromagnetically coupled local spins within the layers
through the double EO azido bridges. The AF interaction are not perfectly antiparallel but canted to each other,
(J) through the EE azido bridge can be accounted for by the resulting in uncompensated residual spins. The correlation
conversional equation derived by Fisher for a uniform between the residual spins may lead to long-range ordering.
chain of classical spins based on the Hamiltonian= For 1, the rise inywT below 21 K indicates a F-like
—Jy SS4y:31e correlation. To confirm the weak ferromagnetism, FC (field-
cooled) and ZFC (zero-field-cooled) magnetization measure-
Yenain= INGA?S(S+ 1)(BKD[A + u)/(1 —uw)] (1) ments were performed at 200 G (Figure 7a). It is clear that
1 exhibits weak spontaneous magnetization due to the onset
whereu is the well-known Langevin function defined a8s  of long-range ordering of the canted spins, and the divergence
= cothPS + 1)KT] — KT[ISS + 1)] with S= °5>. The  of the ZFC and FC data beloW, = 16 K indicates
interaction through the interchain EO azido bridges may be jrreversibility arising from the formation of an ordered
reduced to the interchain interactiaj using the molecular  magnetic state. For a weak ferromagnet due to spin canting,

field approximatior#® the magnetic behavior should be quite field-dependent. Thus,
) FC magnetizations were measured at different applied fields
A = XenadlL = @IING ) caid @) (Figure 7b). As can be seen, the rises of fheand ymT

values at low temperature become less pronounced at higher
fields, and theyu T curve shows no rise anymore at the field
of 15 kG, although a change in the curvature is still
perceptible.
Further experimental evidences for the spin-canted weak
(31) (a) Fisher, M. EAm. J. Phys1964 32, 343-348. (b) O'Connor, C. ferromagnetism irl come from field-dependent isothermal
J. Prog. Inorg. Chem1982 29, 203-283. magnetization measurements at 1.8 K (Figure 8). In the high-

With g fixed at 2.00, the least-squares fit of the experi-
mental data above 25 K to the above expressions Idd~+to
—5.1 cmtandzJ = 1.9 cml. We have omitted the very
weak, if any, interlayer interaction through the organic
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Figure 8. Field dependence of magnetizationlddt 1.8 K. The hysteresis
loop is shown as an inset.

field region H > 20 kG), the magnetization increases slowly
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Figure 9. Temperature dependencesgifandymT for 2. The solid lines

represent the best fit of the experimental data to eq 3.

100

and linearly with the field, and the magnetization value (0.63 5in source of spin canting in Mn(ll) compourida3
N/) achieved at the highest field measured (70 kG) is far powever, magnetic anisotropy due to zero-field splitting may

below the saturation value (5/A) expected for Mn(ll)
species. These features support the overall AF interactio
in 1. However, the magnetization curve bis different from
that of a 2D Heisenberg antiferromagnet in that the initial
increase of magnetization at low fields is relatively rapid

dominate in cases where the coordination octahedra suffer a
Nsignificant distortiorfe34aIn 1, the longest Ma-N distance

is 0.116(4) A longer than the shortest, and the maximum

difference in the cis NMn—N angles is 24.5(2) This may

suggest that the spin canting has a significant contribution

and nonlinear. This feature is consistent with spin canting f;om the magnetic anisotropy due to the zero-field splitting.

in an AF system. A hysteresis loop was observed at 1.8 K

with a remnant magnetizationM) of 0.020 N3 and a
coercive field He) of 450 G (Figure 8, inset), confirming
the weak F orderingextrapolating the reversible linear part

of the hysteresis curve to zero field gives a magnetization

value of 0.044 1. Assuming this to be the F saturation
magnetization due to spin cantiniyl{, i.e., the maximum
contribution of spin canting to the total magnetization), the
spin-canting anglea is estimate?? to be about 0.5
according to the equation tan= Mg/Ms, whereMs is the
saturation magnetization (5A) expected for a Mn(ll)
system.

The spin-canting behavior of is consistent with the
structural observation that the compound contains single E
azido-bridged helical Mn(ll) chains, in which the coordina-
tion polyhedra are alternately slanted with respect to eac
other. It is well-known that spin canting may arise from

single-ion magnetic anisotropy and/or antisymmetric ex-

change (DzyaloshinskyMoriya interaction)?*3*Both mech-

anisms require that no inversion center is present betwee

the interacting spin centers. For compoundilthough the

double EO azido bridging moiety is centrosymmetric, there

Despite the 3D structure, the spin-canting behavior of
compoundl is similar to those for most 2D Mn azido
compounds with the same single Efouble EO bridging
network/2%25 As we have analyzed recenfl§y,only the
compound [Mn(dmbpy)(§2]» (dmbpy= 4,4-dimethyl-2,2-
bipyridine¥> does not exhibit spin canting, consistent with
the fact that the single EE azido bridges in the compound
are crystallographically centrosymmetric. All other 2D
compounds contain noncentrosymmetric single EE azido
bridges and exhibit spin-canting behaviof.

(b) Complex 2.The temperature dependence of magnetic
susceptibility fu) for compound2 is shown in Figure 9.
ETheXMT value per Mn(ll) at 300 K is ca. 3.74 emu K méd)

which is lower than the spin-only value (4.38 emu K il
hfor a magnetically isolated Mn(ll) system. As the temperature
is decreased, the, T value decreases monotonically, whereas
xm increases to a rounded maximum of 0.024 emu thal
about 58 K and then decreases upon further cooling to 2 K.
nl hese features suggest that the dominant magnetic exchange
between Mn(ll) ions is AF in nature.

According to structural data, the 2D compouhdonsists

are no inversion centers within the single EE azido-bridged ©f azido-bridged alternate Mn(ll) chains cross-linked by long
chain. It is expected that spin canting can occur throughout 0rganic spacers. The thermal variation of the magnetic
the chain. The observed weak ferromagnetism is due to theproperties shown in Figure 9 are very similar to those of

F long-range ordering of the spin-canted chains. Considerin
the isotropic character of the Mn(ll) ion, it was often
suggested that the Dzyaloshinskyloriya interaction is the

(32) Bellitto, A.; Federici, F.; Colapietro, M.; Portalone, G.; Caschera, D.
Inorg. Chem 2002 41, 709-714.

(33) (a) Dzyaloshinsky, IPhys. Chem. Solid4958 4, 241-255. (b)
Moriya, T. Phys. Re. 196Q 120, 91-98.

(34) (a) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986;
pp 148-154. (b) Batten, S. R.; Jensen, P.; Kepert, C. J.; Kurmoo,
M.; Moubaraki, B.; Murray, K. S.; Price, D. J. Chem. Soc., Dalton
Trans. 1999 2987-2997. (c) Carling, S. G.; Day, P.; Visser, D.;
Kremer, R. K.J. Solid State Chen1993 106, 111-119.

gpreviously reported 1D Mn(ll) chain compounds with
alternate double EO and double EE azido bridges, which
mediate F and AF interactions, respectively. The intrachain
magnetic interactions through the azido bridges can be
evaluated using the expression proposed by Gatel. for
alternate chains of classical spins based on the Hamiltonian
H = —3)SiSi+1 — b)Y Soi+1Sei+2:%

xw = NS+ 1)/3k(T — O)][(1 + u, + u, + U,/
(1= uu)] (3)
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Figure 10. Temperature dependencegfandymT for 3. The inset shows 0 10 TZ/OK % 0
222 r:ll)g.h—temperature data and the best fit (solid lines) to the Lines expressmnFigure 11. FC and ZFC magnetization plots at different fields &r

moments and that an F-like correlation between the uncom-
pensated spins is operative and develops into long-range F
ordering. The final rapid drop iguT below 19 K may be

whereu; is the Langevin function defined as= coth[J (S

+ 1)KT] — KT[IS+ 1)] (i = 1 and 2) withS= 5%, J;

and J, are the exchange constaqts for the EO and EE due to saturation effects.
superexchange _pathways, respectively, andas_ used t(_) To evaluate the AF interaction))( mediated by the EE
f:orrect _the possible secqndary .ef_feCtS such as mFercha_m AI:azido bridges, we simulated the experimental data above 42
interactions and/or zero-field splitting of the Mn(ll) ion. With

th ter fixed at 2.0. the best fit of th ; al K using the expression derived by Lines for @r= %/, AF
daetg E?jr?ar?e_e; g“zmal J'_’ iS gscnfrloandeaefpeg'rggn a quadratic layer based on the Hamiltonieh= —JYSS

1— 1. yJ2 — T : y .—_. Il . f _neiah . .:37
K. The J; and J, parameters confirm alternating F and AF (S sums all pairs of nearest-neighbor spirandj)
Collesied and compared the magnetostactural daa for the™™ 97 W@ T 4+ 144 "+ 0228 * ¢

-3 -4 -5

known Mn(Il) chains with double EO and/or double EE 0.26% ~+0.119 "+ 0.01% )] (4)
bridges5? and the general trends are that the F interaction whereg = KT/[1JS(S + 1)] with S= 5/,. With g fixed at
via a double EO bridge increases as the-N+-Mn bridging 2.00, the simulation leads th= —2.5 cnt2. This value is
angle is increased and that the AF interaction via a double comparable with those for the related 2D Mn(ll) compounds
EE bridge decreases as tdeangle [the dihedral angle reported elsewhere (2.248.83 cn).7c926The experimental
between the N(azideyM—N(azido) plane and the plane data above 42 K can also be satisfactorily simulated by means
defined by the two azido bridges] is increased. With of the analytical expression derived by Cyrfer an infinite

Mn—N—-Mn = 102.6(1} and 6 = 18.2(2), compound2 2D square lattice of classical spiffs:
follows the trends very well.

(c) Complex 3. The temperature-dependent magnetic aw = INPAPS(S+ 1Y3kT][(1 + w1 —uw?  (5)
behaviors of compoun8under 2 kG in the 2300 K range ) ] ) ]
were shown in the forms gfy andyuT vs T plots in Figure whereu is the Langevin function defined above. The best
10. TheyuT value per Mn(ll) at 300 K is ca. 3.91 emu K fit with g fixed at 2.00 leads td = —2.4 cnt?, which is
mol-L, lower than the value expected for a magnetically V€Y close to the value derived from the Lines expression.
isolated Mn(ll) ion. The susceptibility increases slowly as _ "€ uncompensated spin moment and ferromagnetism of
the sample is cooled from room temperature to 42 K, but it 3 at low temperature is attributable to_ spin cantlng within
rises abruptly upon further cooling and tends to saturate attNe AF layers and the long-range ordering of the spin-canted
lower temperatures. On the other hapgT first decreases state. The occurrence of spin canting is consistent with the
smoothly upon cooling to a rounded minimum of 1.97 emu systematic alternation of two different orientations of the
K mol-! at about 40 K, then rises rapidly to a sharp coordination polyhedrons throughout the layer. To further
maximum of 12.7 emu K mok at about 19 K, and finally characterize the magnetic transition, FC and ZFC magnetiza-
drops rapidly upon further cooling to 1.8 K. TheuT tion measurements were performed at different fields (Figure
maximum is well over the expected value for a Mn(ll) ion. 11)- The field dependence of the FC magnetization curves
The magnetic behaviors above 42 K clearly indicate that the IS €vident. Upon cooling, the FC magnetization at 200 G
interaction between Mn(1l) is AF, as expected for the azido Increases rapidly below 42 K to reach a sharp maximum at
bridges in the EE mode. The abrupt risesin and yuT 22 K and_ _then dr_ops rapidly. This suggests the onset qf an
below 42 K and the very largeyT maximum suggest that AF transition, which may be due to weak 3D AF ordering

there is a mechanism of generating uncompensated spirPf the spin-canted layers. However, the FC magnetization
at 300 G or above shows no maximum and tends to saturate

(35) Shen, Z.; Zuo, J. L.; Yu, Z,; Zhang, Y.; Bai, J. F.; Che, C. M.; Fun,

H. K.; Vittal, J. J.; You, X. Z.J. Chem. Soc., Dalton Tran§999 (37) Lines, M. E.J. Phys. Chem. Solids97Q 31, 101-116.

3393-3398. (38) (a) Curty, J. Europhys. Lett1995 32, 529-543. (b) Cuféy, J. Physica
(36) Cortes, R.; Drillon, M.; Solans, X.; Lezama, L.; Rojo, Thorg. Chem B 1998 254, 277-297. (c) Dalai, S.; Mukherjee, P. S.; Zangrando,

1997, 36, 677-683. E.; Chaudhuri, N. RNew J. Chem2002 26, 1185-1189.
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4.6°.%2 This canting angle is the largest of the values ever
reported for weak ferromagnets with azido bridges, consistent
with the very largeywT maximum observed in Figure 10.

It is worthwhile to compare the magnetic behaviors3of
and the compounds containing similar single EE azido-
bridged Mn(ll) layers. As we shall see, the comparison
demonstrates the great potential of tuning the bulk magnetic
properties of the 3D pillared systems by changing organic

: 0 507 0% 0% linkers. The 3D complex with pzdo as pillars is a 3D
oo o o0y antiferromagnetTy = 62 K) that exhibits spin-flop behavior
0 10 20 3,3 /kéo S0 60 70 at low temperatureH. = 35—42 kG)}3 while the other
03 previous 3D complex (pym as pillars) exhibits weak F
ol ordering due to spin cantind{= 50 K).2° The differences
“T b in magnetic behaviors for these complexes may be justified
S04 as follows. In the pzdo and pym compounds, the short
s ool By interlayer Mn--Mn distances, which are comparable with
] the intralayer distances, suggest that the interlayer AF
0.1 [ interactions are much stronger compared to thosg. iim
02l the pym compound, the nearest Mn(ll) coordination spheres
os ket 1. L, from neighboring layers have different orientations due to
45 10 -05 00 05 10 15 the angular coordination of pym, so spin canting may also
HIKG occur between the Mn(ll) ions from different layers. The

Figure 12. (a) Magnetization from 0 to 70 kG at 1.8 K. The inset shows  gccurrence of the interlayer spin canting, collaborating with
the low-field parts of the magnetization curves at 1.8 (filled circles) and 22 . L .
K (open circles). (b) Hysteresis loop 8fat 1.8 K. the intralayer one, may justify the observation that the
magnetic ordering occurs at a higher temperature than that

at lower temperatures, indicating that the weak interlayer AF for 3. In the pzdo compounds, the feature that the nearest
interaction is overcome by the external field to result in an Mn(ll) coordination spheres from neighboring layers have
ordered F phase. These features are indicative of a field-the same orientation avoids the interlay spin canting, and
induced metamagnet. The ZFC magnetization curve mea-the intra- and interlayer isotropic interactions collaborate to
sured under 300 G diverges from the FC curve below about give rise to 3D AF ordering at a relatively high temperature.
23 K, confirming the onset of long-range F ordering under The observation that the spin-flop transition for the pzdo
the field. compound occurs at much higher field than that¥atearly

The magnetization vs field plots confirm that comp@x  confirms that the interlayer AF interaction in the former is
is a metamagnet built of spin-canted AF layers (Figure 12). much stronger than that in the latter. Perhaps the intralayer
The magnetization at 1.8 K first increases slowly with the spin canting in the former compound is depressed by the
field, as for a typical antiferromagnet, and then increases interlayer interaction. Of the three known 2D compounds,
abruptly above 200 G, indicating the onset of the field- only [Mn(4-acpy}(Ns)2], was found to exhibit ferromag-
induced spin-flop transition from the AF phase to an F phase. netism due to spin cantingT{ = 28 K; metamagnetic
The critical field, estimated as the field at whiéW/oH behaviors cannot be excluded because field-variable magnetic
reaches a maximum, is ca. 300 G. Upon a further increasemeasurements were not reportéd)The absence of spin
in the field above the critical field, the magnetization canting in [Mn(DENAX(N3);]» has been attributed to the
increases more and more slowly as the F phase tends toearly parallel arrangement of neighboring coordination
saturate, and finally a line&l vs H relationship is achieved  polyhedra’® For the third compound, [Mn(ming)Ns)z] »,26°
above 9 kG. The magnetization (0.8#\reached at 70 kG it was suggested that spin canting may occufat 2 K
is far below the saturation value (99Nexpected for als = because of the relatively weaker intralayer interaction
5/, system, consistent with the AF nature of the interaction (J = 2.24 cnt?).’
between neighboring Mn(ll) ions. The magnetization curve  (d) Complex 4.The temperature dependence of magnetic
at 22 K also exhibits the sigmoidal shape, but the AF to F susceptibility fv) for compound4 is shown in Figure 13.
transition occurs at a lower fieldH¢ = 180 G), which is The yuT value per Mn(ll) at 300 K is 3.84 emu K mdj,
typical of a metamagnet. The hysteresis loop measured atalso lower than the spin-only value for a magnetically
1.8 K also shows the typical sigmoidal shape, with a remnant isolated Mn(Il) system. Upon coolingy T decreases by
magnetization of 0.011 Ml and a coercive field of 90 G. increases in the whole temperature range from 300 to 2 K.
The existence of the remnant magnetization at a zero field The increase ofy is very slow from 35 to 14 K but becomes
suggests that the F state induced by a higher field is more and more rapid upon further cooling.
metastable in the absence of a magnetic field. Extrapolating The decrease ofuT indicates that an AF interaction is
the high-field linear part of the magnetization curve at 1.8 operative between neighboring Mn(ll) ions. According to
K to zero field gives a magnetization value of 0.408,Xrom the structural data, compou#dds a 2D compound in which
which the spin-canting angle was estimated to be aboutsingle EE azido-bridged 1D chains are interlinked by organic
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Figure 13. Temperature dependencesaf and ymT for 4. The solid
lines are drawn in the whole temperature range from the parameters obtaine

by fitting the experimental data above 25 K to eq 1.

0 100

ligands. The magnetic exchange through the long organic
bridge should be negligible, so the AF interaction should be
mainly through the single EE azido bridge to give AF chains.
The susceptibility of a typical AF Mn(ll) chain should exhibit

a maximum at certain temperatures, below which a smooth
decrease occurs, as observed for Mn(lIl) chains with uniform
double EE azido bridges or with alternating double EE and
double EO azido bridges (see Figure 9 for compo@hd
Although4 exhibits no maximum iryy, the shape of thgy

vs T plot suggests that the maximum should be between 35
and 20 K and may be obscured by the increasaoh the
low-temperature range. To evaluate the interactinvia

the single EE azido bridge, we tried to simulate the
experimental data by means of the Fisher equation fo6the
= 5/, uniform chain (eq 1). Withy fixed at 2.0, the best fit

of the experimental data above 25 K ledlte= —5.1 cm™.

The solid lines in Figure 7 represent the susceptibility
calculated in the whole temperature range with the above
parameter. As can be seen, the agreement between th
experimental and fitted data above 32 K is good, and the
maximum would appear at about 30 K if it were not
obscured.

To characterize the low-temperature increase\nfwe
have performed low-field FC and ZFC magnetization
measurements fat below 30 K. Upon cooling from 30 to
2 K, the magnetization (angy) increases rapidly but exhibits
no abrupt transition and thasT product decreases quasi-

linearly. This suggests that no spontaneous magnetization

Gao et al.

the amount of the paramagnetic impurities [presumably a
mononuclear Mn(Il) complex]. The least-squares fit wgth
fixed at 2.0 reproduces the experimental data quite well in
the whole temperature range, leadinglte —5.3 cn1! and
p = 2.2%. ThisJ value is similar to that obtained above
without taking into account the low-temperature data.
Extended Hokel molecular orbital calculations showed
that the magnetic interaction between Mn(ll) ions bridged
by the EE azido ion should always be AF and that the AF
interactions should maximize as the MN—N bond angle
approaches 1F0and the Mn-N3—Mn torsion angle ap-
proaches 0 or 18 Compared with the previous Mn(ll)

OI(:hain with single EE azido bridges in trans positiods<

—4.8 cnm1),%%the larger MR-N—N bond angles fo# (136.0
and 155.9 vs 125.2 and 118 favor a weaker interaction
but the much smaller MAN3—Mn torsion angle o# (0.7°
vs 126.8) suggests a stronger interaction. It is likely that
the influence of the torsion angle dominates, resulting in the
slightly stronger interaction id. Following this trend, the
single azido bridge i3, where the MA-N—N angles (146.1
and 128.8) are comparable but the torsion angle (9%i6
very close to 90, propagates a significantly weaker interac-
tion (J = —2.5 cn1l). However, this trend seems invalid
when taking into account the known Mn(ll) chain with single
EE azido bridges in cis positiod% for which twoJ values,
—3.5 and—0.12 cn?, were estimated for the alternating
bridges with the same torsion angle (38But with different
Mn—N-—N angles (127.6 and 159.8respectively).

The successful fit of the low-temperature increasgn
to eq 6 confirms the absence of long-range ordering, but it
does not warrant that the paramagnetic impurities are really
at the origin of theym increase. An alternative origin may
be spin canting. Although spin canting often provokes long-

?ange magnetic ordering, as observed XpB, and related

systems, long-range magnetic ordering, in principle, is not
an obligatory consequence of spin canting. Along the azido-
bridged chain ir4, the coordination polyhedra are systemati-
cally slanted toward different directions because of the lack
of inversion centers within the chain. This may lead to spin
canting within the manganese(ll) azido chains, and perhaps
because of the lack of appropriate interchain correlations,
the long-range ordering of the canted spins is not achieved
at T > 2 K. It seems to us that neither the paramagnetic

occurs in the temperature range measured. The absence qf, jities nor the spin canting can be warranted or excluded

long-range ordering is also confirmed by FC and ZFC
magnetization data, which showed no difference in the whole
temperature range. Such a low-temperature behavior is
different from the behaviors of and 3, where the low-
temperature increase v is accompanied by long-range
ordering.

The low-temperature increase gf in AF systems was
often attributed to the presence of a certain amount of
paramagnetic impurities. Following this line, we simulated
the experimental data ¢f to the following equation over
the whole 2-300 K temperature range:

o = Zenaidl = p) + INFB’SS+ 13Tl (6)
whereynain is defined by the Fisher equation (1) apds
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based on the present experimental data. To better understand
the real origin of the low-temperature magnetic behavior,
neutron diffraction studies may be needed.

Conclusion

Four new inorganie organic hybrid coordination polymers
in which 1D or 2D manganese(ll) azido inorganic motifs
are interlinked into higher-dimensional networks by organic
linkers have been synthesized by use of a series of bis-
(pyridyl)-type organic bridging ligands (linkers) with dif-
ferent side groups and/or different coordination orientations.
The dimensionality and the topology of the manganese(ll)
azido motif and the whole structure are sensitive to the
organic linkers used. Compoundsand 3 are 3D pillared-
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layer architecturesl is the first 3D network built by pillaring This contribution demonstrates the great potential of
2D Mn(ll) layers of alternate double EO and single EE azido designing new metal azido based materials with interesting
bridges, ana is built from single EE azido-bridged Mn(ll) 3D networks and magnetic properties. By rational design of
layers, with a novel 3D net topology. The 3D netslof, the organic linkers with different length and/or different
and related compounds have been related to the specificcoordination orientations, we should be able to tune the
length and coordination orientation of the organic pillars, network topology, interlayer, or interchain magnetic interac-
and the undulated shape of the manganese(ll) azido layerstions and hence the bulk magnetic properties of the materials.
Consistent with their structures, bothand 3 exhibit weak
ferromagnetism due to spin canting. Compourid a weak
ferromagnet withT, = 16 K, and3 is a metamagnet witfii.

= 23 K. On the other hand, compoun@dsand 4 are 2D
coordination networks in which 1D manganese(ll) azido
chains are interlinked by the organic linker2:is the first
2D network built from Mn(ll) chains with alternate double
EE and double EO azido bridges, which mediate AF and F Supporting Information Available: Crystallographic data
interactions, respectively s the first 2D network built from ((_:IF) for compound4d—4. This material is available free of charge
Mn(ll) chains with only single EE azido bridges, which '@ the Internet at htp://pubs.acs.org.

mediate AF interactions. IC0512328
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