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A three-dimensional Cu(ll) metal-organic framework, copper hydroxide p-pyridinecarboxylate hydrate, [Cu(OH)-
(CsH4NCO,)-H,0], was synthesized by hydrothermally reacting copper nitrate with p-pyridinecarboxylic acid. The
crystals were suitable for single-crystal X-ray diffraction analysis, which showed that the Cu(ll) centers adopt a
slightly distorted square pyramidal geometry. They coordinate to both the pyridyl and carboxylate functionalities of
the pyridinecarboxylate bridging ligands. Infinite copper oxide chains run through the structure and are connected
by p-pyridinecarboxylate (p-PyC) ligands. Crystal data: monoclinic, space group P2i/n, a = 3.5521(2) A, b =
15.8665(11) A, ¢ = 12.9977(9) A, B = 95.285(2)°, and Z = 4. Thermogravimetric analysis (TGA) revealed that
the guest H,O molecules in the channels may be removed, and the material is stable to ca. 245 °C. Magnetic
measurements indicated the material has one-dimensional (1D) antiferromagnetic ordering within the Cu?* chains
with a Néel temperature of ca. 51 K. Data fitting to the Bonner—Fisher model yielded a coupling constant, J, of
—7.3 cm™! and g factor of 2.15. The Curie tail below 20 K is due to a small amount of paramagnetic impurities,
calculated to be ~0.2% in concentration. Further characterization of crystallinity and morphology are discussed,
including powder X-ray diffraction (PXRD), elemental analysis, and optical microscopy.

Introduction

In recent years the synthesis of new metaganic
coordination compounds has received increasing intérést.

These extended architectures contain metal ions coordinated
by organic ligands to produce porous coordination frame-
works. The guest species in the open channels can often be
removed and reintroduced reversibly without destroying the
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second-order nonlinear optical activitygas adsorptiof?
hydrogen storag®, guest exchang¥,and selective cataly-
sis?1% Main-group and transition metals are the most
commonly investigated, with coordination numbers of four
to six. Actinide and lanthanide elements, however, allow
metal-organic frameworks with metal coordination numbers
greater than sevei:

Much effort has been placed on the design of porous
materials with new pore functionalities that are also
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Open Metal-Organic Framework Containing Cuprate Chains

accessiblé> 17 Exploitation of the micropores within such

a 3D metat-organic open frameworkl, with infinite 1D

crystal structures has been the main focus. One recentCu(ll) oxide chains embedded in the structure. The crystal

example is a homochiral metabrganic porous material that
exhibits enantioselective separation and catalfsimother

example is a microporous material displaying high frame-

work stability and highly selective gas sorption propertfes.

In addition to the work of Yaghi and co-workers, Rosseinsky

structure, thermal properties, and magnetic properties with
data fitting to theoretical models are described.

Experimental Section

Synthetic Procedure.Copper hydroxide-pyridinecarboxylate

and co-workers showed that the design of nanoporous MOFS(p-pyC) hydrate [Cu(OH)(@4,NCO,)-H,0], 1, was synthesized

can be useful for creating #6torage material®?
Despite this rich chemistry, metabrganic structures with

in a simple, one-step reaction. The following reagents were added
as-received to a 250 mL Nalgene beaker with thorough manual

extended inorganic chains embedded within the structure aremixing after each step: (i) distilled water; (i) Cu(NJl@3H,0
very uncommon. To our knowledge, there exist only several (Fisher); (i) 4-pyridinecarboxylic acidxPyCH, Acros, 99%). The

such examples to date. Two are based on nine-coordinat

metals, namely, neodymium oxide hydrageor thorium
oxyfluoride!'® chains. Another contains alternating copper-
() and chloride with these chains running through the

énolar ratio was 250:1:1, respectively, and the mixture was stirred

mechanically for about 15 min. A 23 mL capacity Teflon-lined

Parr autoclave was filled to approximately two-thirds capacity and
heated at 150C for 4 days. The needle-shaped, dark blue-green
crystals were suction filtered, rinsed with distilled water, and

framework!? Their report also describes a related structure gjjowed to dry with a typical yield of 65%. Elemental analysis

containing copper(l) bromide layers. In additioriy&eand

(Quantitative Technologies Inc., Whitehouse, NJ) of the as-

co-workers reported two copper diphosphonates that bothsynthesized product (31.76% C, 2.75% H, 6.06% N) also agrees

show antiferromagnetic behavi$®. They also reported a
series of four structures in the NaGi€u—phosphonate

well with the theoretical values based on the stoichiometric formula
H-Ce¢NO4Cu (32.63% C, 3.17% H, 6.34% N).

system whose magnetic properties depend on the structure Characterization Methods. Powder X-ray diffraction (PXRD)

type20c
Hydroxo-bridged copper(ll) systeft3often display a spin

dimer motif, and their magnetic properties have been studied
extensively. Magnetic studies of 1D chain structures have

also been reported. Hiller et &P described a metalorganic
alternating spin chain system [Fe@DdeH14], Where the Fe
ions are antiferromagnetically coupled. Hatfield and co-

was carried out with a Scintag XDS 2000 powder diffractometer
using Cu ku radiation § = 1.5418 A), solid-state detector (which
removes white radiation an@l lines), scan range from°2o 5C°
(20), step size 0.02 and scan rate 42min. Samples were ground
thoroughly in a mortar and pestle prior to mounting the resultant
powder in the PXRD sample holder; TGA was carried out with a
TA Instruments 2950 using a°&/min scan rate and nitrogen purge;
optical microscopy was collected on a Nikon Inverted Metallurgical

workers also reported magnetic susceptibility and structural Microscope, Model Epiphot 200, equipped with a digital high-

data for sulfur-bridgeti® and halide-bridged® linear chain

resolution CCD camera and integrated image processing (Image-

copper organohalide compounds. The coupling exchangePro Plus software); SQUID magnetometry: Quantum Design,
between metal centers in these systems is in the range fromMPMS, where the DC Magnetization was registered in field-cooling

ca.—6.7 to—22.3 cmt, as determined using the Heisenberg
chain theory of Bonner and Fishé&r.
Zigzag Cu (ll) oxide spin ladder chains present in the title

compound, however, have not been previously reported. The
theoretical 1D Heisenberg chain model may be applied to

condition at an applied magnetic field of 1000 G.

X-ray Crystallography. The crystals were suitable for single-
crystal X-ray diffraction analysis. Data for a manually selected
crystal was collected on a three-circle diffractometer system
equipped with Bruker SmartApex CCD area detector, using a
graphite monochromator and a MaKine-focus sealed tubél (

susceptibility-temperature data to deduce the exchange = 0.710 73 A). Operating conditions were 50 KV and 40 mA,
interaction between the oxygen-bridged Cu ions. Here, we ¢-scan,w step size 0.30 and 10 s exposition time. The detector

report the first of a series of new metalrganic materials,
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was placed at a distance of 5.17 cm from the crystal. The total
data collection time was 7.01 h.

Absorption correction was performed with TWINABS softwaie.
The structure was solved and refined using the SHELXS@ihd
SHELXL-97%%¢ software using data collected from the twinned
crystal. The final anisotropic full-matrix least-squares refinement
on F2with 139 variables converged Bt = 4.05% for the observed
data and R, = 9.50% for all data.

Results and Discussion

Scheme 1 shows the optimal synthetic conditionsIfor
Cu(OH)(E-PyCYH,0. The ideal synthesis temperature was
150°C: no solid phase was observed at £25 while 175
°C yielded a mixture ofl and a dark black solid. The latter

(23) (a) Sheldrick, G. MSADABS University of Gdtingen: Gutingen,
Germany, 1996. (b) Sheldrick, G. Micta Crystallogr 1990 A46,
467—-473. (c) Sheldrick, G. MSHELXL-97 University of Gdtingen:
Gaottingen, Germany, 1997.
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Scheme 1. Hydrothermal Reaction of Copper Nitrate Hydrate and
p-Pyridinecarboxylic Acid Gives Rise to the Extended Met@rganic

Framework
O
N
N/ o

— (0]
Cu(NO,),3H,0 + N@—{OH Cu(OH)
was the only product at 20T, likely due to the decomposi-
tion of the ligand. The optical micrograph shows the
needlelike morphology of the 15TC product (Figure 1).
The product is highly crystalline and phase-pure (Figure 2a),
comparing the experimental PXRD pattern to the theoretical
pattern based on the single-crystal data (Figure 2b). The

:|HZO + 2NO, + 2H* + H,0

patterns agree very well over the entire range. Some higher cryst size _
angle peaks are likely suppressed in the experimental pattern CLYSt color and habit

due to preferred orientation upon sample preparation from
the needle morphology of the product.

Table 1 displays detailed crystallographic information for
the compound. In this structure each Cu atom is coordinated
to the oxygens of three hydroxyl groups. Each O atom is
coordinated to three Cu atoms to form a zigzag chain of edge-
sharing four-rings along tha-axis (Figure 3a). In addition,
each Cu atom is coordinated by the N atom and one of the
two carboxylate oxygens of tiePyC ligand, defining square
pyramidal geometry (Table 2). One of the hydroxyl oxygens

in the apex of the pyramid resides at an elongated distance

Figure 1. Optical micrograph ofl, showing the needlelike morphology
of the blue-green crystals (white scale bar: /58).

102 A
6.6 A
\ S1A, L4 33A
; Mo 1 - W(a)
s
b . (b)
Cu,0
CuO CUOCUZO
bcast e (c)
—r - 1 - 1 1 1 1 1 11
5 10 15 20 25 30 35 40 45 50
20 (deg.)

Figure 2. PXRD patterns, with most intense peaks labeled, (a) of as-

Tran et al.

Table 1. Crystal Data and Structure Refinement Parameters for
Cu(OH)(p-PyC)yH,0?

empirical formula GH7CuNOy
294(2) K

cryst syst monoclinic

space group P2:/n

a=3.5521(2) A
b=15.8665(11) A
c=12.9977(9) A

unit cell dimens

B = 95.285(2)
\% 729.43(7) R
fw 220.67 amu
F(000) 4447e
4
density,pcalcd 2.009 g/cm
0.27% 0.09x 0.06 mn?
blue needle
abs coeffu 2.963 mntt

diffractometer
index ranges
reflns collected

Bruker SmartApex CCD area detector
—4<h=<4,0=<k=<21,0=1=17
14 771 (2939 overlapped)

independent refins 1802
obsd reflns] > 20(1) 1457
coverage of independent refins  97.8%

abs corr semiempirical from equivalents
TWINABS (Sheldrick, 1996)

max and min transmission 0.837 and 0.547

goodness-of-fit orfr2 0.927
final Rindices
R1,1 > 20(1) 0.0405
wR2, all data 0.0950
Rint 0.0560
Rsig 0.0593

weighting scheme w = 1U[o4F) + (0.09P)3,

P = [max(F2,0) + 2F3)/3
largest diff. peak and hole 0.342 and).308%A3

3R1 = 3||Fo| — |FJl/ZIFol, WR2 = [EW(Fe? ~ Fc?)Z/Zw(Fo?)? 2.

Figure 3. Crystallographic views (Cu, orange; O, red; N, blue; C, green;
H, gray): (a) c-projection, showing the zigzag Cu(OH) chains; (b)
a-projection of the 3D open framework with water molecules in the channels
(H-bonds: thin dashed lines).

of 2.267(2) A, typical for C&" coordination. The shortest
Cu—0 bond is 1.936(2) A and lies perpendicular to the length
of the chain. The other intrachain €0 bond of 1.971(2)

A alternates with the substantially longer-€0 bond length,
along both edges of the zigzag chain, likely due to a 3ahn
Teller distortion?* As a result, the CaCu distances also
alternate along the chain [2.965(2) and 3.107(2) A].

The chains of edge-sharing CylD distorted square
pyramids are linked into a 3D framework by bridgipd?yC
ligands (Figure 3b). The water molecule occupies the
unidimensional channel and is disordered between two
positions, in a 0.53 to 0.47 ratio. An extended H-bonding

synthesized material, (b) theoretical pattern project from single-crystal XRD
data, (c) after treating at 60TC.
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Open Metal-Organic Framework Containing Cuprate Chains

Figure 4. ORTEP diagram and atom-labeling scheme. ] o ] )
Figure 5. Temperature dependence of the susceptibility under field-cooling

Table 2. Bond Lengths (A) and Angles (deg) for condition and a magnetic field of 1000 G. The solid red line is the best fit

Cu(OH){-PyCyH,0? from the Heisenberg chain model (see text). Inset a showsvérsus
- temperature, while inset b shows the low-temperature region and fitting to
Cul-01 1.9358(16)  O%Cul-O1 81.22(7) the Curie-Weiss law.
Cul-01 1.9705(17)  O*Cul-N1 172.07(7)
Cul-N1 1.9931(19 Ot-Cul-N1 91.21(7 . _—
Cu1-02' 2.0036&6)) 0%Cu1-02' 95_4357)) dependence pf the magnetic s.u'sceptlblbgtybetw.een 2 and '
Cul-O1i 2.2671(18)  O%-Cul-O2 153.47(8) 300 K under field-cooling condition and an applied magnetic
(’\ﬁ:gﬁ:gi:i ggggg; field of 1000 G (SQUID Magnetometer: Quantum Design
cul—cul 2.9654(6) Of-Cul-Ofi 113.73(7) MPMS). The susceptibilityy smoothly increases as _the
N1-Cul-O1" 95.99(7) temperature decreases from 300 K with a broad maximum
| J— —_ 1 . . .
cuLolcul  9878(7) oz Sut ot %50(22()7) centered at 89 K that is generally associated with 1D
Cul—01—Cu7Ji 95.00(7) Cul-01—H1 125(2) antiferromagnetic correlations within the cuprate chéaéns.
Cul—01—Cufi 113.73(7) Culi—01-H1 113(2) The Neel temperaturely is around 51 K, defined by the

maximum of d¢T)/dT, according to the standard definitiéh.
Figure 5a shows that the reciprocal of susceptibility
deviates from linearity around 150 K. Data were fit to the

a Symmetry transformation codes: ()x + 1, —y + 1, —z+ 1; (ii) x
— 1/2, -y + 3/2,z+ 1/2; (iii) —x, —y + 1, —z+ 1.

Table 3. Hydrogen-Bond Informatighfor Cu(OH)@-PyC)yH,0 (A and

deg) modified Curie-Weiss law § = yo + C/(T — )], where
D_H-A SD—H) o(H—A) oD-A) C(DHA) Xo is the temperature—mdepe_ndent term &as the Curie
o0 0841(10) 191018 26872 153(2) constant. We found that allowing all three parameters to vary
O2W-H2W1-+-03 0.85(2)  206(3)  2.892(12)  166(7) upon data fitting gave unrealistically high values for the Curie
O1W-HIW1L---OIW" 0.86(2)  2.35(4)  3.20(2) 169(10) constant and consequengyactor (2.29) in a Cu(ll) system.
O1W-HIwW2--03'  0.854(19) 259(11) 2.782(10)  94(7)  |Instead, we fixed theg factor to 2.00 and obtained a Curie

constant ofC = 0.375 emeK/mol-Oe from the equatio®
= Nug?g?S(S+ 1)/3ks. In the 206-300 K region the fitting

) ~gives a paramagnetic Curie temperatigef —33.4K and
network is formed between these waters and the terminal 3 temperature-independent teygof 2.27 x 104 emu/mot

carboxylate oxygen (thin lines, Figure 3b; .also see Table g, The negative value af, indicates antiferromagnetic
3). The hydroxyl group also forms a strong intraframework jnteraction between Cu sites within the cuprate chain.
H-gggd with the terrr;lnal carboxylate oxygen. Batten et The gata were also analyzed using the Heisenberg linear-
al#*Pand Zhou et at>* also usecp—P)‘/‘C asa ligand, but  chain theory to obtain the coupling constdrtetween Car

their structures are molecular solids (“0D”). Our compound jons in 1D spin chaind! The magnetic data fit very well to
has the unique structural feature of entirely inorganic 1D ihe Heisenberg 1D antiferromagnetic chain m&diel the
Cu(OH) chains, which are connected by organic groups into temperature range 2500 K. The analytical expression is
an open 3D framework. Figure 4 shows the thermal ellipsoids ,, . — (N@usZksT)(A + Bx+ Cx)/(1 + Dx + ExX2 + Fx3),

and atom-labeling scheme. . where x = |J|/(ksT) and A—F are a set of coefficients

~ Magnetic Properties. Since the MOF compound contains - required to obtain precise fitd The best fit gives parameters
intact 1D copper oxide chains, we investigated its magnetic j = —7 3 cnrt andg = 2.15, as indicated by the solid line
properties by SQUID magnetometry. Approximately 71 mg i Figure 5. Thisg factor agrees well with those of related

of sample was packed between two cotton plugs and placedzopper chain systen?é!28 The coupling constart= —7.3
into a gelatin capsule. Figure 5 shows the temperature

aD, donor atom; H, hydrogen; A, acceptor. Symmetry transformation
codes:(i)x — 1/2, -y + 3/2,z+ 1/2; (iv) —x + 1, -y + 1, —z+ 2.

(26) Brener, R.; Ehrenfreund, E.; Shechter, H.; Makovsky, Phys. Chem.

(25) (a) Batten, S. R.; Harris, A. R\cta Crystallogr 2001, E57, m7—m8.
(b) Batten, S. R.; Harris, A. RActa Crystallogr 2001, E57, m9—
m11. (c) Zhou, Y.; Bi, W.; Li, X.; Chen, J.; Cao, R.; Hong, Mcta
Crystallogr. 2003 E59, m356-m358.

Solids1977, 38, 1023-1029.

(27) Fisher, M. EPhilos. Mag 1962 7, 1731-1734.

(28) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hodgson, DIndrg.
Chem 1978 17, 1415-1421.
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1004 heating the material to 200C to ensure all the water is
] completely removed, the sample returns to approximately
7 the same mass upon exposure to laboratory air for several
6. hours (ca. 8.0%). PXRD analysis for the rehydrated material
] matches that of the as-synthesized material. A large, very
§ 70 abrupt mass loss of 48.5% in the 250 region is due to
s the decomposition of thp-PyC ligands and agrees reason-
g 60 ably well with the theoretical value of 55.3%The PXRD
ES patterns after heating the material to 300, 450, and &0
%7 display the same pattern (Figure 2c). The peaks of the pattern
w0 index well to CyO and CuO (JCPDS refs. 05-0667 and-44
] 0706, respectively).
* 100 200 300 40 50 600 Conclusions
T(°C)

Extended 1D metalate chains as building blocks in metal
organic materials may lead to new materials with interesting

cm L indicates antiferromagnetic interaction between copper Magnetic and electrical behavior as well as small molecule
ions within the chain and is consistent with the range of Storage materials. The dehydration of the material is highly
exchange coupling mentioned in the Introduction for the reversible upon cooling from 208C. Preliminary studies
halide-bridged copper chain systé. indicate the framework is a 1D antlferromggnetlc s.ystem' with

The rapid upturn of susceptibility below 14 K indicates @ Neel temperature of 51 K. The BonneFisher spin chain
the presence of a small amount of paramagnetic impurity, a Model accounts for the magnetic behaviol at 25 K, with
common occurrence in such systems and is known as a Curidh€ parameterd= —7.3 cnt* andg = 2.15. A paramagnetic
tail. 2230 This Curie tail atkT/|J| < 1.25 has been analyzed impurity dominates the susceptibility below 14 K and is
by assuming the impurity obeys the Curie lay = calculatgd to be ata cqncgntration@@.Z%, implying the
{PINGPu?S(S + 1)l/3ksT + (1 — P)ycnairt 222 whereS = synthesized compound is highly pure. Although n_105t current
1/2 andP is the impurity concentration. The least-squares focus has been on larger and more elaborate linkers, there
fitting results are shown as the solid red line in Figure 5b. S Still 2 great deal of structural diversity to be explored using
The resultant values of, 9, andP are 7.28x 105 emu/  Smaller, multidentate ligands.

mol-Oe, 0.08 K, and 0.2%, respectively. The impurity  Acynowledgment. This research was supported by an
concentratiorP = 0.2% indicates the synthesized compound NSk career Award (DMR-0239607). We also thank Profes-
1 is highly pure, as indicated by the theoretical versus o g\,7ykj (SUNY Binghamton, Department of Physics) for

experimental PXRD patterns. _ assistance with SQUID data collection.
Thermal Behavior. Thermogravimetric analysis shows

that the material is stable to ca. 245 (Figure 6). The trace Supporting Information Available: Crystallographic informa-
shows two major events. The first mass loss of ca. 7.7% tion file (CIF) and detailed tables of atomic coordinates, anisotropic
occurs in the region of 50100 °C, corresponding to the thermal parameters, and complete bond lengths and angles. This

loss of intrachannel water (theoretical value 8.1%). After material is available free of charge via the Internet at http://
pubs.acs.org.

Figure 6. TGA trace ofl shows a sharp weight loss in the 28D region.

(29) Rentschler, E.; Gatteschi, D.; Cornia,lAorg. Chem 1996 35, 4427 1C050024C
4431.

(30) Mazurek, W.; Kennedy, B. J.; Murray, K. S.; O'Connor, M. J,;
Rodgers, J. R.; Snow, M. R.; Wedd, A. G.; Zwack, Plidrg. Chem (31) The lower than expected mass loss is likely due to incomplete burning
1985 24, 3258-3264. of the ligand in the nitrogen environment of the heating chamber.
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