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The new copper(ll) or copper(ll)/sodium(l) 1D coordination polymers [Cuy(Hmdea),(u-H20)(ue2-tpa)]a-2nH,0 (1),
[Cuy(Hatipa)a(uz-ipa)]s-4nH,0 (2), [Cua(Hatea),Na(Ho0)2(u2-tma)],6nH,0 (3), [Cua(Hatea)s(u2-ipa)],-nH20 (4a), and
[Cuy(Hatea){ us-Na(H.0)s} (us-ipa)](NO3),-0.5nH,0 (4b) have been prepared in aqueous medium by self-assembly
from copper(ll) nitrate, aminopolyalcohols [methyldiethanolamine (H.mdea), triisopropanolamine (Hstipa), and
triethanolamine (Hstea)] as main chelating ligands and benzenepolycarboxylic acids [terephthalic (H,tpa), isophthalic
(H.ipa), and trimesic (Hstma) acid] as spacers. They have been characterized by IR spectroscopy, elemental and
single-crystal X-ray diffraction analyses, the latter indicating the formation of unusual multinuclear metal cores
interconnected by various benzenepolycarboxylate spacers, leading to distinct wavelike, zigzag, or linear 1D polymeric
metal—organic chains. These are further extended to 2D or 3D hydrogen-bonded supramolecular networks via
extensive interactions with the intercalated crystallization water molecules. The latter are associated, also with
aqua ligands, by hydrogen bonds resulting in acyclic (H,0); clusters in 1, (H,0)s clusters in 2, infinite 1D water
chains in 3, and disordered water—nitrate associates in 4b, all playing a key role in the structure stabilization and
its extension to further dimensions. Variable-temperature magnetic susceptibility measurements have shown that
1-4 exhibit a moderately strong ferromagnetic coupling through the alkoxo bridge. The small Cu-O—Cu bridging
angle and the large out-of-plane displacement of the carbon atom of the alkoxo group accounts for this behavior.
The magnetic data have been analyzed by means of a dinuclear and a 1D chain model, and the magnetic parameters
have been determined. The magnetic exchange coupling in 3, to our knowledge, is the highest found in alkoxo-
bridged copper(ll) complexes.
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different benzenepolycarboxylic acfd® and to a lesser  Scheme 1. General Scheme of Self-Assembly Synthesis
extent aminopolyalcohdlsare known to be good and main

. e . L . metal solvent chelating pH-regulator| spacer
ver;atlle bun_dmg plocks in designing coppérganic poly- source ligand
meric materials with varying topologies. Nevertheless, the
examples of heteroligand copper frameworks constructed

from both types of these ligands remain very scant. @
Recently, we have reportétithe interesting catalytic and - -
. . . ( self-assembly synthesis ]
host-guest properties of a novel series of multinuclear
copper complexes and coordination polymers obtained via @
self-assembly synthesis (Scheme 1) based on a simple
combination, at room temperature, of copper nitrate (metal ( coordination polymer ]

source), water (solvent), triethanolamine (main chelating
ligand), sodium hydroxide (pH regulator), and aromatic
mono- or polycarboxylic acid (auxiliary ligand or spacer, distinct topologies and properties of copper-containing
respectively). In this respect, the current study aims to extendpolymeric frameworks.

the generality of this synthetic approach (Scheme 1) to a Hence, we report herein the easy self-assembly synthesis,
variety of main chelating ligands and spacers and to show characterization by single-crystal X-ray diffraction, supramo-
how a slight structural modification of those aminopolyal- |ecular features, and magnetic properties of four new
cohol or aromatic polycarboxylate ligands may lead to coordination polymer&—4 obtained by using methyldietha-
nolamine (Hmdea), triisopropanolamine gtipa), or trietha-
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Experimental Section

Materials and Methods. All of the synthetic work was

Kirillov et al.

crystals.4b displays an IR spectrum that is almost equal to that of
da. (4b): IR (KBr): v = 3490 (sh), 3401 (s br) and 3255 (s br)
Y(OH)+v(H20), 2964 (m)vadCH), 2880 (m) and 2854 (m)(CH),

performed in air and at room temperature. All of the chemicals 1576 (w sh), 1605 (s) and 1555 (gCOO), 1452 (m) and 1381
were obtained from commercial sources and used as received,s) ,(CO0), 1092 (m(C—O).

Carbon, hydrogen, and nitrogen elemental analyses were carried X-ray Crystallography. For2, 3, and4b, the X-ray diffraction

out by the Microanalytical Service of the Instituto Superiociiieo.
Melting points were determined on a Kofler table. Infrared spectra
(4000-400 cntl) were recorded on a BIO-RAD FTS 3000MX
instrument in KBr pellets. Magnetic susceptibility measurements

data were collected with a Nonius Kappa CCD diffractometer using
Mo Ka radiation. Crystals were mounted in inert oil within the
cold gas stream of the diffractometer. TBENZOSCALEPACK
program packadé was used for cell refinements and data reduc-

on polycrystalline samples were carried out in the temperature rangegns. The structures were solved by direct methods using the

2.0—300 K by means of a Quantum Design SQUID magnetometer
operating at 500 OeT( < 15 K) and 10 000 OeT > 15 K).

SHELXS-97programt® An empirical absorption correction was
applied to2 and 3 using XPREPin SHELXTLversion 6.14-1 or

Diamagnetic corrections of the constituent atoms were estimated gapaBSversion 2.10 programi€a® An analytical absorption

from Pascal's constants as244.23 x 1076, —305.1 x 107,

—335.9x 1076, and—254.3x 107% cm? mol~* for 1, 2, 3, and4a

respectively. Experimental susceptibilities were also corrected for

the temperature-independent paramagnetism<[80- cm® mol~*

per copper(ll)] and the magnetization of the sample holder.
General Synthetic Procedure for 1-4. To an aqueous solution

(10.0 mL) containing Cu(N€),-2.5H,0 (1.00 mmol) in HNQ (1.00

correction (de Meulenaer Tompg&was applied tetb. Structural
refinements were carried out with tt®HELXL-97program!® In

2, one of the water molecules was disordered over two sites (O14A
and 014B) with equal occupancies. Another water molecule (O11)
was partially lost and refined with an occupancy of 0.5. The moiety
of C23, C24, C25, and O7 was also disordered over two orientations
with occupancies of 0.65 and 0.35, thus accounting for the residual

mmol) [the acid was added to avoid spontaneous hydrolysis of the ejectron density ir2. These atoms were restrained so that thgir

metal salt] were added dropwise the aminopolyalcohol (1.00 mmol)
[methyldiethanolamine (11&L) for 1, triisopropanolamine (191
mg) for 2, triethanolamine (13Q:L) for 3 and 4], an aqueous
solution (3.0 mL) of NaOH (120 mg, 3.00 mmol) and benzenep-
olycarboxylic acid [terephthalic acid (83 mg, 0.50 mmol) for
isophthalic acid (83 mg, 0.50 mmol) f@rand4, and trimesic acid
(69 mg, 0.33 mmol) foB] in this order and with continuous stirring

at room temperature. The resulting reaction mixture was stirred
overnight and then filtered off. The filtrate was left to evaporate in
a beaker at ambient (ca. 2@5 °C) temperature. Blue X-ray quality
crystals ofl, 2, 3, and4ain ca. 50% yield (based on copper nitrate)
were formed in +2 weeks and then collected and dried in air.

[Cuz(Hmdea)(u-H0)(uz-tpa)]n-2nH20 (1). IR (KBr): v =
3398 (s br) and 3240 (s bs)(OH)+v(H20), 2981 (w)va.dCH),
2908 (w) and 2866 (wiy(CH), 1655 (w sh) and 1574 (8){COO0O),
1385 (s)v{(COO0), 1060 (m) cm! »(C—0); elemental analysis
Calcd (%) for GgHz4CwN,01; (581.6): C 37.17, H 5.89, N 4.81;
found C 37.21, H 5.93, N 4.91.

[Cua(Htipa) o(uz-ipa)]n+4nH0 (2). IR (KBr): v = 3428 (s br)
and 3235 (m bry(OH)+v(H20), 2976 (m)v,d CH), 2922 (w) and
2877 (m)v4(CH), 1650 (w sh), 1606 (s) and 1557 (gCOO),
1436 (m) and 1381 (3)(C0OO0), 1127 (m) cm! »(C—0O); elemental
analysis Calcd (%) for €Hs,CuN,O,4 (743.8): C 41.98, H 7.04,

N 3.77; found C 41.56, H 7.23, N 3.82.

[Cua(HteayNa(H20)(uz-tma)]n-6nH0 (3). IR (KBr): v =
3491 (s br), 3398 (s br) and 3263 (s b{DOH)+v(H,0), 2967 (w)
vadCH), 2919 (m) and 2871 (my{(CH), 1660 (w sh), 1609 (s)
and 1555 (sy.{COO0), 1434 (s) and 1369 (s)(COO), 1082 (m)
and 1066 (m) cm! »(C—0); elemental analysis Calcd (%) for
Co1H4sCwNaN,Oog (7997) C 31.54, H 6.17, N 3.50; found C
31.68, H 6.18, N 3.65.

[Cuy(Hoteak(uz-ipa)]n-nH20 (4a). IR (KBr): v = 3530 (s br),
3356 (s br) and 3255 (s bi)(OH)+v(H,0), 2964 (m)v,dCH),
2880 (m) and 2853 (m}s(CH), 1675 (w sh), 1604 (s) and 1556
(s) vadCOO), 1453 (m) and 1382 (s)}(CO0O), 1093 (my(C—0);
elemental analysis Calcd (%) fopgEl3sCwN204; (605.6): C 39.67,

H 5.66, N 4.63; found C 39.36, H 5.59, N 4.65. A slow evaporation
of the reaction mixture of} at a slightly lower temperature (ca.
10—15°C) led to the formation of a mixture @fa (main product)
with the derived compound [G(H tea){ us-Na(H0)s} (us-ipa)lr-
(NO3)n*0.5nH,0 (4b) (minor product) isolated as blue X-ray quality
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components approximate to isotropic behavior. Anisotropic refine-
ment or expansion of the disorder model did not improve the
structure model o2. The residual electron density #b is due to

the disorder over two sites of two nitrate moieties (N1, 014, O15,
016 and N2, 017, 018, 019) and one water molecule (020). These
atoms were also restrained so that thgicomponents approximate

to isotropic behavior. Furthermore, the OH group (O3) was
restrained to approximate isotropic behavior as well. No acceptable
disorder model could be applied for this atom. ThgdHand OH
hydrogen atoms i2—4 were located from the difference Fourier
map but constrained to ride on their parent atom, Wit = 1.5

Ueq (parent atom). Other hydrogen atoms were positioned geo-
metrically and were also constrained to ride on their parent atoms,
with C—H = 0.95-0.99 A andUis, = 1.2-1.5 Ueq (parent atom).

For 44, the intensity data were collected using a Bruker AXS-
KAPPA APEX Il diffractometer with graphite monochromated Mo
Ka radiation. Data were collected at 150 K using omega scans of
0.5° per frame, and a full sphere of data was obtained. Cell
parameters were retrieved using BrukeMART software and
refined using BrukerSAINT on all of the observed reflections.
Absorption corrections were applied usiB§DABSStructures were
solved by direct methods by using tB&IELXS-97 packagé® and
refined with SHELXL-97*> with the WinGX graphical user
interface'® All of the hydrogens were inserted in calculated
positions.

For 1, the X-ray diffraction data were collected on an Enraf-
Nonius CAD4 diffractometer, equipped with a graphite monochro-
mator and using Mo K radiation ¢ = 0.71069 A). The structure
was solved by direct methods using BBEELXS-9package? An
empirical absorption correction based on equivalent reflections was

(12) Otwinowski, Z.; Minor, WMethods in Enzymologacromolecular
Crystallography, Part A; Carter, C. W., Jr, Sweet, R. M., Eds,;
Academic Press: New York, 1997; Vol. 276, pp 3(B26.

(13) Sheldrick, G. MSHELXS-97Program for Crystal Structure Deter-
minationr University of Gdtingen: Gudtingen, Germany, 1997.

(14) (a) Sheldrick, G. M.SHELXTL ver. 6.14-1; Bruker AXS Inc.:
Madison, Wisconsin, U.S.A., 2005. (b) Sheldrick, G. SADABS -
Bruker Nonius scaling and absorption correctjorer. 2.10; Bruker
Axs Inc., Madison, Wisconsin, U.S.A., 2003. (c) de Meulenaer, J.;
Tompa, H.Acta Crystallogr.1965 19, 1014.

(15) Sheldrick, G. M.SHELXL97 University of Gdtingen: Gitingen,
Germany, 1997.

(16) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.
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Table 1. Crystal Data and Structure Refinement Details Tet4

1 2 3 4a 4b
empirical formula GgH34CWpN011 CoeHs1CWN20135  CorHa7CleNaN;Oz CooH34CWpN2011 CgoH156CUsN12NayOss
fw 581.57 734.77 797.68 605.57 2942.45
T(K) 291(2) 120(2) 120(2) 150(2) 120(2)

A (A) 0.71073 0.71073 0.71073 0.71069 0.71073
cryst syst monoclinic monoclinic orthorhombic orthorhombic monaclinic
space group p2/C P2i/n Pbcn Pbca Rllc

a(h) 10.751(2) 9.9893(4) 14.6973(2) 13.8183(6) 12.4289(3)
b (A) 6.9767(10) 22.7320(7) 17.7243(5) 13.5374(7) 14.3925(6)
c(A) 16.377(2) 15.0150(6) 12.4624(3) 25.9622(12) 17.9428(7)
a (deg) 90 90 90 90 90

p (deg) 100.653(7) 95.472(2) 90 90 98.631(2)

y (deg) 90 90 90 90 90

V (A3) 1207.1(3) 3394.0(2) 3246.45(13) 4856.6(4) 3173.3(2)
z 2 4 4 8 1
Pealcd(Mg/ne) 1.600 1.438 1.664 1.656 1.540

(Mo Ka) (mm~1) 1.820 1.316 1.409 1.813 1.428

© limits (deg) 2.88-25.02 2.24-25.00 2.82-27.48 2.63-25.35 3.73-25.00
completeness (%) 99.9 99.9 99.5 99.9 99.5

no. of collected reflns 2257 49 250 52474 30 195 24 592

no. of unique refins 2136 5973 3713 4451 5558

Rint 0.0271 0.1249 0.0734 0.0606 0.0544

no. of params 186 452 240 340 432

Final R, WR2 (I > 20)
R1, wR2 (all data)
GOF onF 2

largest diff. peak and hole (e &)

0.0627, 0.0989
0.1362, 0.1191

1.019

0.369,—0.480

0.0572, 0.1370

0.0953, 0.1542

1.033
1.236;-0.611

AR1= 3 |IFol — [Fdll/Z[Fol. ®WR2 = [F[W(Fo* — Fc?)2)/ 3 [W(Fo?)7] M2

applied. The structure was refined with tBeIELXL-97programt®

for the methylene carbon atoms C21 and C11.
Crystal data and details of data collection for4 are reported

in Table 1.

Results and Discussion

Synthesis and Spectroscopic CharacterizationThe
copper(ll) compound4—4 have been synthesized via the

self-assembly method depicted in Scheme 1. Hence, the

simple combination, at room temperature and in air, of
copper(ll) nitrate as the metal source with water as the
solvent and an aminopolyalcohol [i.e., methyldiethanolamine
(Homdea) for 1, triisopropanolamine (kipa) for 2, or
triethanolamine (ktea) for3 and4] as the main chelating

acid [i.e., terephthalic acid @tpa) for 1, isophthalic acid
(Hzipa) for 2 and 4, or trimesic (Htma) acid for3] as a
spacer, provides the self-assembly formation of the new maxima in the 29862965, 2926-2910, and 28862850

polymeric compounds [G(Hmdea)(u-H20)(uz-tpa)-2nH,0
(D), [Cu(H:tipak(uzipa)l-4nHO (2), [Cux(HateapNa(H:0)e-
(u-tma)h-6nHL0 (3), and [Cu(H teay(uq-ipa)l.-nH20 (4a)

formation of the derived compound [gtitea){us-Na-
(H20)3} (us-ipa) [{(NOs3)n+0.5nH,0 (4b) (minor product), which
additionally comprises an aquasodium moiety (from sodium
hydroxide) and a nitrate counterion (Scheme 2). All of the (17) Cao, R.; Shi, Q. Sun, D.; Hong, M.: Bi, W.: Zhao, I¥iorg. Chem.
coordination polymerd—4 are stable in air and insoluble

0.0325, 0.0724
0.0510, 0.0803
1.063
0.539;:-0.499

0.0301, 0.0658
0.0436, 0.0696

0.981
0.568:-0.298

0.0638, 0.1832
0.0791, 0.1980
1.050
1.314;-0.614

in water as well as common organic solvents. It is interesting
All of the hydrogens were inserted in calculated positions. A to mention that in spite of the ionic natuety appears to be
disorder model was included for the methyl carbon C31 as well as jhsoluble in water, unlike the related copper(ll)/Na(l)
coordination polymer [CiiHztea){ us-Nap(H20)4} (s-pma)}
10nH,0 (Hspma= pyromellitic acid)’® Upon heating, all

of the compounds are fractured and discolored between 70
and 140°C because of dehydration followed by gradual
turning to opaque and decomposition within a broad interval
of temperatures starting at above ca. 2@0

The IR spectra ofi—4 possess related features showing

typical vibrations due to the aminopolyalcohol ligands,
benzenepolycarboxylate moieties, crystallization, and coor-
dinated water molecules. Thus, the strong and broad bands,
typically with two maxima at ca. 35363400 and 3266

3235 cn1l, are assigned to the stretching vibrations of OH
ligand, followed by the alkalization with sodium hydroxide ~9roups and KD molecules. The broad character of the latter
(pH-regulator) and the addition of a benzenepolycarboxylic @nd the high intensity is indicative of extensive hydrogen
bonding involving OH groups and water. Several weak or
medium-intensity v(CH) bands are also observed with

cm ! ranges. The,sandwys vibrations of carboxylate groups
are detected as two (i) or four (in 2—4) high- or medium-
intensity bands with absorbance maxima in the 161855
(Scheme 2). These products were isolated as blue crystallineand 1455-1370 cm! ranges, respectively, also having
solids in ca. 50% yields (based on copper(ll) nitrate) and shoulders in the 16751650 cnv! region. The unprotonated
characterized by IR spectroscopy and elemental and singlecharacter of one uncoordinated CO@roup in the tma

crystal X-ray diffraction analyses. Besides, slightly different moiety of3 (Scheme 2) can also be confirmed by the absence
crystallization conditions from those ofa lead to the

of an absorption maximum at around 1730¢ which is
typical for a protonated COOH group. The elemental
analyses ofl—4 confirm their analytical purity and are

2002 41, 6161.
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Scheme 2. Schematic Representations (Repeating Units)-e42
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[Cua(Hatea),Na(H20)2(p2-tma) ]n-6nHO (3) [Cux(Hatea)s(pz-ipa)]nnH2O (4a) (without the
fragments within the dotted rectangles);
[Cua(Hatea) {ps-Na(H20)3} (ks-
ipa)]n(NO3),°0.5nH,0 (4b) (with those fragments)

aNumbers indicate the corresponding extensions of polynuclear chains.

consistent with formulations (Scheme 2) authenticated by (O1), and one bridging water molecule (O10). The binding
the X-ray diffraction studies, as indicated below. of the Hmdea ligand involves two five-membered chelate
Basic Description of X-ray Crystal Structures. The rings with bite N:--Cul—-012 and N+Cul—-022 angles
X-ray crystal analyses reveal that-4 possess 1D infinite  of 85.5(2) and 78.9(2) respectively. The Cu1012 [1.948-
polymeric architectures constructed from dinuclear jJCu (4) A] and Cut-01 [1.930(5) A] bond lengths (Table 2)
(aminopolyalcohob]? units, which are interconnected by are within typical values for CtuO and Cu-O(tpa) bonds8
benzenepolycarboxylate ligands acting as spacers (Schemeahereas the Cut022 [2.510(6) A] and Cut010 [2.566-
2). The structures oB and 4b also reveal an additional  (7) A] distances are remarkably longer than the average
incorporation of aqua sodium moieties, leading to the bonds of that type but are comparable to those reported
formation of an heterometallic copper/sodium framework. previously for some compounds?7:8.1%The binding of the
The displacement ellipsoid plots for structural fragments of terephthalate moiety is additionally stabilized by the in-
1-4 are depicted in Figure 1, whereas the partial-crystal tramolecular O22H22---0O2 [2.678(7) A] hydrogen bond
packing diagrams exhibiting metabrganic polymeric chains  (part a of Figure 1, Table 3) between an OH group of Hmdea
are shown in Figure 2. The selected bonding parameters andand the free carboxylate oxygen. The bridging 012 and 010
hydrogen-bonding distanced(D---A)] are given in Tables  atoms are involved in the generation of an unusuab{u
2 and 3, respectively. All of the symmetry codes along the O),(«-H,O)] core with a cocked-hat-like geometry (part a
discussion below are those of Tables 2 and 3. of Figure 3), in which the centrosymmetric [&u-O),] unit
[Cuz(Hmdea)(u-H,0)(uz-tpa)]n-2nH,0 (1). The molec- is nonplanar, having both O12 atoms shifted in the opposite
ular structure ofl (part a of Figure 1) contains the direction relatively to the apical water molecule O10. The
centrosymmetric binuclear [GHmdea)(u-H,0)]*" frag- Cu-+-Cu separation within that core is 2.793(6) A, whereas
ments stabilized by boung,-terephthalate anions, thus the representative OZul-012, Cul-010-Cul, and
forming the wavelike metatorganic chains (part a of Figure  Cul—012—Cul bond angles are 80.30(15), 66.0(2), and
2). Each Cul atom has a distorted tetragonal-bipyramidal 91.27(15), respectively (Table 2). It is worthwhile to
geometry filled by a tridentate Hmdea ligand with one (18) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.
bridging alkoxo group (012), one terephthalate oxygen atom G.; Taylor, R.J. Chem. Soc., Dalton Tran989 S1.
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Self-Assembled Copper(ll) Coordination Polymers

Figure 1. Structural fragments df (a), 2 (b), 3 (c), 4a(d), and4b (e) with the partial atom labeling scheme and intramolecular hydrogen bonds (dashed
lines). Hydrogen atoms (apart from those involved in hydrogen bonds), crystallization water molecules, and counter-ions are omitted fosplcEynént
ellipsoids are drawn at the 30 (a, b, e) or 50% (c, d) probability level. Copper, green; sodium, purple; nitrogen, blue; oxygen, red; carbon, gray.

mention that the now encountered fQuO),(u-H,0)] core
in 1, with the u-H,O ligand completing the coordination

tetradentate ligand. Both Cul and Cu2 atoms exhibit distorted
tetragonal bipyramidal geometries. The equatorial planes are

sphere of both copper atoms, appears to be the first reportedormed by two bridging alkoxo oxygen atoms (O3 and 04),
example of that type, although there are plenty of structures amino nitrogen atoms (N1 and N2), and isophthalate (O1

with a simpler [Cuy(u-O),] unit? and only three compounds
known'® with the related [Ce(u-OH),(u-H,0)] fragment.
Moreover, to our knowledgel seems to constitute the first
transition-metal coordination polymer derived from meth-
yldiethanolamine.

[Cuy(Hztipa)(uz-ipa)]n-4nHL0O (2). The crystal structure
of 2 (part b of Figure 1) consists of asymmetric dimeric units
[Cux(Hatipa)]?t linked by bridginguz-ipa ligands, leading
to zigzag-type metalorganic chains (part b of Figure 2).

and O9) atoms, whereas the remainingjjph oxygen atoms
05, 06, 07, and O8 are located in apical positions. A&, in
the latter have significantly longer distances [€5 and
Cul—06 of 2.577(4) and 2.459(4) A, respectively] than, for
example, Cu+03 [1.936(4) A] and Cut01 [1.966(3) A]
bonds (Table 2). The [Gu-O),] core with the Cer-Cu
separation of 2.886(1) A is nonplanar, showing a twisted-
square geometry (part b of Figure 3). The intramolecular
O(6)—H(60)-++0(2) [2.677(5) A] and O(AH(7):+-O(10)

Triisopropanolamine is monodeprotonated and acts as a[av 2.634(16) A] hydrogen bonds (part b of Figure 1, Table

(19) (a) El Fallah, M. S.; Escuer, A.; Vicente, R.; Badyine, F.; Solans, X;
Font-Bardia, M.Inorg. Chem2004 43, 7218. (b) Youngme, S.; van
Albada, G. A.; Roubeau, O.; Pakawatchai, C.; Chaichit, N.; Reedijk,
J. Inorg. Chim. Acta2003 342 48. (c) Wu, L.-P.; Keniry, M. E.;
Hathaway, BActa Crystallogr.1992 C48, 35.

3) between OH groups ofipa and free isophthalate oxygen
atoms provide their further linkage, forming the six-
membered CutO6—H60--:0O2—C1-01 and CuzO7—
H7---010-C26—-09 rings with the O6-Cul—01 [89.89-

Inorganic Chemistry, Vol. 47, No. 1, 2008 167



Figure 2. Fragments of the crystal packing diagrams (arbitrary views) (@),

Kirillov et al.

2 (b), 3 (c), 4a(d), and4b (e) showing two metatorganic chains ir, 2,

3, and4aor one double metalorganic chain iMtb. Hydrogen atoms, crystallization water molecules and counter-ions are omitted for clarity. Copper, green;

sodium, purple; nitrogen, blue; oxygen, red; carbon, gray.

(13)°] and O7~Cu2—-089 [av 89.20(49] angles, respectively.
Another intramolecular O(8)H(80)---O(5) [2.716(5) A]
hydrogen bond is detected between OH groups of two H
tipa ligands. In general, most of the bonding parameters in
2 are comparable to those bfand other previously reported
compounds bearing isophthalate moiefiels. should be
mentioned that up to date there are only a few structurally
characterized coordination compounds withtiph or a
derived ligand’, in spite of its commercial availability,
cheapness, and somehow similarity to the widely used

triethanolamine that possesses a rather rich coordination

chemistry?60-4.7.8 Hence, 2, apart from being the first
example of a metatorganic framework derived from 4
tipa, extends to copper the still-limited number of triisopro-
panolaminate complexes.

[Cuz(Hatea)yNa(H20) (uz-tma)]n-6nH0 (3). The unusual
feature of the molecular structure 8f(part ¢ of Figure 1)
consists of the additional incorporation of the sodium [Na-
(H20),]* moiety to the typical dimeric copper triethanolami-
nate [Cu(Hatea)]?" unit, thus forming the heterotrimetallic
[Cux(HateapNa(H0),]3+ fragment, which is stabilized by

apical positions. The bonding parameters within the;(Byt
tea)]?" unit (Table 2) are comparable to the corresponding
ones inl and2 as well as in other copper triethanolaminate
complexes?d78The four-fold linkage of the sodium ion with
both copper atoms is achieved via two O1 and two O2
oxygen atoms of ktea with the corresponding Na®D1 and
Nal—02 bond lengths of 2.3528(16) and 2.6196(19) A,
respectively. The representative ©4al—01" [154.68(10)]

and O2-Nal-02' [56.53(7F] bond angles defining the
binding of the Nal atom are indicative of significant
octahedral-like distortions (Table 2). The coordination sphere
of the sodium ion is completed by two terminal agua ligands
(O7Y¥° disposed in the cis position, with NaD7 distances

of 2.387(2) A and an O#Nal—O7 angle of 84.5(10) In

the resulting heterotrimetallic [G(HxteayNa(H:0),]3t frag-
ment, the unusual [G(u-O),(u-O).Na] core possesses a
crownlike geometry (Figure 3) and appears to be the first
example of that type in any copper/sodium compounds
reported previously Within that core, the [Cy{u2-O),] unit

is nonplanar with botl,-O atoms shifted toward the apical

the benzene-1,3,5-tricarboxylate(3-) (trimesate) ligand acting sodium ion. The Cu-Cu and Cer+-Na separations are 2.829-

in a ugx-bridging mode and leading to the linear metal

(1) and 3.158(1) A, respectively. The intramolecular hydro-

organic chains (part ¢ of Figure 2). The geometry around gen ponds [O(1}H(1D)-+-O(5) 2.689(2) A] between an OH

the hexacoordinated copper atoms is distorted tetragonalgroup of Htea and the tma oxygen atom ©®provide further
bipyramidal, whereas the sodium atom shares the edges in ggjnforcement of the-Cuy/Na—tma—Cuy/Na~ motifs. Ad-

significantly distorted octahedral-like structural fashion.

Tetradentate triethanolaminate ligands are monodeprotonate

at the bridging O2 oxygen atodisvhich occupy, along with
amino nitrogen atoms N1 and carboxylate oxygen atoms
042° the equatorial planes of the [t tea)]?t unit,
whereas the other O1 and O3 oxygen at&mgH,tea lie in

(20) And their symmetry equivalents.

168 Inorganic Chemistry, Vol. 47, No. 1, 2008

itionally, both O6 oxygen atordsof the uncoordinated
OO group in tma act as hydrogen bond acceptors bridging
between OH groups (O3) of kta from neighboring units
[O(3)—H(3D)---O(6)" 2.743(2) A], thus multiply linking the
neighboring~Cuw/Na—tma—Cu/Na~ motifs with formation
of the double hydrogen-bonded chains (Figure S1 in the
Supporting Information).



Self-Assembled Copper(ll) Coordination Polymers

Table 2. Selected Bond Lengths (Angstroms) and Angles (Degrees) for double metat-organic chains (part e of Figure 2). The

1-42

1
Cu(1)-0(1) 1.930(5)  O(1)Cu(1)-0(22) 91.38(19)
Cu(1)-0(10) 25566(7)  O(12)Cu(1)-O(12)  80.30(15)
Cu(1)-0(12) 1.948(4)  O(16)yCu(1)-0(12) 80.50(15)
Cu(1)-0(22) 2.510(6)  Cu(1yO(10)-Cu(L) 66.0(2)
Cu(1)-N(1) 2.021(5)  Cu(1yO(12)-Cu(1) 91.27(15)
Cu(1)-0(12) 1.959(4)

2b
Cu(1)-0(3) 1.936(4)  Cu(1yO(5) 2.577(4)
Cu(1)-0(1) 1.966(3)  O(1)}Cu(1)-0(6) 89.89(13)
Cu(1y-0(4) 1.953(3)  O(3)Cu(1)-0(4) 81.48(14)
Cu(1)-N(1) 2.039(4)  Cu(LyO(3)-Cu(2) 96.16(15)
Cu(1)-0(6) 2.459(4)  Cu(2YO(4)-Cu(1) 95.70(15)

3
Cu(1)-0(2) 1.9521(15) O(HCu(1)-0(4) 92.21(6)
Cu(1)-0(3) 2.4024(16) O(LyNa(1)-O(1) 154.68(10)
Cu(1)-0(4) 1.9609(15) O(HyNa(1)-0(7) 116.99(6)
Cu(1)-N(1) 2.0415(18) O(ANa(1)-O(7) 84.50(10)
Na(1)-0(1) 2.3528(16) O(LyNa(1)-0(2) 78.05(6)
Na(1)-0(7) 2.387(2)  O(2yNa(1)-O(2) 56.53(7)
Na(1)-0(2) 2.6196(19) Cu(i)-O(2)-Cu(l) 92.93(6)
O(2fi—Cu(1)-0(2) 78.97(7) Cu(1yO(2)-Na(l) 86.07(5)

4a
Cu(1)-0(8B) 1.9530(19) Cu(2)O(14}i 1.9607(16)
Cu(1)-0(14) 1.9595(17) Cu(2O(16) 2.5549(19)
Cu(1)-0(22) 1.9248(16) Cu(2)O(22) 1.9449(17)
Cu(1)-0(24) 2.488(2)  Cu(2)yN(L)i 2.079(2)
Cu(1)-0(26) 2.613(2)  O(14YCu(1)-0(22) 80.62(7)
Cu(1)-N(2) 2.056(2)  O(14)—Cu(2)-O(22)i  80.10(7)
Cu(2)-0(1A) 1.9520(18) Cu(HO(14)-Cu(2¥  95.84(7)
Cu(2-0(12)i 2.328(2)  Cu(1}O(22-Cu(2)r  97.50(7)

ap
Cu(1)-0(4) 1.943(4)  Na(1yO(5) 2.359(5)
Cu(1)-0(2) 1.945(3)  O(2}Cu(1)-0(7) 80.07(15)
Cu(1)y-0(7) 1.956(4)  O(4yCu(1)-0O(1) 91.19(15)
Cu(1)-N(1) 2.031(5)  O(2}Cu(2)-0(7) 80.57(15)
Cu(1)-0(1) 2.404(4)  Cu(2YO(2)-Cu(l) 94.50(15)
Cu(1y-0(3) 2.589(8)  Cu(zrO(7)-Cu(l) 94.06(15)
Cu(2)-0(2) 1.939(4)  O(5)Na(1)-0O(12) 112.6(2)
Cu(2)-0(7) 1.942(3)  O(5yNa(1)-O(11) 87.05(19)
Cu(2)-0(9) 1.950(4)  O(5¥Na(ly-O(1) 160.66(17)
Cu(2-N(2) 2.035(6)  O(11yNa(1)}-O(1y 79.87(17)
Cu(2-0(8) 2.416(6)  O(5yNa(1)}-O(11y 87.58(17)
Cu(2)-0(6) 2.647(8) O(1BNa(l-O(1ly  88.36(18)
Na(1)-0(13) 2.342(7)  O(M)-Na(l}-O(1ly  77.94(17)
Na(1)-0(12) 2.384(6) Na(BO(11-Na(ly  91.64(18)
Na(1)-0(11) 2.408(5) Cu(O(1)-Na(ly  123.73(19)
Na(1)-O(1) 2.421(5)

a Symmetry transformations used to generate equivalent atoms:—(i) 1
XY, Yo =z (i) =X, y, —=z+ Yy (iii) X, Yo =y, Y2+ 7 (V) X, Y2 —y, =2
+z (v) —x+ 1, -y + 1, —z + 2. b Bond distances and angles around
Cu2 are almost equal, withino3 to those around Cul and thus are not
given.

[Cuy(Htea)(uz-ipa)]n-nH20 (4a). The crystal structure
of 4a (part d of Figure 1) is composed of typical dimeric
[Cux(Hateap]?t units linked by bridginguz-ipa moieties
forming linear metat-organic chains (part d of Figure 2).
In general4a shows some common features with those of
2 and4b (below) and thus is not discussed further.

[CUz(H ztea)z{ﬂ-Na(Hzo)a} (,ug-ipa)] n(NO3)n‘0.5’leo (4b)
Although the crystal structure db (part e of Figure 1) also

[Cux(Hatea)])? unit is asymmetric, and the bonding param-
eters around the Cul and Cu2 atoms are slightly different
(Table 2) but comparable to those ®fand 4a. Only one

OH group (0O1) from two Htea moieties of the [CH.-
tea)]?" unit acts in a bridging mode and is additionally bound
to the sodium ion [Nat01¥ 2.421(5) A]. The latter is also
connected to the carboxylate oxygen (O5) of one COO group
of isophthalate [NatO5 2.359(5) A], thus providing the
dual lacing of the~Cuw,—ipa—Cu,~ chains with the corre-
sponding O5-Nal-01' angle of 160.66(17) The distorted
octahedral geometry of the sodium ion is completed by two
terminal (012, O13) and two bridging (O11) water molecules
with the corresponding NalO12, Nat-013, and Nat
011 bond lengths of 2.384(6), 2.342(7), and 2.408(5) A,
respectively. The symmetry-equivalent Nal atoms generate
the centrosymmetric [Néu-H,0)(H20)4]?" moiety, in which

the square-type [N&:-H20);] unit is planar. The latter
constitutes the central part of an unusual heterometallic
copper/sodium core { Cux(u-0)z} 2(1-O)2Nap(u-H,0),] ¢+,
which possesses a sea-horse-shaped geometry (part d of
Figure 3), with the shortest GuCu, Na--Na, and Cer-Na
separations of 2.8524(9), 3.495(5), and 4.254(7) A, respec-
tively. The overall positive charge+g) of that core is
balanced by two isophthalate(2-) ligands acting in=a
bridging mode and two nitrate ions. Several intramolecular
hydrogen bonds (part e of Figure 1) provide an additional
stabilization within the [Cp(Hstea}]?" unit [O(6)—H(60)
-0(3) 2.771(6) A] and~Cuw,—ipa—Cu~ chains [O(1)-
H(10)---O(5) 2.691(5), O(8}H(80)---O(10) 2.658(7) A,

as well as their further tying with the [N@-H,O),(H20)4]?"
blocks [O(11)-H(11E)--O(7)' 2.771(6), O(12}H(12F)--
O(2)' 2.856(8) A] (Table 3).

Comparison of Polymeric Architectures in 1—-4 and
Related Compounds. The schematic representation of
polymeric architectures in the ned+4 and the related
coordination polymers [GHteay(uo-tpa)}-2nH,0 (A)72
and [Cu(Hateal{uz-Nag(H20)4} (us-pma)h-10nH,O (B)™
(which we have previously synthesized and are now indicated
for comparative purposes) is shown in Scheme 3, whereas
the selected corresponding metedetal separations are given
in Table 4. The drawings of Scheme 3 correspond to the
metal-organic chains of Figure 2. Additional crystal packing
diagrams depicting the relative arrangement and architecture
of four metal-organic chains in the crystal cells bf-4 are
shown in Figures S2S6 of the Supporting Information.

In spite of the fact that the solid-state structures of all of
the above-mentioned compounds reveal 1D meiadjanic
chains built from theg Cu,(aminopolyalcohob}?* or { Cu,-

reveals the linkage of an aqua sodium moiety to the dimeric Na(aminopolyalcohof}** units and various benzenepoly-

copper triethanolaminate [GiH tea)]?" unit, the binding
mode and type are different from thosednHence, indb
the [Cw(Hatea)])?" units are interconnected by isophthalate
bridges, forming two paralle~Cw,—ipa—Cu,~ chains,
which are further interlinked by dimeric aqua sodium §Na
(u-H20)2(H20)4)%" moieties, leading to the formation of

carboxylate spacers, the relative arrangements and architec-
tures of those chains are distinct in each compound (Scheme
3). Hence, inA the metat-organic chains derived from the
[Cuy(Hotea))?t units and terephthalate spacers adopt a linear-
type geometry, possessing neighboring chains shifted aflat
relatively to each other as depicted in Scheme 3. In
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Table 3. Hydrogen Bonding Distancesi(D:++A), A] in 1—42

Kirillov et al.

com- within

between HO clusters
(or crystallization water)

within metak

pound H0 cluster and metat-organic chains organic chains symmetry codes
D—H-+-A d(D---A) D—H-A d(D---A) D—H--A d(D---A)
1 O(10)-H(10):-O(20) 2.758(7) O(20)-H(20A)--O(12)' 2.756(7) O(22}H(22)-+:0(2) 2.677(7) ()1-x Yy, Yo—z ()1 —x,—1+y,Yr—z

2 O(11)-H(110)--O(14B)
O(11)-H(110)--O(14A)

2.568(15) O(14ByH(150)--0(6) 2.765(10) O(6)-H(60)+-0O(2)
3.129(16) O(14AYH(140)--O(4) 2.808(10) O(7A)-H(70)+-O(10)

2.677(5) ()yx+1,—y,—z+1;(i)yx+Y,-y+Uz—1;

O(14B)-H(15P)--O(11)
O(14A)-H(14PY--O(11)

2.685(14) O(12)H(12P)--0(2) = 2.877(6)
3.129(16) O(13}H(13P)--O(10j 2.816(6)

O(12)-H(120)--0(11)  2.728(10) O(5YH(50)--O(13]  2.678(5)
O(13)-H(130)--0(12)  2.708(6)
3 O(7)-H(7E)--O(8) 2.722(3) O(7¥H(7D)-O(5)Y  2.844(2)

O(8)—H(8D)-+-O(9)
O(8)—H(8E)-+-O(10}

2.750(3)
2.790(3)

O(9)-H(9D)-+-O(5)
O(10)-H(10D)-+-O(6)"

2.890(2)
2.851(2)

O(1)-H(1D)-+-O(5)

O(3)H(3D)---O(6)"

2.518(16)
O(7ByH(7P)+-0(10) 2.750(12)
O(8)-H(8O)+-O(B)  2.716(5)

2.689(2) (i)=x Y, —z+ Yy (i) —x+ Yo,y =, z—1;
(ili) x, =y, z+ Y5; (iv) —x, =y, —z+ 1;
V) =%, —y+1,—-z+2;(viyx,—y+1,z— Y,
2.743(2)

O(9)—H(9E)-+-O(7) 2.907(3) O(10yH(10E)--O(6) 2.812(2)
4a O(10)-H(10B)+-O(14) 2.783(3) O(16YH(16)--O(1B) 2.596(3) ()2 —X, — Yo+, z (i) X, Yo =y, ~Yo+ Z
(i) Yo —x, Yo+ vy, z
O(10)-H(10A)--O(26) 2.840(3) O(26)H(26)+-O(8A) 2.612(3)
O(24)—H(24)y--O(10) 2.698(3) O(12y-H(12)--O(16)i 2.702(3)
4b  O(13)-H(13E)--O(14)  2.753(11) O(3}H(30)--O(18) 3.02(2) O(LyH(1O)-O(5) 2.691(5) (i)é,_§y+ 1{2,2— Yy (i) —x+1,—y+1,—z+2;
iy x+1,y,z
O(13)-H(13F)+-O(17)  2.760(15) O(3YH(30)+-O(19)  3.186(19) O(6)H(60)+-O(3)  2.562(13)
O(11)-H(11F)--O(19)  3.233(17) O(20¥H(20E)--O(10) 2.830(12) O(8YH(80)+-O(10) 2.658(7)

O(12)-H(12E)+-0(20jil 2.756(13)

O(11yH(11E)--O(7) 2.771(6)

O(12)-H(12F)--O(2)i 2.856(8)

aFull hydrogen bond geometry parameters are given in the Supporting Information (Tabi8§)S1An additional short contact [O(15)O(20) 2.83(2)
A] is also found between nitrate oxygen (015) and crystallization water molecule (020).

Figure 3. Capped sticks structural representations showing (a) cocked-
hat-like [Cu(u-O)2(u-H20)] core inl, (b) twisted-square [Gu-O),] core

in 2 and4a, (c) crown-like [Cu(uz-O)2(u-O):Na] core in3, and (d) sea-
horse-shaped Cuy(u-O)2} 2(u-O)Nap(u-H20),] core indb. Hydrogen atoms

are omitted for clarity. Copper, green; oxygen, red; sodium, purple.

contrast, the metalorganic chains of built from the [Cy-

(H20)4]?" moieties, leading to the linear double copper/
sodium chains.B with the pma spacer instead of ipa
possesses related but more-intricate 2D architecture, owing
to the infinite character of the-Na,—pma—Na~ motifs.
In all of the compounds, the shortest €spacer-Cu
separation within one metabrganic chain differs from 9.590
to 11.240 A, whereas the shortest-€Gu distance between
two neighboring chains depicted in Scheme 3 varies from
6.784 to 10.184 A (Table 4). In general, both types of main
chelating ligands and spacers significantly affect the resulting
polymeric patterns of all of the compounds synthesized by
the current self-assembly approach (Scheme 1).
Hydrogen-Bonded Frameworks and Water Clusters.
Additional features of solid-state structures of all of the 1D
frameworks1—4 consist in the presence of crystallization
water molecules, which extensively interact via plenty of
intermolecular hydrogen bonds with the host metaiganic
matrix, thus contributing to a structure-stabilizing effect and
leading to the formation of extended 2D or 3D hydrogen-
bonded supramolecular assemblies (Figure S7 in the Sup-

(Hmdea)]?* units and the same tpa spacers are symmetrical porting Information). Inl—3, the intercalated crystallization

and show a wavelike geometry with tdown alternate
dimeric copper units. The different zigzag-type motifs with
vertically flipping ipa spacers are found in the crystal
structure of2 that comprises the [G(H.tipa)]?* fragments.
The same vertically flipping ipa spacers can be seefajn
which however does not possess an aflat shift of metal
organic chains, thus defining their slightly wavy (nearly
linear) shape. Within the-Cu,/Na—tma—Cuw,/Na~ motifs

and coordinated water molecules are further associated by
hydrogen bonding contacts, resulting in the formation of
various types of water clusters (Figure 4), whereaglin
the crystallization water interacts with nitrate ions. Additional
crystal packing diagrams df-3 including the space filling
representation of intercalated water clusters are given in the
Supporting Information as Figures S812.

Water Trimers in 1. Two symmetry-generated crystal-

of 3, the trimesate spacers are oriented in a similar manner lization water molecules (020) in the unit cell d&f are

leading to the linear chains, which are flipped vertically and
shifted aflat relatively to each other. Although a similar
arrangement of two neighboringCu,—ipa—Cu,~ chains

is also detected idb, its overall architecture is different due
to the additional inclusion of the bridging [Na-H.0),-
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hydrogen bonded [O16H10-+-020 2.719(8) A] to coordi-
nated water (010), thus forming the discrete acyclic water
trimers (part a of Figure 4), which can be classified within
the D3-type according to the systematization introduced by
Infantes et af*° These trimers occupy a free space in the



Scheme 3.
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aThose forl—4 correspond to the metabrganic chains depicted in Figure 2.

Schematic Representation of Polymeric Architectureg-id,2 A,’2 and B7°

Table 4. Selected MetatMetal Separations (Angstroms) -4

Cu-spacer-Cu Cu-+-Cu Na:+-Na
Cu+-Cu (within (neighboring (dimeric
compound (dimeric unit) one chair chains) Cer-Na  unit)
1 2.793(6) 11.059 6.977
2 2.886(1) 9.590 10.184
3 2.829(1) 10.752 9.483 3.158(1)
4a 2.909(1) 10.874 6.784
4b 2.852(1) 10.694 8.3T9 4.254(7) 3.495(5)
Ad 2.905(1) 11.168 7.498
Bd 2.964(3) 11.240 8.722 3.679 3.398(4)

aThe values correspond to shortest separations within those -metal
organic chains represented in Scheme 3 and Figut&gacer corresponds
to benzenepolycarboxylatéValue within one double metalbrganic chain.
d Given for comparative purposes.

crystal cell and are doubly connected [G2820A:--O12
2.759(7) A] to neighboring wavelike 1D metabrganic
chains, sewing them together and forming the 2D sheets if
seen along tha axis (part a of Figure S7). The -©0
distances of 2.719(8) A within the water trimers are
comparable to those found in the regular ice (ca. 2.74%A)
and others described acyclic {Bl); clusters trapped by
various metat-organic matrixeg!

Water Octamers in 2. The unit cell of 2 reveals the
presence of four (one of them is partially lost) crystallization
water molecules (O+1014), which are associated to form
symmetry-generated finite @@)s clusters composed of a
cyclic tetrameric core (0*1:014---011---014) and two
pendent water dimers (0%2013) (part b of Figure 4). They
can be ascribed to the R4-type according to the above-
mentioned classificatio?.¢ Within the (H:O)s cluster, the

Figure 4. Perspective representations of water clusters found in the crystal
cells of1 (a), 2 (b), and3 (c), with hydrogen bonding network (blue dashed
lines) and atom labeling scheme. Crystallization water oxygen atoms, red;
coordinated water oxygen atoms, orange. Hydrogen bonds within water
clusters, blue clear-cut dashed lines; hydrogen bonds between water clusters
and metat-organic chains, blue dingy dashed lines. Short contacts between
disordered over two sites water molecules are shown as red dotted lines.

average ©-O contact of ca. 2.82 A (Table 3) is comparable
to one found in liquid water (i.e., 2.85 RY.The geometry

of the thus identified (KHO)s cluster appears to be rather
unusual but should be considered rather cautiously in view
of the disordered character of the O14 water molecules. Other
types of related (i) cyclic (kD)s clusters?? (ii) cyclic
tetramers with two dangling @), (n = 1 or 3) groups$?

or (iii) octamers with, for example, cyclic @®)s cores and

(21) (a) Ghosh, S. K.; Ribas, J.; Bharadwaj, PQfyst. Growth Des2005
5, 623. (b) Shivaiah, V.; Das, S. Knorg. Chem2005 44, 8846. (c)
Ghosh, S. K.; Bharadwaj, P. knorg. Chem2005 44, 5553. (d) Zhu,
L. N.; Ou-Yang, Y.; Liu, Z. Q.; Liao, D. Z,; Jiang, Z. H.; Yan, S. P,;
Cheng, PZ. Anorg. Allg. Chem2005 631, 1693.

(22) (a) Xing, Y. H.; Yuan, H. Q.; Zhang, Y. H.; Zhang, B. L.; Bai, F. Y.;
Niu, S. Y. Synth. React. Inorg. Me200§ 36, 641. (b) Sun, Y. Q.;
Zhang, J.; Ju, Z. F.; Yang, G. VAust. J. Chem2005 58, 572. (c)
Long, L. S.; Wu, Y. R.; Huang, R. B.; Zheng, L. $1org. Chem.
2004 43, 3798.
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two dangling HO molecule$222have been experimentally
detected in metalorganic frameworks. IR, water octamers
occupy holes between the [gH.tipa)]?" units of the
neighboring~Cuw,—ipa—Cw~ chains and additionally in-
teract via multiple hydrogen bonds with these metaiganic

Kirillov et al.

being the molar susceptibility per two copper(ll) ions), are
shown in Figure 5. For all of the compoungsT at room
temperature is above that expected for two magnetically
isolated spin doublets and, upon coolipg,T continuously
increases to reach a plateau (or a maximum) before decreas-

chains, extending them to a second dimension and resultinging at lower temperatures. The values g§T in the

in the 2D framework if seen, for example, along thaxis
(part b of Figure S7).

Infinite 1D Water Chains in 3. In the crystal cell of3,
three symmetry nonequivalent crystallizatiosgOHnolecules
(08, 09, and 010) as well as a water ligand (O7) from the
[Na(H20),]" moiety are clustered, forming the acyclic O9
--O7---08---010 water tetramers (part c of Figure 4), which
are additionally interconnected via the O(8j(8D):--O(9)
hydrogen bond, thus generating the infinite-branched 1D
water chains (Figure S8 in the Supporting Information). They
can be classified within the C4 type according to the above-
mentioned systematizatidh¢ The repeating period of these
chains is ca. 6.75 A, whereas the-@ contacts differ from
2.722(3) t0 2.907(3) A [av 2.792(3) A] (Table 3), the values
being within the range found in other 1D polymeric water
chains trapped within copper-containing supramolecular
assemblied? The crystal packing diagram &f(90° rotated
view along thea axis) shows two metalorganic chains with
interchain cavities filled by two layers of water chains (part
c of Figure S7). They act as multiple hydrogen bond donors
to trimesate oxygen atoms [i.e., O(#D(5)", O(9)--O(5),
O(10y--0O(6), and O(10}r-O(6) interactions] (Table 3),

leading to the 3D hydrogen-bonded supramolecular pattern.

Water-Nitrate Interactions in 4b. The crystal structure
of 4b reveals the presence of two crystallization water
molecules (020) and four nitrate ions (N3, N4) per unit cell.
Although they possess a substantial degree of disorder an

thus should be considered cautiously, one should mention

their interactions (Table 3) with all water ligands from the
[Nay(u-H20)2(H20)4)?" moiety generating tHé(H20)4(NO)s] }n
aggregates. The latter are disposed betwe€n-ipa-Cup~
motifs if seen, e.g., along the axis and hydrogen bonded
to Hitea and isophthalate oxygen atoms (i.e., O3 and O10,
respectively) providing an additional reinforcement of the
metak-organic matrix with formation of the 3D H-bonded
framework (Figure S7e). Examples of identified water
nitrate clusters within the crystal hosts of Co and Ag
compounds have been recently repofed.

Magnetic properties. The magnetic properties of com-
poundsl, 2, 3 and4a, under the form ofymT vs T plot (ym

(23) (a) Prasad, T. K.; Rajasekharan, M. Gtyst. Growth Des200§ 6,
488. (b) Ghosh, S. K.; Bharadwaj, P. Korg. Chim. Acta2006 359,
1685. (c) Ma, B. Q.; Sun, H. L.; Gao, S8hem. Commur2005 2336.

(24) (a) Hu, N.-H.; Li, Z.-G.; Xu, J.-W.; Jia, H.-Q.; Niu, J.-Qryst. Growth.
Des.2007, 7, 15. (b) Du, M.; Jiang, X. J.; Zhao, X. J.; Cai, H.; Ribas,
J.Eur. J. Inorg. Chem2006 1245. (c) Song, J. F.; Lu, J.; Chen, Y.;
Liu, Y. B.; Zhou, R. S.; Xu, X. Y.; Xu, J. QIlnorg. Chem. Comm.
2006 9, 1079. (d) Wang, X.; Ranford, J. D.; Vittal, J.J.Mol. Struct.
2006 796, 28. (e) Lou, B. Y.; Jiang, F. L.; Yuan, D. Q.; Wu, B. L;
Hong, M. C.Eur. J. Inorg. Chem2005 3214. (f) Liu, P.; Wang, Y.
Y.; Li, D. S.;; Ma, H. R.; Shi, Q. Z.; Lee, G. H.; Peng, S. Morg.
Chim. Acta2005 358 3807.

(25) (a) Li, Z. G.; Xu, J. W.; Via, H. Q.; Hu, N. Hnorg. Chem. Comm.
2006 9, 969. (b) Robin, A. Y.; Doimeadios, J. L. S.; Neels, A,
Slenters, T. V.; Fromm, K. Mlnorg. Chim. Acta2007, 360, 212.
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maximum and in the plateau correspond t& & 1 spin
state. These features are indicative of the occurrence of a
moderately strong ferromagnetic intramolecular coupling
between the copper(ll) ions together with weak antiferro-
magnetic intermolecular interactions and/or zero-field split-
ting effects that account for the decreasey@fl at low
temperatures. Having in mind the dinuclear structure of the
compounds, the magnetic data were analyzed by means of
the isotropic spin Hamiltoniak = —J(S,S,) that leads to

the Bleaney-Bowers expression for two interacting spin
doublets, eq (13° whereJ is the intramolecular exchange
coupling constantg is the Landefactor, 5 is the Bohr
magneton, and is the Boltzman’s constant. A zero-field
splitting term D) and a Curie-Weiss parametep] was also
considered®

_N ﬁzgz
T

6
[3 + exp(—J/k'D] @
Best-fit parameters are shown in Table 5. The values obtained
for 6 confirm the occurrence of weak intermolecular anti-
ferromagnetic coupling (due to the large size of the ben-
zenepolycarboxylate spacers), and the values obtained for
are within the range of similar copper(ll) dinuclear

complexes! However, the decrease gf T at low temper-
atures is more likely due to interdimer antiferromagnetic

d’nteractions, and these results can be improved. The shape

of the ymT versusT plot and the high values found for the
exchange coupling constants with the BleanBpwers
model allows a different approach to describe the magnetic
behavior ofl—4a. The intramolecular magnetic coupling of
the dinuclear units is very strong (as can be seen in Table 5)
and at low temperatures, when the intermolecular interactions
show their influence, the copper(ll) ions are completely
coupled and the total spin of the dimer is 1. Under these
conditions, the magnetic behavior bf 4a can be described
with a model of 1D chains of dinuclear units (Scheme 3),
denoted as P, which are antiferromagnetically coupled
through the benzenepolycarboxylate ligands. The value of
the spin of the P unitsy, is a function ofJ and T, being
given by eq 2¢

S(S + 1) = [6/3 + exp(JI/KT)] (2)

At low temperatures$ is high enough to be considered as
a classical spin, and the magnetic datalef4a can be

(26) (a) Lloret, F.; Julve, M.; Ruiz, R.; Journaux, Y.; Nakatani, K.; Kahn,
O.; Sletten, Jlnorg. Chem.1993 32, 27. (b) Lloret, F.; Ruiz, R;
Julve, M.; Faus, J.; Journaux, Y.; Castro, |.; Verdaguer,Q¥iem.
Mater.1992 4, 1150. (c) Lloret, F.; Ruiz, R.; Cervera, B.; Castro, I.;
Julve, M.; Faus, J.; Real, J. A.; Sapirf.; Journaux, Y.; Colin, J. C.;
Verdaguer, M.Chem. Commun1994 2615. (d) Thomson, L. K;
Tandon, S. S.; Lloret, F.; Julve, M.; Cano,Jdorg. Chem1997, 36,
3301.
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Figure 5. ymT versusT plot for 1 (a), 2 (b) 3 (c) and4a (d): A experimental data,«) best-fit curve (text).

Table 5. Selected Magnetostructural Data fbr4a2

Bleaney-Bowers model Fisher model Selected structural parameters
compound g ® D J o Jeft J Cu—O—Cu (deg) 7 (deg) y (deg) Ko
1 2.13(1) —0.33(1) 1.21(3) 155(1) 2.13(1) —0.08(1) 153(2) 91.31(15) 26.4(4) 24.4(1) 5.44
2 2.02(1) —0.18(1) 1.3(1) 128(4) 2.02(1) —0.10(1) 118(3) 95.92 32.3(4) 13.5(1) 5.85
3 2.12(1) —0.57(10) 1.78(8) 192(5) 2.13(1) —0.14(1) 173(4) 92.93(6) 27.1(1) 18.5(1) 6.20
4a 2.12(1) —1.15(14) 1.95(6) 60(2) 2.13(1) —0.19(1) 60(1) 96.67 31.9(1) 12.4(1) 6.20
A 2.16(1) —0.15(2) 0.96(4) 97(1) 2.16(1) —0.05(1) 94.9(6) 96.26(5) 45.12(1) 0.00(6) 6.20
B 2.13(1) —0.22(6) 0.1(2) 22(1)  2.13(1) -—0.02(1) 22.3(3) 98.68(9) 44.7(7) 0.00(9) 6.20

aWeiss constant(K), Landefactor (@), zero-field splitting D/cm™1), magnetic exchange coupling constaiitin1), effective coupling constanie/
cm™Y), out-of-plane shift of the carbon atom of the alkoxo bridgklég), hinge distortion at the @D, core (/deg). Standard deviations are given in

parenthese$.Averaged Values.

analyzed by means of the Fisher equation for a chain of obtained ford are very similar for both models, but the low-

classical spin&,, eq 3% whereu is given by eq 4¢ge stands

for the Landefactor of the P dinuclear unit, arjg for the

effective coupling constant among the P units.

_ Nﬁzgpz
M= T

Least-square fitting of the data leads to the results shown
in Table 5 together with those of the Bleanejowers : : . _
model. The calculated curves reproduce the experimental datePbtained validates the model, because this approach is only

(& + D

u = cothfj;Sx(S> + 1)KT] — [KT/je4SHS> + 1)]

®)
4

temperature data are better described by the Fischer model,

giving an accurate value for the interdimer interaction

through the benzenepolycarboxylate ligand. The main dif-

ference is found in the coupling constant&nd may be
due to overparametrization of the BleanréBowers equation
with the inclusion ofD and 6. The values obtained fqgs«

confirm that the interaction through the benzenepolycar-
boxylate ligands is very weak, in agreement with the large

copper-copper separation. Additionally, the small value

for the whole temperature range explored. The values appropriate when thigs/J ratio is very small as it is fot—4a.
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Scheme 4. Definition of the Out-of-Plane Shift of the Carbon Atom [Cux(Hoteay(uo-tpa)h:2nH,O (A)"2and [Cu(Hatea){ us-Nap-

ocfotri;eﬁﬁlakoxo Bridge ¢) and the Hinge Distortion of the [G(2-O),] (H20)4} (ue-pma)h- 10nH,0 (B)7b have also been studied and
their magneto structural parameters are included in Table 5
for comparative purposes. We observe their magnetic
coupling constant to be in agreement with thoselefla.
The smaller value od corresponds t® that has the largest
Cu—0O—Cu angle, whereas the €®©—Cu angle ofA, which
is between those dt and4a, makes its magnetic coupling
constant to be also between thos@@nd4a. A andB have
an interesting structural restriction that maketo be zero

2 Copper, light blue; oxygen, red; nitrogen, blue; carbon, light gray.  that allows us to observe the important effect of the out-of-

plane shift of the carbon atom of the alkoxo bridgg (hich

) . , is the responsible for the ferromagnetic couplingBin
The magnetic properties of alkoxo-bridged copper(ll)

dinuclear complexes are usually explained on the basis of a~,cjusions
correlation with the Ct+O—Cu angle; the smaller the angle
the stronger the ferromagnetic coupli®g! However, it This study shows the generality of the described self-
should be noted that this is not an easy taskfedabecause  assembly approach to the easy synthesis of 1D coordination
their [Cw(u2-O),] cores have very different structures (Figure polymers derived from various aminopolyalcoholate and
3), which makes it difficult to follow a simple correlatiof. benzenepolycarboxylate ligands. Their slight modification
and 4a have a very similar [Cifu-O),] core, and their has a remarkable effect on the composition, structure,
magnetic properties follow the general rule, the weaker supramolecular features, and magnetic properties of the
ferromagnetic coupling corresponding4e that shows the  obtained copper or copper(ll)/sodium(l) frameworks. The
larger angle. This trend is also followed bynd3 that have latter extend the still limited number of heteroligand copper-
smaller angles tha2 and 4a and thus exhibit stronger containing coordination polymers, bearing both aminopoly-
ferromagnetic couplings. On the other hand, there is analcohol and benzenepolycarboxylate moieties.
apparent abnormality fod, which having the smallest The products exhibit unusual metal cores, which are
Cu—O—Cu bridging angle, does not display the strongest jnterlinked by benzenepolycarboxyalate spacers, forming
ferromagnetic coupling. To explain this behavior, we ijstinct wavelike (inl), zigzag (in2) or linear (in3 and4)
have analyzed other structural parameters, such as, thep polymeric metatorganic chains that are further extended
out-of-plane shift of the carbon atom of the alkoxo bridge iz multiple hydrogen bonds to the 2D (ip 2 and 4a) or
(v) or the hinge distortion of the [G@u.-O),] core () 3D (in 3 and4b) supramolecular frameworks. A main role
(Scheme 4). in the formation and stabilization of the latter is played by
These structural parameters are presented together withntercalated water clusters such as water trimers, octamers,
the results of the magnetic study in Tabler$s very similar 1D chains, and disordered wataritrate associates ib—4b,
for both compounds, and it does not allow us to perform respectively. Hence, the work also extends the growing
any comparison ang points towardl to have the strongest  family of water cluster%2:25 hosted by metatorganic
ferromagnetic character because a large distortion reducesnatrixes.
the antiferromagnetic contributidh(The magnetic coupling 1 and2 appear to constitute the first examples of transition-
constant,), can be expressed as the sum of two contributions, .\ ata1 coordination polymers derived from the aminopoly-

a ferromagnetic one and an antiferromagnetic one, with a4 conols- triisopropanolamine and methyldiethanolarfine,
competition between both, and what we observe is the sumy, g opening their use in this field as cheap and commercially
of them: J = Je + Jar.)!% Nevertheless, the basicity of the o\ ajjaple chelating ligands. Moreover, the alkoxo-bridged
terminal ligand also affects the exchange coupling ConStantdicopper(II) cores [C{u-O);] display a strong ferromagnetic
(the antiferromagnetic contribution shows the same trend ascoupling, which, in one of the compounds, appears to reach

that of the basicity of the terminal ligand), and the smaller the highest value so far reported for copper(ll) complexes
ferromagnetic character dfcan be explained by means of with alkoxo bridges.

the more-basic character of the methyldiethanolamine with The strateav of self-assemblv svnthesis will be extended
respect to the triethanolamiféAnother feature that may build ay itidi onal y yb i f K
have an important effect is the additional bridging water .to utid new multidimensiona meta rganic frameworks,
molecule present ifh that may mediate some antiferromag- including highly corr.elated magnetic ;ystems by joning Fhe
above ferromagnetically coupled dicopper(ll) units with

netic coupling between the copper(ll) ions, decreasing the . . - .
overall ferromagnetic behavior. Most likely the combination :Ir?tzl;];;ict)?]at can transmit more efficiently the magnetic

of both effects makes the ferromagnetic charactdrsshaller
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