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Two inorganie-organic hybrid material{ Co(N(CHN)} (V20s),] (1) and [ Co(N(CHUN)}V20¢] (2)
have been synthesized and characterized by FT-IR spectroscopy, thermogravimetric analysis, elemental
analysis, manganometric titration, temperature-dependent magnetic susceptibility measurement, bond
valence sum calculations, and single-crystal X-ray diffraction analyses. The neutral framework materials
were prepared by the amalgamation of vanadium oxide chains and layers with-org@hoamine
coordination polymers. The three-dimensional framework structures of the crystasd? are composed
of vanadium oxide layerslf and chainsZ) combined with{ Co(N(CH)N)}?" motifs that cross-link the
reduced vanadium oxide layers (containing mixed-valent vanadium centérahohoxovanadium chains
in 2. Besides crosslinking the metal oxide chains and layers in these materials, cationie pyedaine
polymers provide charge balance leading to the neutral framework in these solids. The compounds show
good thermal stability. Crystal data fdris as follows: GHsN,0;0CoV,, orthorhombic space group
Cmcm a = 14.3071(6)b = 6.9965(3),c = 11.4510(5) AV = 1146.24(9) &, Z = 4, Dcged = 2.913
Mg-m~3, R1 = 0.0385 (all data), wR2= 0.1019. Crystal data fo? are as follows: GHisN.OsCoV>,
orthorhombic space groupnna a = 10.2524(8)p = 11.5653(9)c = 7.4719(6) AV = 885.96(12) &,
Z =4, Dcaca = 2.526 Mgm~3, R1 = 0.0199 (all data), wR2= 0.0547.

Introduction chemistry” approach,which exploits secondary building

) ) ) ) units as the basis for assembling extended structure solids,
Inorganic-organic hybrid materials are of fundamental and 55 |ed to the synthesis of a prominent class of metal

practical interest? Such materials can exhibit properties organic framework materiafs%-12 Another useful synthetic
(structural, electronic, catalytic, sorptive, gas _storage., etc.) approach involves the combination of metal oxides with
that are not commonly observed in purely inorganic or g, ganic ligands along with other heterometal centers. This
organic phases_. Furthermore,_the propernes and performanceolpproach has yielded an impressive class of organic
of hybrid materials can potentially be improved and/or fine- yanition metal oxide hybrids constructed from molybdenum
tuned by incorporating suitable functionalities. oxide motifs and metatorganic complexe 16

Several synthetic approaches have been adopted for \we have been interested in the design and synthesis of
preparing hybrid materials in recent years. The “modular hybrid framework materials by amalgamation of vanadium
oxide based structures with metairganic compounds and
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their coordination polymerS:-24 Besides forming arich class  [{ Co(N(CHXN)} (V20s),] (1) and [ Co(N(CH)sN)} V204
of polyoxovanadate clusters, vanadium also forms a variety (2), and their characterization by infrared spectroscopy,
of oxovanadate chains and layered structures composed othermogravimetry, elemental analysis, manganometric titra-
{VQOg} tetrahedra angVOs} square pyramids, respectivéfy?” tion, bond valence sum calculations, temperature-dependent
They provide attractive building block units for the construc- magnetic susceptibility measurement, and single-crystal
tion of new structures and framework materials. Unlike the X-ray structure analyses.
aluminosilicate frameworks commonly observed in conven-
tional zeolite$®~2° that are derived from tetrahedrgBiO,} Experimental Section
and{ AlO4} building block units of the main group elements,
vanadium oxide based framework materials can exhibit a : )

. L . s purchased from commercial sources and used without further
variety of metal oxidation states, variable coordination urification. Infrared spectra (KB pellet; 400@00 cnT? region)

numbers, and d'VerS_e geome_t”es around the vanadlum.. TheSglere recorded on a Perkin-Elmer Paragon 1000 FT-IR spectrometer.
features could proylde a basis fqr new types of catalytic and thermogravimetric analysis (TGA) was performed on a Universal
sorbtive behavior in such materials. V2.5H thermal analyzer. Typically, 2680 mg of sample was
We have developed synthetic strategies that employ placed in a quartz bucket and heated in argon flow of 50 mL/min
vanadium oxide chains and layers as pre-organized buildingwith a heating rate of 8min. The residues from the TGA
units and simple metalorganic complexes as cross-linkers. experiments were examined by IR spectroscopy. Redox titrations
We have been focusing on synthesis of mixed metal oxide Were performed on a Mettler Toledo DL12 titrator using dilute
hybrid framework materials where metairganoamine cat- acidic solutions of the compounds against standardized KMnO
ionic complexes serve as cross-linkers of the vanadium oxidesomt'on' Elemental analyses were performed on Perkin-Elmer 2400
- - - elemental analyzer, and a Perkin-Elmer Optima 3300DC DCP
chains and layers besides providing the charge balance

ded f i tral f K spectrometer.
needed for generating a neutral framework. The magnetic susceptibility data were recorded on a 25.16 mg

‘During the course of this research efféft?* we have  c(ysialiine sample of{[Co(N(CHYN)} (V20s)s] (1) in the 2-300
discovered new porous framework materials of unprec- g temperature range using a Quantum Design MPMS-5S SQUID
edented structures composed of vanadium oxide and metal spectrometer. The calibrating and operating procedures were done
organoamine coordination polymers. Here we describe theaccording to the literature methd%Temperature-dependent mag-
synthesis of two novel open framework hybrid materials, netic data were obtained at a magnetic field= 1000 Oe.

Synthesis of {CO(N(CH)4N)} (V205)2] (1) A mixture of V,0s
(17) (a) Khan, M. I.; Cevik, S.; Doedens, R.Rolyoxometalate Chemistry ~ (1.25 mmol), LIOHH,O (2.5 mmol), pyrazine (1.87 mmol), CogO
for Nano-Composite Desigiyamase, T., Pope, M. T., Eds.; Kluwer  7H,0 (1.87 mmol), and kD (555.55 mmol) in the molar ratio of

Academic: New York, 2002; pp 2738. (b) Khan, M. I.; Yohannes, 91 B B- ; ih
E.- Ayesh. S.: Doedens, R. J. Mol. Struct.2003 656 45-53. (c) 1:2:1.5:1.5:444 was placed in a 23 mL Teflon-lined Parr autoclave.

Materials and Methods. All chemicals used in this work were

Khan, M. I.; Yohannes, E.; Doedens, R.Idorg. Chem 2003 42, The mixture was stirred for 30 s and heated for 96 h at 480
3125-3129. inside an electric furnace. After the autoclave was cooled to room
(18) (&) Khan, M. I.; Cevik, S.; Powell, D.; Li, S.; O'Connor, C.ldorg. temperature for 3 h, black rod-like and black rectangular block
Chem.1998 37, 81-86. (b) Khan, M. I.: Cevik, S.; Doedens. R. h P d tal J d with ddish b . 9 talli
Chem. Soc., Chem. Comm@001, 1930-1931 . shaped crystals mixed with a reddish brown microcrystalline
(19) (a) Khan, M. |.; Tabussum, S.; Doedens, RCHem. Commur2003 impurity were filtered from lighter brown mother liquor. Crystals

\5/3265%3-0(*3) Khag, '\‘;lj- L Tagl;]ssumés' andm%%id?;lR- J.; Golub, were washed thoroughly with methanol and then with deionized

. 0.; O'Connor, C. norg. em. Commu y . . . . I

(20) () Khan, M. I.; Yohannes, E. Doedens, Radgew. Chem., Int. Ed. water and dried in air at room temperatgre. The b_Iack _rod I_|ke and
1999 38, 1292. (b) Khan, M. I.; Hope, T.; Cevik, S.; Zheng, C.; rectangular block-shaped crystals, which gave identical infrared

Powell, D.J. Cluster Sci200Q 11, 433-447. o spectra and other analytical data, were separated mechanically from
(1) g%)oléhgni;w?'—li; égye(f)f;’ fﬁgzoﬂa'}neéif';spoffggﬁ’ g(%"gg;gi‘;‘- , the reddish brown microcrystaline phase to give 60.5 md 6bf

3. Inord. Chem. Commur2004 7/6, 721-724. T " (N(CH)YN)}H(V20s)4] (1; ~29% based on vanadium). Anal. Calcd
(22) Khan, M. I.; Yohannes, E.; Nome, R.; Ayesh, S.; Golub, V. O.; for C4HsN,0:0C0oV, (1): C, 9.56; H, 0.8; N 5.57; Co, 11.72; V,

O’Connor, C. J.; Doedens, R.Ghem. Mater2004 16, 5273-5279. 41.29. Found: C, 9.63; H, 0.90; N 5.55; Co, 11.19: V, 40.53.

23) (a) Khan, M. |.; Yohannes, E.; Doedens, R. J.; Golub, V. O.; O’'Connor, . .
23) @ o o o 008 5 841545, (b Kham W1 Dep™"" Prominent IR bands (KBr pellet, 406800 cm): 1417 (m), 1172

S.; Golub, V. O.; O’Connor, C. J.; Doedens, R.ldorg. Chem. (m), 1120 (m), 1062 (m), 942 (s), 920 (sh), 793 (w), 753 (w), 621
Commun2006 9, 25-28. (sh), 533 (s), 469 (s).

(24) Sgsabmhtfﬁgrf'; Nome, R.; Yohannes, E.; Cevik, S.; Doedens, R 1o o brown microcrystals represent a different compound,

(25) (a) Pope, M. T.Heteropoly and Isopoly OxometalateSpringer: [{Co(N(CH)4aN)}V20¢] (2). X-ray diffraction quality crystals of
Berlin, 1983. (b) Pope, M. T.; Mler, A. Angew. Chem., Int. EA991, compound? could be synthesized in a monophasic form by the
30, 34—48. (c) Pope, M. T. IlComprehensie Coordination Chemistry following method
Il: From Biology to NanotechnologyWedd, A. G., Ed.; Elsevier: . ) .
Oxford, 2004; Vol. 4, pp 635678. (d) Hill, C. L. InComprehensie Synthesis of { Co(N(CH2)4N)}V20¢] (2). A mixture of V2Os
gocérdiré%tiog IChe_mistg/ IfI: groznaoliiol\?g?/? Nané);g%gnolowedd, (1.25 mmol), LIOHH,O (2.5 mmol), pyrazine (1.87 mmol), Co$O

. G., Ed.; Elsevier: Oxford, ; Vol. 4, pp . ; ;

(26) (a) Bjornberg, A.; Hedman, BActa Chem. Scand.977, A31, 579 7!42_0 (:_I"87_ mmol), and b0 .(555'55 mmol) in t_he molar ratio of
584. (b) Hawthorne, F. Cl. Solid State Chenl997, 22, 157— 170. 1:2:1.5:1.5:444 was placed in a 23 mL Teflon-lined Parr autoclave.
(c) Baudrin, E.; Touboul, M.; Nowogrocki, Gl. Solid State Chem. The mixture was stirred for 30 s and heated for 72 h at 435
200Q 152, 511-516. inside an electric furnace. After the autoclave was cooled to room

(27) (a) Koene, B.; Taylor, N.; Nazar, lAngew. Chem., Int. EAL999 . . . . .
38, 2888-2891 and references therein. (b) Shan, Y.; Huang, R.; Huang, [€Mperature for 3 h, reddish brown prismatic crystals mixed with

S. Angew. Chem., Int. EA.999 38, 1751-1754. a brown powder were filtered from the light pink color mother
(28) Ey(lé(r, 1A9';3A8n Introduction to Zeolite Molecular Sies Wiley: New liquor. The mixture was washed thoroughly with methanol and then
ork, )

(29) Barrer, R. M.Hydrothermal Chemistry of Zeolitedcademic Press:
London, 1982. (30) O’Connor, C. JProg. Inorg. Chem1979 29, 203.
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with deionized water and dried at room temperature. The reddish
brown prismatic crystals were separated from the brown powder
mechanically to give-398 mg of [ Co(N(CHN)} VO] (2; 94.5%
based on vanadium). Anal. Calcd fosHaN,OsCoV (2): C, 14.26;

H, 1.19; N, 8.31; Co, 17.49; V, 30.24. Found: C, 14.01; H, 1.05;
N, 8.13; Co, 14.03; V, 30.02. Prominent IR bands (KBr pellet,
4000-400 cnTY): 1481(w), 1414 (s), 1163 (s), 1119 (s), 1087 (W),
1057 (s), 910 (vs), 817 (s), 789 (m), 756 (s), 631 (vs), 540 (vw),
475 (s).

Single-Crystal X-ray Diffraction Analyses. An X-ray quality
crystal of each compound was selected. After the crystal was glued
to a thin glass fiber with epoxy resin, it was mounted on a Bruker
SMART-CCD?! diffractometer equipped with graphite monochro-
matized Mo kK radiation ¢ = 0.710 73 A). The X-ray data were
collected at 163(2) K. The data were processed with the SAANT
software, and empirical absorption corrections were applied with
SADABS 2 All other calculations were performed by use of the
SHELXTL34package. The structures were solved by direct methods
and refined orf2 by full-matrix least-square techniques.

Results and Discussion

Compounddl—2 are readily isolated in moderate to high
yields in highly crystalline forms from the hydrothermal

Khan et al.

Table 1. Crystallographic Data for [{ Co(N(CH)4N)} (V20s),] (1) and
{Co(N(CH)aN)}V20¢] (2)

[{Co(N(CHYEN)} (V20s)2] - [{ Co(N(CHUN)}V204]
) @

empirical C4H4CoNoO10V 4 C4H4CONQOGV2
formula

formula weight ~ 502.78 336.90

crystal system orthorhombic orthorhombic

space group Cmcm Pnna

a(Ah) 14.3071(6) 10.2524(8)

b (A) 6.9965(3) 11.5653(9)

c(A) 11.4510(5) 7.4719(6)

o [deg] 90 920

f [deg] 90 90

y [deg] 90 90

V (A3) 1146.24(9) 885.96(12)

z 4 4

T(K) 163(2) 163(2)

Pealed (g-cmM™3) 2.913 2.526

w(mm™1) 4.614 3.925

final R;,2wR2>  0.0381, 0.1017 0.0182, 0.0541
[1>26(N]

Final R,2wR2®  0.0385, 0.1019 0.0199, 0.0547
(all data)

2R1= 3 [|Fo| = [Fell/Z|Fol. ®WR2 = [F[W(Fo? — F?)%/ 3 [W(Fo?)7] M2

Table 2. Atomic Coordinates (A x 10%) and Equivalent Isotropic

reactions described in the experimental section. Reactions Displacement Parameters (& X(ll)og) for [{CO(N(CH)aN)} (V2Os)2]

for the synthesis ofl yielded large black crystals of
compoundl mixed with red brown microcrystals @which
could be separated readily. Slight modification in the reaction
conditions, especially by lowering the reaction temperature
and reaction time, resulted into the high yield synthesis of
X-ray diffraction quality crystals ol in monophasic form.
Theses crystals exhibit shiny faces. They are stable in air,
insoluble in cold and hot water, and common organic
solvents.

The infrared spectra of Co(N(CHYN)} (V20s)7] (1) and
[{Co(N(CHYN)}V.0q] (2) exhibit a series of bands associ-
ated with the pyrazine ring which, unlike other aromatfc
usually lie below 1500 crit. The bands between 1300 and
1000 cn! due to in-plane €H bending and ring deforma-
tion slightly shifted to higher frequencies. This is charac-
teristic of pyrazine coordinated to metal centérs.

The infrared spectra of the two compounds also contain
several bands in the lower frequency region. The positions
of these bands differ significantly for the two compounds,
indicating different structures fod and 2. For [{Co-
(N(CH)N)} (V20s)7] (1), the strong band at 942 crhand a
shoulder at 920 cnt are assigned to(V=0). Multiple
bands at 793 (w), 753 (m), 621 (s), 533 (s), and 469 (vw)
cm! correspond to asymmetric and symmetric stretching

(31) SMART Version 4.210; Simens Analytical X-Ray Systems: Madison,
WI, 1997

(32) SAINT, Version 4.050; Simens Analytical X-Ray Systems: Madison,
WI, 1995.

(33) . Sheldrick, G. M.SADABS University of Gottingen: Gottingen,
Germany, 1997.

(34) . Sheldrick, G. M.SHELXTL Version 5.1; Siemens Industrial
Automation, Inc.: Madison, WI, 1995.

(35) Bellamy, L. JThe Infrared Spectra of Complex Moleculéshn Wiley
& Sons: New York, 1975; pp 279320.

(36) Lord, R. C.; Warston, A. L.; Miller, F. ASpectrochim. Actd957, 9,
113-125.

(37) Ferraro, J. R.ow-Frequency Vibration of Inorganic and Coordination
CompoundsPlenum Press: New York, 1971; pp 19246.

(38) Topacli, A.Spectrochim. Actd995 51A 633-641.

X y z Ueqy
Co(1) 0 1748(2) 2500 6(1)
V(1) 2125(1) 1353(1) 3969(1) 7(1)
o(1) 1004(2) 1752(5) 3778(3) 10(1)
0(2) 2282(3) 1287(4) 5693(3) 13(1)
0(3) 2592(3) 1177(6) 2500 10(1)
N(L) 0 4757(11) 2500 9(2)
N(2) 0 8745(11) 2500 9(2)
c@) 0 7739(12) 3464(7) 39(3)
c@) 0 5752(12) 3459(7) 50(4)

aU(eq) is defined as one-third of the trace of the orthogonalidgd
tensor.

vibrations of the bridging metal oxide groups. The infrared
spectrum of {Co(N(CHYN)}V20¢] (2) shows bands that
resemble the characteristic IR absorption bands of meta-
vanadate$? The bands at 910 (vs) cthand 817 (s) cmt

are assigned to symmetric and asymmetrie=(®¥) stretching.
Additional bands at 789 (m), 756 (s), 631 (vs), and 540 (w)
cm ! are attributable to (VO—V) stretching of the meta-
vanadate backbone of the compound. These assignments are
consistent with other published literat#e'®

The results of the redox titration performed on each
compound indicate that compou2ddoes not contain any
reduced vanadium (IV) sites whereas compodrths two
reduced (W) sites per formula unit. These results are
consistent with the bond valence sum calculatibrand
charge balance requirements of the compounds.

Compoundl crystallizes in the orthorhombic space group
Cmcm Crystallographic data, atomic coordinates, and se-
lected bond distances and bond angles are given in Tables
1-3. Single-crystal X-ray diffraction analysis revealed a
three-dimensional framework structure. A view of the

(39) Waal, D.; Heyns, A. MMater. Res. Bull1992 27, 129-136.

(40) Wery, A. S. J.; Zorrilla, J. M. G.; Luque, A.; Ugalde, M.; Roman, P.
Chem. Mater1996 8, 408-413.

(41) Brown, I. D.; Wu, K. K.Acta Crystallogr.1976 B32 1957-1959.
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Table 3. Selected Bond Lengths [A] and Bond Angles [deg] for
[{Co(N(CH)4N)} (V20s)] (1)

Col-01 2.051(3) V102 (#5) 1.897(3)
Col-N1 2.105(8) V102 (#6) 1.900(3)
Co1-N2 (#4) 2.101(8) V+O03 1.814(2)
V1-01 1.643(3) VI-V1 (#5) 3.051(2)
V1-02 1.988(3) VI-V1 (#6) 3.027(2)
01-Co01-01 (#1) 179.9(2) 02V1-02 (#5) 76.5(2)
01-Co1-01 (#2) 88.9(2) 02V1-02 (#6) 76.2(2)
01-Col-N1 88.93(10) 0O3V1-02 (#5) 94.8(2)
N1-Col-N2 (#4) 180.0 03-V1-02 (#6) 94.6(2)
01-V1-02 104.2(2)
01-V1-02 (#5) 108.4(2) V+02-V1 (#5) 103.5(2)
01-V1-02 (#6) 107.9(2) V+02-V1 (#6) 102.2(2)
01-V1-03 104.4(2) V1 (#5y02-V1 (#6) 149.0(2)
02 (#5)-V1—-02 (#6) 138.7(1) VO3-V1 (#3) 136.0(3)
02-V1-03 151.4(2)
a Symmetry transformations used to generate equivalent atoms:x#1, Figure 2. Building unit in the crystal structure of Co(N(CHN)} (V20s)2]
Y, —z+ 1/2; #2,—X, Y, Z #3,X, Yy, —z+ 1/2; #4,x,y — 1,z #5, —x + 1/2, (1) showing the atom labeling scheme and 50% displacement ellipsoids.

-y+1/2,—z+ 1; #6,x, -y, —z+ 1, #7,x, y + 1,z
by forming { —V—0—-Co—0—-V—} linkages, the cobatt
pyrazine cationic layers thus provide the charge balance to
generate the neutral frameworklinThe framework structure
in 1 can alternatively be viewed as composed of reduced
and negatively charged layers{d¥ ,Os} intercalating{ Co-
(N(CH)N)}»>* layers and held together by hesjuest
interactions'*45

A building block unit of the structure showing the
coordination environment and atom labeling schem¢@of
(N(CH)4N)} (V20s),] is shown in Figure 2. The octahedral
geometry about each cobalt center is defined by two nitrogen
donor atoms from pyrazine ligands and four oxygen atoms
derived from the two adjacent vanadium oxide layers-8o
bond distances (2.101(8p.105(8) A) and Ce-O bond
distances (2.051(3) A) are in the expected range (Table 3).
The square pyramidal geometry around vanadium in each
{VOs} unit is defined by thre@; oxygen atoms and one
Figure 1. View of the extended structure of Co(N(CHN)} (V20s)2] (1) oxygen atpm (v-0 =_ 1.814(2)-1.988(3) A) that ar?
showing alternating corrugatd/,Os} layers and polymeric coordination ~ €mployed in edge-sharing and corner sharing, respectively,
complex linkers. (Hydrogen atoms are omitted for clarity. Atom color with five other{VOs} units in the same V/O layer and a
codes: yellow, V; green, Co; blue, N; red, O; gray, C). terminal oxygen atom (VO = 1.643(3) A). The terminal
extended structure of the neutral composite framework is 0xygen, in turn, is bonded to a cobalt center of the adjacent
shown in Figure 1. It consists of alternating layers, perpen- cobalt-pyrazine layer, cross-linking the layers. The some-
dicular to thec-axis, of vanadium oxide and cobafpyrazine. ~ What elongated displacement ellipsoids of the pyrazine

The vanadium oxide layers i are constructed from  carbons are indicative of a small degree of rotational disorder
{VOs} square pyramids sharing edges and corners, similarof the six-membered rings.
to those found in pure XDs.*2 However, unlike the neutral The crystallographic data, atomic coordinates, and selected
vanadium oxide layers in s which contain only fully ~ bond distances and bond angles for compoRre given
oxidized vanadium(V) centers, the vanadium oxide layers in Tables 1, 4, and 5, respectively. It crystallizes in the
in 1 contain mixed-valence vanadium (IV/V) centers, confer- orthorhombic space groupnna Figure 3 shows a view of
ring a formal negative charge to these lay8r$he inter- the extended neutral framework structure in the crystals of
leaved cobattpyrazine layers, which are composed of 2. It differs significantly from the structure df. The hybrid
{Co(N(CHYN)} 2" chains, have a formal positive charge. framework in2 consists of vanadium oxide chains, which
Besides cross-linking the successive vanadium oxide layersare cross-linked into a three-dimensional structure by coor-
dination polymerg Co(N(CH)N)} ,*". The vanadium oxide
(42) Enjalbert, R.; Gally, JActa Crystallogr.1986 C42, 1467-1469. chains, composed of corner sharif\gO4} tetrahedra, are
(43) In space groumem the asymmetric unit contains a single vanadium — remjinjscent of metavanadates. The vanadium centers of the

atom, which lies on a 16-fold general position. Magnetic data, redox . . . .
titrations, bond valence sum calculations, and charge balance consid-{ VO4} units in the chain are in a distorted tetrahedral

erations lead to the conclusion that this site contains equal proportions environment, with \-O bond lengths in the 1.6523.7958
of V(IV) and V(V). Attempted refinement of the structure in the
alternative noncentrosymmetric space grodipe2 andCma; showed
typical problems associated with attempted refinement of a centrosym- (44) Shan, Y.; Huang, R.; Huang, S. Bngew. Chem., Int. EA.999 38,
metric structure in a noncentrosymmetric subgroup: large correlations, 1751-1754.

large parameter shifts, highd®-values, and non-positive definite (45) Kanatzidis, M. G.; Wu, C.-GJ. Am. Chem. So0d.989 111, 4139~
displacement parameters. 4141.
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Table 4. Atomic Coordinates (A x 10% and Equivalent Isotropic
Displacement Parameters (& x 10%) for [{Co(N(CH)4N)}V20¢] (2)

X y z Ueqy
Co(1) 10728(1) 2500 2500 7(1)
V(1) 7748(1) 1462(1) 984(1) 8(1)
o(1) 9334(1) 1709(1) 888(1) 11(1)
0(2) 7500 0 1718(2) 14(1)
0o(3) 7058(2) 2500(1) 2500 12(1)
0(4) 7129(1) 1674(1)  —1036(1) 12(1)
N(L) 10444(1) 3993(1) 838(2) 11(1)
c@) 10630(1) 5042(1) 1565(2) 13(1)
c(2) 9809(2) 3960(1) —-727(2) 13(1)

aU(eq) is defined as one-third of the trace of the orthogonalidgd
tensor.

Table 5. Selected Bond Lengths [A] and Bond Angles [deg] for
[{ Co(N(CH)4N)}V20¢] (2)2

Co1-01 2.0807(11) V+0O2 1.7957(6)

Co1-04 (#1) 2.0434(11) V03 1.7958(7)

Col-N1 2.1472(13) V+04 1.6548(11)

V1-01 1.6523(11)

01-Co1-01 (#3) 93.25(6) 04 (#2)Col-N1 99.30(5) Figure 4. building block unit in the crystal structure gfCo(N(CHUN)}-
01-Col-04 (#1) 176.89(4) N+Col-N1 (#3) 164.45(7) Vz_Oe] _(2) showing the atom labeling scheme and 50% displacement
01-Col-04 (#2) 88.13(4)  V+01-Col 136.62(6) ellipsoids.

04 (#1)-Col-04 (#2) 90.62(6)  V+O02-V1 (#4) 144.42(10)

01-Co1-N1 85.74(5)  VE03-V1 (#3) 133.63(10)

04 (#1)-Col-N1 91.65(5)  V1-04—Col (#5) 145.80(10)

a Symmetry transformation used to generate equivalent atomsx #1,
1/2,—y+ 1/2,z+ 1/2; #2,x + 1/12,y, =z, #3,X, =y + 112, —z + 1/2; #4,
=X+ 3/2,-y,z #5,x — 1/12,y, =z, #6,—x + 2, -y + 1, —z

% (cm’/mol)

T T T T T T T T
50 100 150 200 250 300

T(K)

Figure 5. Dependences of the magnetic susceptibjit1) and effective
magnetic momenies (O) of the [ Co(N(CHYN)} (V20s)2] compound on
temperaturd. The line drown through the data is the fit to eq 1 (see text).

shared oxygen atoms. Thus, each cati¢@o(N(CH)N)} ;2™
chain cross-links three different metavanadate chains,
{V.06}+*"", to generate a neutral three-dimensional mixed
Figure 3. View of the extended structure of Co(N(CHYN)}V04] (2) metal oxide hybrid framework.
showing vanadium oxide chains (_;md polyme(ic coordination complex cross- As shown in Figure 4, the distorted octahedral geometry
linkers. (Hydrogen atoms are omitted for clarity. Atom color codes: yellow, . .
V; green, Co; blue, N; red, O; gray, C). around the cobalt center is defined by four oxygen atoms
from three vanadium oxide chains (€@ = 2.0434(11)
A range and O—V—0} bond angles ranging from 10819  2.0807(11) A) and two nitrogen donor atoms from two
to 112.39 (Table 5). EacHVO,} unit shares two oxygen pyrazine ligands in the same €pyrazine chain (CeN =
atoms with two adjacenfVO,} units in the chain. The  2.1472(13) A). The cis and trans bond angles range from
remaining two oxygen atoms are shared with two different 85.74(5) to 99.30(5) and from 164.45(7) to 176.89(4)
cobalt atoms that are part p£o(N(CH)N)} 2™ chains lying respectively (Table 5). The-©C and C-N distances in the
above and below the vanadium oxide chain. pyrazine ring are in the expected range.

Each pyrazine ligand in thfCo(N(CH)N)} 2" chain is The TGA of [Co(N(CHYN)}(V20s),] (1) revealed the
coordinated to two cobalt centers through its two nitrogen remarkable thermal stability of the compound. The TGA plot
atoms to form a one-dimensional cationic complex chain, shows that the hybrid framework of the material is stable
which runs parallel to the metavanadate chains. Each cobaltup to 282°C. Above this temperature, it starts decomposing
center in the polymeric chain is linked to two adjacent with multiple step weight losses, which continue up to
vanadium atoms in the same metavanadate chain and to tw&65 °C leaving a black residue. The weight loss in the
other vanadium atoms in two different chains through corner temperature range 43560 °C corresponds to the loss of




[{Co(N(CHYN)} (V20s)] and [{ Co(N(CH)N)}V20e|

all organics (one pyrazine per formula unit). The TGA of
[{Co(N(CHYN)}V2O¢] (2) showed a similar multistep weight

loss pattern in the temperature range 2853 °C. Here, a
two-step weight loss in the temperature range-4283 °C
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Conclusions

The amalgamation of vanadium oxide chains and layers
with meta-organoamine complexes resulted in the synthesis

corresponds to the loss of one pyrazine molecule per formula®f inorganic-organic neutral framework materials{ Go-
unit. The IR spectra showed that the black residues left after (N(CH)N)} (V20s);] (1) and f Co(N(CHLN)}V20e] (2).

the TGA experiments in both cases are likely to be mixed Besides cross-linking the metal oxide chains and layers in
metal oxide{ Co/V/O} phases which were not characterized these materials, cationic metadrganoamine polymers pro-

further.
Magnetic data for{Co(N(CH)N)}(V20s),] (1) are rep-

vide charge balance leading to the neutral frameworks. This
synthetic approach is potentially applicable for combining a

resented in Figure 5. The effective moment of the compound ange of transition metal oxides with organoamines to
increases with increasing temperature, which is characteristicProduce a variety of hybrid materials. Compounelxhibits

for cobalt(ll) containing compounds. Aroundb3K a sharp

magnetic property that is characteristic for cobalt(Il) contain-

peak in the susceptibility dependence is observed which ising compounds. The compounds reported here are among
probably connected with antiferromagnetic ordering. The the very few known mixed metal oxide hybrids. They could

effective magnetic moment at 300 K is 5.98. The

be viewed as models for further studies leading to design

description (for temperatures above 10 K) of the experimental and synthesis of new materials.

results used the equation for zero field splitting of spin
multiplets & = 3/2) for Ca", taking into account the

presence of two V* ions per formula unit;

X=Xt im=
Nalco " 3+ 2/x + (3 — 2/x)e > N Nagy *ug° T
ke T 41+ €% AT AT

wherex = D/kgT. The calculated susceptibility has been
corrected for exchange interactiad between spins:

%o
X = (2)
1 - (223N G g )y

Taking the typical value ofyy = 1.97, the best fit wagco
= 2.80,D/ks = 76 K, zJ/kg = —0.45 K, andyr; = 0.00063
cmé/mol.
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