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DOTP (1,4,7,10-tetrakis(methylenephosphonic acid)-1,4,7,10-tetraazacyclododecane) was reacted hydrothermally
with MnCl,+2H,0 and Ni(NO3),+6H,0 resulting in two structurally different compounds. Mn[CsNH7(POsHys)]s crystallizes
in the tetragonal space group P4/ncc, with a = 12.349(2) A, b = 12.349(2) A, ¢ = 14.066(4) A, V = 2144.9(8)
A3, and Z = 4. Manganese atoms are tetrahedrally bonded by four phosphonate oxygen atoms from four equivalent
ligands. All 12-membered macrocycles are connected in a “zigzag” manner by sharing manganese atoms and
forming 22-membered cavities between each pair of two adjacent macrocycles. NifCsNHg(PO3H)]4[Ni(H20)q] crystallizes
as an ion pair complex. Ni(1) is octahedrally coordinated to two pendent phosphonate oxygen atoms and four
nitrogen atoms from the macrocyclic backbone. Ni(2) is surrounded by six coordinatedly bonded water molecules
to form a hexaqua cation. The manganese complex shows ion exchange capability for Cs*.

Introduction metal complexes with FPMIDA under different pH condi-

. tions? A number of metal phosphonocarboxylates have been
The chemistry of the metal phosphonates has been a b .

: : _r . reported; their structures normally feature either a 2D layer
research field of rapid expansion in recent years, mainly due

. : SR .7 "~ ~or a 3D network with an open framewotk.
to their potential application in the areas of catalysis, ion . L
exchange, proton conductivity, intercalation chemistry, =POTP.1:4.7,10-tetrakis(methylenephosphonic acid)-1,4,7.-

photochemistry, and materials chemistifost of the metal 10-tetraazacyclododecane, has proved to be a particularly

phosphonates have a layered structure in which the metalf"’“’orable NMR shift reagent for th&Na" NMR spectro-

centers are bridged by the phosphonate group, although ascgpic study of isolated cells, _perfused tissue;, and !ntact
variety of 1D chains and porous 3D networks have also beenammalsf? (See Scheme 1 for the ligand structure information.)

reported. The main obstacle in metal phosphonate chemistry't is also useful as an extracellular in vivo marker of tisstes.

is the fact that many metal phosphonates of tetravalent metals' '€ relaxation properties of the &dcomplex, a potential

normally form poorly crystalline compounds, making their '\/]lcRrI] conrgf\st agelnt, hav?\ ahlfsol_beerér_epoﬁtl@d_e str:ucturbes
structural studies a rather difficult task. Phosphonic acids ©f the L™ complexes of this ligand in solution have been
with additional functional groups such as aza-crown ethers, thoroughly investigated using multinuclear NMR spectro-
amines, and carboxylic groups have been found to be better @ @ sh V. K. Cloarfield. AL Am. Chem. 50000 122
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DOTP—Manganese and-Nickel Complexes

Scheme 1. Synthetic Route for Compoundsand2 crystal structures of metal complexes have recently become

HZOSF./\N/_\N/\poaH2 of general interest in this area. To develop new inorganic
organic hybrid ion exchangers with immobilized crown ethers
having novel properties, DOTP was hydrothermally treated
with Mn?* and NF* ions. Two different types of structures
DOTP were obtained: the Mn compound formed a 2D infinite sheet
and the Ni crystallized as ion pair single molecules.
Preliminary experiments showed that the Mn compound has
the ability to ion exchange Cs

Hz05P N N POH,
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hydrothermal reaction

150°C

Y (_r_i_%—o\ 0 oS Ho 0 2 Experimental Methods
o~ e on— SN W PO - .
| HN | cl) (N\N'é,' N o The chemicals were purchased from commercial sources and used
________ e X .
| on. SN ] as received.
—hf!n—o—”P\\/_'}H H,N\//P\\\O.Mn— O//\:_/H —\—Pso The IR spectra were recorded in KBr pellets on a Nicolet Nexus
O O—H; do ! H-0 470 FTIR spectrometer with spectral resolution of 2.00"&m

Thermogravimetric studies were carried out with a TA instruments
scopic techniquésand utilizing the structural information ~ TGA Q-500 unit at a heating rate I€/min under argon. SEM
derived from the paramagnetic effects of these #ns. images were acquired at the Texas A&M University Microscopy
However, only a preliminary X-ray crystal structure of the and Imaging Center. The elemental analysis data were obtained
[(NH4)sTm(DOTP)] complex has been reportédilso, two from Robertson Microlit Laboratories, Madison, NJ. The DOTP
recent single crystal structures §Naus(OH)s(H20)q} { Gd- ligand was synthesized and purified using procedures reported
(DOTP}][GA(DOTP)} 7TH,0-2CH,CH,OH2 and  [Bi(Hs- previously!®> Magnetic susceptibility and magnetization measure-
DOTP)(Na(HO))] togethzer with onez powder structure of ments were carried out on a Quantum Design SQUID magnetometer

) 3 . MPMS-XL. Direct current magnetic measurements were performed
[Bi(H.DOTP)(HO)] were reported” Transition metal phos- with an applied field of 1000 G in the-2300 K temperature range.

phonates with this Ii_gand are reIative]y rare. .MOSt. Iitera.ltu.re Data were corrected for diamagnetic contributions calculated from
focuses on synthesis, thermodynamic stability, dissociation the Pascal constants.
kinetics, metal selectivity, and coordination behavioFhe Synthesis of 1 and 2.Complex 1 was synthesized by a
hydrothermal reaction. A total of 0.2 mmol of 1,4,7,10-tetrakis-
(6) '(:a)GSS‘e{\;IV' A g-: Mﬁﬂg’gg’; (7:6 %ég%f)iges,t F. (D5- g (é ?acﬁ”:/i C. (methylenephosphonic acid)-1,4,7,10-tetraazacyclododecane and 0.2
. G J. Magn. Resa ) . uster, D. C.; Castro, M. . : : : .
C. A Geraldes, F. G. C. C.; Malloy, C. R.. Sherry, A. Blagn. mmol_ of_ manganese chloride b!shydrate (Aldrich) with 10.0 mL
Reson. Med199Q 15, 25. (c) Malloy, C. R.; Buster, D. C.; Castro, ~ Of deionized water was sealed into a Teflon pressure vessel, and
M. M. C. A; Geraldes, F. G. C. C.; Geraldes, F. G. C. C.; Sherry, A. heated at 150°C for 24 h. Colorless needlelike crystals were

D. Magn. Reson. MedL99Q 15, 33. (d) Butwell, N. B.; Ramasamy, ; 0 ; ;
R.: Sherry, A Dnvest. Radiol 1991 26, 1079. () Butwell, N. B.. recovered forl in ca. 77.6% (0.093 g) yield. Elemental analysis

Ramasamy, R.; Lazar, |.; Malloy, C. R.; Sherry, A.Am. J. Physiol. for 1, C12H32N4O1PsMn: C, 23.81%; H, 4.64%; N, 9.07%. Calcd:
1993 264, H1884. (f) Pike, M. M.; Luo, C. S; Clark, M. D.; Kirk, K. C, 23.89%; H, 5.35%; N, 9.29%.

o K.Iltalé?é/i’io'\lﬂié%agggnhgﬂd o (g)raggr?s'j 3 & Pohost, G. M. A similar synthesis was carried out far except that the ligand
Lazar, |.: Sherry, A. D.J. Magn. Reson. Ima,ginEg'992 2, 385, (H) v solu_tlon was neutrahzed with ﬁ‘d and the pH adjusteql to 6 before
Bansal, N.; Germann, M. J.; Seshan, V.; Shires, G. T, lll; Malloy, C. adding the nickel salt. The final product was obtained as green
R.; Sherry, A. DBiochemistryl993 32, 5638. (i) Xia, Z. F.; Horton, crystals ca. 48.7% (0.075 g) yield£E140N40:P4Niz: C, 19.51%;

J.W.,; Zhao, P. Y.; Bansal, B.; Babcock, E. E.; Sherry, A. D.; Malloy, . . . .
C. R.J. Appl. Physiol1994 76, 1507. (I) Seshan, V.; Germann, M. H, 4.99%; N, 7.03%. Calcd: C, 18.72%; H, 5.24%; N, 7.28%.

J.; Preising, P.; Malloy, C. R.; Sherry, A. D.; Bansal NBagn. Reson. Crystallography. X-ray Structural Analyses. Data (3.3 < 6
Med 1995 34, 25. <23.26, 2.18 < 0 < 28.3F) were collected at 110 K on a Bruker
(7) (a) Makos, J. D.; Malloy, C. R.; Sherry, A. D. Appl. Physiol1998 _ i i i _
85, 1800. (b) Geraldes, C. F. G. C.; Brown, R. D., lll; Cacheris, W. Smart CCD-1000 p;at_form dlffra(;‘tometer equipped with mono
P.: Koenig, S.; Sherry, A. DMagn. Reson. Med.989 9, 94. chromated (Mo K, 41 = 0.7;L073 ) and QXFORD cool ;tream
(8) Aime, S.; Botta, M.; Terreno, E.; Anelli, P. L.; Uggeri, Magn. Reson. low-temperature control unit. Data collection and reduction were
Med 1993 30, 583. performed with a Bruker CCD Smart 5.4 and SAINT.0 from

(9) (a) Aime, S.; Botta, M.; Terreno, P. D.; Williams, J. A. &.Chem. 16 . . . .
Soc., Dalton Trans1996 17. (b) Geraldes, C. F. G. C.; Sherry, A. Bruker AXS16 Crystallographic computation was carried out using

D.; Kiefer, G. E.J. Magn. Resorl992 97, 290. (c) Ren, J.; Sherry, the SHELXTL 5.10 packag¥. The cell constants were indexed

A.D. J. Magn.hReson1996 B111, 178. (d) Aimle, S, Bottali M. from reflections obtained from 60 frames with an exposure of 10

Garino, E.; Crich, S. G.; Giovenzana, G. B.; Pagliarin, R.; Palmisano, ;

G.. Sisti, M.Chem. Eur. 32000 6, 2609, () Sherry, A. D.- Geraldes, s{frame. A hemisphere of data (1271 frames at 5 cm_detector

C.F. G. C.; Cacheris, W. Rnorg. Chim. Actal987, 139, 137. distances) was collected by the narrow-frame method with frame
(10) (a) Peters, J. A.; Huskens, J.; Raber,Abog. Nucl. Magn. Reson. widths of 0.03 in w and exposure time of 40 s/frame. The first 50

Spectrosc1996 28, 283. (b) Peters, J. A.; Zitha-Bovens, E.; Corsi,  frames were recorded at the end of data collection to assess the
D. M.; Geraldes, F. G. C. C. Iithe Chemistry of Contrast Agents in

Medical Magnetic Resonance Imaginderbach, A. E., Tth, £, Eds.; stability of the crystals, and the decay in intensity was found to be
John Wiley & Sons: Chichester, 2001; Chapter 8.
(11) Paulus, E. F.; Juretschke, P.; Lang, J. 3. Jahrestag Der Deutschen(15) Lazar, I.; Hrncir, D.; Kim, W. D.; Kiefer, G. E.; Sherry, A. Inorg.

Gesellschaft fuKristallographie, Darmstadt, 1995. Chem 1992 31, 4422.
(12) Avecill, F.; Peters, J. A.; Geraldes, F. G. C.ELir. J. Inorg. Chem (16) SMARTversion 5.0 and SAINT version 6.01 area detector instrument
2003 4179. control, data acquisition, and detector data integration software
(13) Hassfjell, S.; Kongshaug, K. O.; Remming,CChem. Soc., Dalton Bruker AXS, Inc.: Madison, WI, 2000.
Trans.2003 1433. (17) Sheldrick, G. M.SHELXTL (SADABS, XS, XL) Crystallographic
(14) Lukes, l.; Kotek, J.; Vojtisek, P.; Hermann, ®oord. Chem. Re software Package, Version 6:1Bruker, AXS, Inc., Madison, WI,
2001, 216217, 287. 2000.
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Table 1. Crystal Data and Structure Refinement for Compouhdsd

Kong et al.
Table 2. Selected Bond Lengths (A) and Angles (deg) for Compounds

2 land2
molecular formula Mn[@NH7(POsHo5)]a  NIi[C3NHg(POsH)]4- Complex1 Bond Lengths
[Ni(H 20)q] Mn(1)—0(3) 2.020(3) & P(1)-0(2) 1.517(3)
fw 601.24 769.78 P(1-0(3) 1.496(3) P(HC(3) 1.820(4)
cryst color, habit colorless, needle green, block P(1)-0(1) 1.538(3)
dimensions, mr 0.32x 0.14x 0.03 0.17x 0.12x 0.11
cryst syst tetragonal monoclinic Complex1 Bond Angle$
a, A 12.349(2) 21.5524(14) O(3)#1-Mn(1)—O(3)#2 122.12(15) O(3)Mn(1)—O(3)#3  122.12(15)
b, A 12.349(2) 6.7015(5) O(3)#1-Mn(1)—0(3) 97.82(18) O(3)#1tMn(1)—O(3)#3 109.40(18)
c, A 14.066(4) 18.6491(12) O3)#2-Mn(1)—0O(3) 109.40(18) O(I)#2Mn(1)—O(3)#3 97.82(18)
o, deg 90 90
,d 90 90.3660(10
g dzg 90 90 (10) Complex2 Bond Lengths
U A 2144.9(8) 2603.5(3) Ni(1)-O(1) 2.0684(2) 2x  Ni(2-O(7) 2.0580(2) 2x
space group 4t o Ni(D-N(1) 2« 2.1844(2) Ni2-O(8) 2« 2.0611(2)
5 4 4 Ni()-N(2) 2x  2.1527(2) Ni(2}0(9) 2x  2.0517(2)
P(1-0(1) 1.5060(2) P(HO(2) 1.5063(2)
p(calcd), c/g cm® 1.868 1.898
F(000) 1255 1600 P(1)-0(3) 1.5784(2) P(LC(1) 1.815(2)
Zor:;ge,rg%ql 0%3223'26 %‘%228'31 Complex2 Bond Angle$
SoRe 110(2) 1102) O(L#1-Ni(1)-O(1)  85.59(9) O(9)#2Ni(2)-0(9)  180.10(1)
IR oT1ors orioha O(L#1-Ni(1)-N(2) 101.28(7) O(9)#2Ni(2)—0(7) 88.40(7)
no. refins measured ~ 841R =0.0211)  8135R..= 0.018) O(1)-Ni(1)-N(2) — 96.17(7)  O(9)Ni(2)—O(7) 91.60(7)
data/restrains/params ~ 776/0/82 3109/0/185 N(1)=Ni(1)=N(1)#1  107.60(1) ~ O(7)#2Ni(2)~O(7) 180.00(9)
refinement method full-matrix least full-matrix least N)-NI()~N@)#1  156.16(1) = O(9)#2Ni(2)~0(8)#2  90.72(7)
o suaros o O(L#I-Ni(1)-N(1) 168.53(7) O(FNi(2)—-O(®)#2  96.38(7)
o Rind 5 54 O(1)-Ni(1)-N(1) ~ 8350(7) O(7)}#2Ni(2—O@)#2  83.62(7)
inal Rindices R1=0.0433 R1=0.0371 N(2)—Ni(1)—N(1 83.43(7)  O(8)42Ni(2)—0(8 180.00(1
(I > 2.00(1)) wR2=0.1257 WR2=0.0934 N(Z)#l—l$\l') 1 —(N)l 82'56(7) N(Z)#l—N!(l)—N(l)#l 83'43(7)
Rindices (all data) RE 0.0437 R1=0.0397 (2J#1=Ni(1)=N(1) 56(7) - NR)#ENI(1)=N(L) 43(7)
WR2=0.1262 wR2=0.0957 a Symmetry transformations used to generate equivalent atoms:1#1,
GOF onF? 1.143 1.115 =X Yo—y,z,#2,y — Yo, x+ Up, Yo — Z, #3,—y, —X, Y/ — z. P Symmetry
2.243;—0.460 1.313-0.576

transformations used to generate equivalent atoms: #1xly, %, — z
#2,Y — X, —y, -z

less than 1%. The structures were solved using direct methods
(SHELXTL) and refined with full-matrix least-squares with atomic
coordinates and anisotropic thermal parameters for all non-hydrogen |
atoms giving a final R1 value of 0.0443 for 82 parameters and 776
unique reflections withl(> 20 (1)) and wR2 of 0.1267 for all 8412
reflections forl and a final R1 value of 0.0371 for 185 parameters
and 3109 unique reflections with ¢ 20 (1)) and wR2 of 0.0957
for all 8135 reflections for2. An absorption correction was
performed with SADABS. All hydrogen atoms were generated
geometrically, assigned fixed isotropic thermal parameters, and
included in the structure factor calculation. Refinement of complex
2 was satisfactory, and all atoms were ordered. However, there was
a residual peak of 2.24 e"A (2.68 A from 0O1) for complex in
the final difference Fourier map, which was located in the suitable
hydrogen bonding distance within this peak and O1. When this
peak was assigned as a disordered water molecule, it can be
stabilized with the refinement of occupancy (50%). However, no
water molecule was observed from TGA analysis clearly. We
believe it was trace water which was trapped during the low-
temperature data collection process. Also, this residue is located
in the special position{y, 1/4, 0.06). Some of the data collection
and refinement parameters are summarized in Table 1. Importantfour different 1,4,7,10-tetrakis(methylenephosphonic acid)-
bond distances and angles for the two complexes are listed in Tablel,4,7,10-tetraazacyclododecane ligands which are connected
2. together to form a manganese infinite network alongahe
| 4 Di . plane as shown in Figure 2a. The bond distance between
Results and Discussion Mn and oxygen atoms is 2.020(3) A. A Mn atom is located
Crystal Structure of Mn[C sNH#(POsHo5)]4, 1. 1,4,7,- in the special position 0¥, ¥4, ¥/, which is shared by four
10-Tetrakis(methylenephosphonic acid)-1,4,7,10-tetraazacy-different equivalent DOTP ligands. There are 22-membered
clododecane, DOTP, was reacted with Mp2H,O hydro- rings positioned along the-axis which are composed of
thermally at 150C in 1:1 molar ratio and yielded needlelike 2Mn, 4N, 4P, 40, and 8C atoms to form a porous material.
crystalline products which are clearly depicted in an SEM The channels can be observed in the cell packing diagram
(scanning electron microscopy) reported as Figure 1. Thein Figure 2b. The complexes are perfectly ordered with a
single crystal diffraction result shows the manganese atom4-fold axis of symmetry. The PO bond lengths 1.496(3),
is tetrahedrally coordinated with four oxygen atoms from 1.517(3), and 1.538(3) A, respectively, are all short. The

Figure 1. SEM image of compound.

7310 Inorganic Chemistry, Vol. 43, No. 23, 2004



DOTP—Manganese and-Nickel Complexes

Figure 2. (a) Polyhedral diagram of compouridviewed down thec-axis (purple tetrahedron CRB@nd cyan tetrahedron Mn) (b) Unit cell packing
diagram of compound in the ab-plane viewed down the-axis.

shortest bond distance, P{iQp(3), is involved in the disordered hydrogen atoms. The 12-membered rings are
coordination of the manganese atom, which is assumed toconnected by Mn@tetrahedra in an up and down notchlike
be an unprotonated=FO double bond or with a delocalized fashion forming crenulated chains along taeplane as
minus charge P--O bond. It seems that the proton H(1C) shown in Figure 3. The distance between two crown rings
which is located on O(1) is disordered between O(1) and is 12 A. On the basis of the bond valence calculation
O(2)#4 (symmetry codey, %> — X, 2), because a very strong

hydrogen bond 2.498(4) A is formed between those two PV = €xp(1.76-2.02)/0.37=0.495

oxygen atoms with an ideal angle (169.5Also, for a (bv represents bond valence) (1)

hydrogen bonded to oxygen of a phosphonate group, the ideakp,,, — 1 98, which indicated that the central manganese atom

P—OH bond is in the range 1.56L.58 A (see for example  ghoid be doubly chargéd.The magnetic measurement

compound 2). This bond length is slightly shorter in  confirmed that the compound is paramagnetic which is
compoundl at 1.538(3) A again indicative of a disordered paracteristic for compount The Mn(ll) ions are isolated

proton. The 12-membered macrocyclic cavity is empty with paramagnets. The data were fit to the Curie law, @tk

two protons pointed toward the cavity which forms a 4 gg emuK -molL, in good agreement with the expected
hydrophilic pocket. Scheme 1 also gives the schematic

structure of compoundl. The dotted lines circle the (18) Brown, I. D.; Altermatt, DActa Crystallogr.1985 B41, 244.

Inorganic Chemistry, Vol. 43, No. 23, 2004 7311
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Figure 4. Polyhedral representation of the crystal structure of comp@ialbng theb-axis (purple tetrahedron CRB@nd cyan octahedron N#d, and

Ni(H20)e).

value for isolated high spin Mn(ll) ionsS(= %, andg = N(1A), O(1), and O(1A) atoms are coplanar with a deviation

2.06) in a magnetically dilute sample. From the above 0.0585 A, and the nickel atoms fit perfectly inside the

information, the double positive charge was assigned to theequatorial plane. Two apical positions are filled with the other

central Mn. (See Supporting Information.) nitrogen atoms, N(2) and N(2A) of the aza-ring. A similar
Crystal Structure of Ni[C sNHg(PO3zH)]4[Ni(H >0)g], 2. coordination environment was found fais-O,0O-[Ni(H,L)]-

The chemical formula of compourlin the crystal form, CI-H0, cis-O,0-[Ni(H,L)]-2H,0 (L = 1,4,8,11-tetraaza-

as obtained from the X-ray diffraction crystal structural cyclotetradecane-1,8-bis(methylphosphonic acitipond

analysis, is Ni[GNHg(POsH)]4[Ni(H 20O)g]. The overall struc- distances of P(1H)O(3) and P(2)>0O(6) are 1.578(2) and

ture of the crystal is shown in Figure 4, where the asymmetric 1.5705(2) A, respectively, and are significantly longer than

unit contains two different nickel centered moieties. Figure the coordinated P(3)O(1) bonds and uncoordinated P{1)

5 shows the SEM image of the single crystal morphology O(2) (1.506(2) A), P(2X0(5) (1.5057(2) A), P(2)0O(4)

for compound2. Compound?2 crystallized as an ion pair.  (1.5112(2) A) bonds. Therefore, they have been designated

The anion part is composed of [Ni(1){BOTP)E~ with as P-OH groups. As a result, each of the four phosphonate

octahedrally coordinated nickel. The ligand was deprotonatedgroups bonded to the aza-ring nitrogen has a single negative

at the synthetic pH conditions (pH 6). Two methylene charge accounting for the anion double negative charge. The

phOSphoniC aCid_pendent gr(.)l.,lps bend Ov_er and Coordin""te(lg) Kotek, J.; Vojtisek, P.; Cisarova, |.; Hermann, P.; Luke<dllect.
with the center nickel atoms icis conformation. The N(1), Czech. Chem. CommuR001, 66, 363

7312 Inorganic Chemistry, Vol. 43, No. 23, 2004
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Figure 6. TGA curves for compound$ and 2.

The adsorption of cesium occurred most likely only on the
surface of the crystalline material. It is difficult to tell whether
the Cs exchanged with the protons on the 12-membered ring
or with the P-OH groups attached to the ring. In this
experiment, crystals were used for ion exchange which may
reduce the capability of the material to exchange of Cs
because of difficulty in diffusion into the lattice. More
Ni cation octahedron [Ni(kD)s]*" is composed of six  confirmative experiments will be reported in the future.
coordinated water molecules with bond distances 2.052(2) Thermogravimetric Study. The thermogravimetric stud-
2.061(2) A. All water molecules act as hydrogen donors and jes of compound. demonstrated a number of weight losses
are hydrogen bonded with the phosphonate oxygen atomsindicating a complexity of the decomposition process (Figure
The hydrogen bonding network as shown in Figure 4 is ). According to the structural data, no water molecules were
viewed down theb-axis direction which runs through the  found in the compound. The TGA diagram shows that there
ac-plane and forms infinite chains. Each phosphonate groupis no weight loss till 358°C confirming that the residual
connects to one proton, and two phosphonate moieties ofpeak in the final Fourier map can be assigned to surface water
neighboring complex molecules form a pair of intermolecular in the X-ray analysis data collection. The burning of the
hydrogen bonds. The hydrogen bonds between the uncoorprganic part and phosphonic acid hydroxyl group condensa-
dinated phosphonate oxygen groups ©(@):-O(4)# tion start at 358'C and continue until 1000C 2! The total
2.457(2) A and the coordinated phosphonate oxygen groupsweight loss of 51.4% corresponds to the final residue being
O(3)—H---O(2)# 2.607(2) A which result in an eight-  Mn,P,0; (52.6%). The TGA curve of compourtihas two
membered ring (PO—H---O—P), are shorter than those eight loss regions. Compouriistarts losing the coordi-
formed by water molecules (2.656(23.751(2) A). The  nated water at 170C indicating a high temperature of
complex molecules, connected through the hydrogen bonds dehydration because of the strong bonding of water mol-
form infinite chains very similar to those found in the ecules to the metal atom. The observed weight loss at 275

- - R

Figure 5. SEM image of compouna.

structure ofcis-O,0-[Ni(HL)]CI-H20, cis-O,0-[Ni(HL)]- °C (14.1%) is in agreement with the calculated value of
2H;0, transO,0-[Co(HL)]-3H;0, trans-O,0-[Co(HL)]- 14.0% for all six coordinated water molecules. There are
3H,0 (L = 1,4,8,11-tetraazacyclotetradecane-1,8-bis(meth- two small regions of weight loss (9.7%) in the temperature
ylphosphonic  acid)}? and Cu(HLY) (L* = NN'- range 275-450 °C which could be assigned to a condensa-
bisphosphonomethyl-1,10-diaza-18-crowr’s). tion of the hydroxyl groups in DOTP ligand with a theoretical

lon Exchange.Compoundl was tested for ion exchange weight loss value of 9.35%. The burning of the organic ligand
for the Cs. The hydrophilic pocket with exchangeable and transformation of phosphonic moieties occur at-450
protons on the ring and FOH groups as shown in the 900 °C. The process is complete with a total weight loss
structure may accommodate large ions such as Cs. A totalyalue of 43.4%, in a good agreement with the calculated
of 50 mg of the sample (crystals) was shaken with 8.55 final residue Ni(PQy), + NiO (42.7%)22-24
mmol/L CsCl solution for 48 h. The initial pH of the solution IR Study. IR spectra were recorded between 4000 and
was 5.22 and changes to 3.76. The result of AA analysis 400 cnt! and are shown in Figure 7. The region between
showed that compountipicked up 0.182 mmol/g Csfrom 4000 and 1400 crt can be selected to study the coordinated
the solution. Protons were released to the solution after ionater and the PO—H groups. Two bands observed at 2760
exchange as evidenced by the pH measurements. About 11%nd 2340 cm® which are likely due to the/(PO—H) and
of the protons were exchanged by*Uens. Single crystal  25(POH), respectively, are characteristic of hydrogen phos-
data on the exchanged crystal were collected after ion phonate groups and more intense for compothdn
exchange. The result showed that the cell had the same unigreement with its stoichiometry. Compoudhowed an
cell parametersa = 12.3390(11) Ab = 12.3390(11) Ac intense and broad band in the—® stretching vibration
= 14.0406(2) A,V = 2137.7(5) R, Z = 4. No peaks
associated with Csscattering were observed. The structure (21) Zhang, B.; Poojary, D. M.; Clearfield, Anorg. Chem1998 37, 1844.
was resolved, and no Cs was found in the resolved structure ?? Cpﬁgﬁri’égé 2”5"; fgfzn_g’ B.; Belinghausen, P.; Clearfield Ikorg.

(23) Poojary, D. M.; Zhang, B.; Bellinghausen, P.; Clearfield,Idorg.
(20) Kotek, J.; Lubal, P.; Hermann, P.; Cisarova, |.; Lukes, I.; Godula, T.; Chem 1996 35, 5254.
Sovbodova, |.; Taborsky, P.; Havel, Ghem. Eur. J2003 9, 233. (24) Menaa, B.; Shannon, I. J. Mater. Chem2002 12, 350.
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Figure 7. IR spectra of compoundsand?2.

region at 3416-3250 cnt?, which is consistent with the

Kong et al.

Conclusions

Two new different types of metal phosphonates have been
synthesized and characterized by X-ray diffraction, magnetic
measurements, IR spectroscopy, and TGA measurements.
Both structures have been solved from X-ray single crystal
data. It has been demonstrated that the tetrahedrally coor-
dinated Mn centers are shared by four oxygen atoms from
neighboring pendent phosphonic acid groups which are
associated with the 12-membered aza-ring. The nitrogen
atoms are not involved in the coordination at compo(nd
It forms a 2D array along the-axis. The hydrophilic cavity
of the aza-crown is empty and accessible by other cations.
Preliminary ion exchange studies showed that compdund
picked up C3 from the solution. Its powder form will further
be screened for exchange of other cations. Compdind
contains two different octahedrally coordinated Ni centers
with hydrogen bonding extended to form 2D infinite chains
in theac-plane, in which a six-water-coordinated nickel ion
is clathrated and acts as counterion to the negatively charged
[Ni(H4,DOTP)F~ motif. Both compounds show the typical

presence of coordinated water interacting by H-bonding. The Paramagnetic properties. In the case of the manganese

corresponding bending HO—H (6HOH) vibration of the
coordinated water is located at ca. 1684 émvhich is also

compound, the pH was kept acidic (pH 2); as a result,
four protons of the initial eight on the phosphonate groups

broadened by hydrogen bonding. In fact, the band at 1680are donated to the four aza nitrogens and two are displaced

cmtis close to the maximum 1690 cthwhich is usually

by the Mr#* ions. The two remaining protons are shared

assigned to the bending vibrations of species containing €qually by the four phosphonate groups in accordance with

highly mobile protons, and is typical of good protonic
conductorg® A sharp band was observed at 3135 @érfor
compoundl which is due to the stretching vibration of the
N—H group in the macrocyclic ligand and a bending
vibration band at 1635 cm indicating the existence of
protonated NH and is in agreement with the X-ray structural
analysis. As we have pointed out, compourid anhydrous,
so the band of 1635 cmiis not due to hydration water. Also,
two kinds of v,s of PO; were observed in compourtdat
1097 and 1054 cm, respectively. The peak that occurs at
982 cnt! was assigned toy(P(s).26 The bands centered at
2330 and 1075 cnrt are attributed to (PO©H) and (POH)

the symmetry requirements. Because the aza groups are
protonated, the M reacted with the phosphonate groups
rather than with the aza crown ring. In the case of the nickel
compound, the protons were essentially removed from the
aza nitrogens leaving just one proton on each of the four
phosphonic acid groups. Thus, two?Nions were required

to neutralize the ligand, one being coordinated by the ring
and phosphonate groups and the other forming a hexahydrate.
The compound is essentially ionic with an extensive system
of hydrogen bonding. These reactions should be general for
aminophosphonate ligands. We have prepared a series of aza
crown ethers with appended phosphonic acid groups in a

vibrations, respectively, due to unprotonated POH groups Variety of ring sizes! By careful control of the proton
in both compounds. Asymmetric vibrating stretching bands removal, families of new compounds with metals or amine

of POH ((P—OH)) groups are situated at 980 cBoth
compounds showed typical-H stretching vibrations and
bending vibrations of low intensities of GHoth inside the

ring and/or attached to nitrogen atoms, near 2850 and 1478

cm 1, respectively. TheP—C vibration bands of compound
1 are located at 1382 crj otherwise, the similar bands for

compound?2 are split into two bands and are separately

situated at 1360 and 1316 chk respectively, due to two

different kinds of phosphonic pendent groups involved. One

is coordinated with the nickel atom and the other is not.

linkers should be achieved. Furthermore, compounds that
retain protons may be manipulated to exchange and coor-
dinate or selectively separate ions or neutral species.
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