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Two novel three-dimensional lanthanum coordination polymers have been prepared with the phosphonic acid H,Os-
PCH,N(C2H,):,NCH,PO3H; (LHy). Lax(LH2)2(LH4)Cly (I) and Lay(LHy)2(LH3)CI (1I) arise from similar hydrothermal
reactions but differing sources of La. A one-dimensional “lanthanum-phosphate” chain, comprising corner-linked
LaO; and PO4C polyhedra, forms the basis for the two different structures. The two structures differ in the mode
of connectivity of the inorganic chains via the phosphonate groups. Both materials include extraframework chloride
ions, the different amounts of which apparently direct the polytypic structures. In Il, the chloride ions are incorporated
in a noncentrosymmetric manner leading to a polar framework topology.

1. Introduction Many of the crystallographic studies of such pillared
structures have centered on methylene, ethylene, and pro-

T . . pylene diphosphonates, but more complex phosphonic acids
materials is driven by the potential they possess as functlonalhave also been used successfully, including the dimethyl-

solids. Microporous metal carboxylaté and metal phospho- enephosphonic acid derivative of piperazine@sPCHN-

5 ; . .
;ﬁixcar:?eworlzs show uniq due pr_opelgt;]es 0;: adsorption, (CaH4)2:NCH,PG;Hy). This has been found to yield porous
iNge, and proton conductivity. Phosphonate groupsy, oy organic frameworks with vanadiufh,cadmium??
are promising chemical building blocks for such structures, cobalt, and mangane&&This readily prepared diphosphonic
Eeczust(; ct)ftr':he thelimaI.I:/h and chemflcaII)t/ lsta_?_l:*@i—lih i acid is attractive because it possesses tertiary amine groups,
onas that they make with a range of metais. 1he Synthetic ,, protonation/deprotonation behavior of which might be
chemistry of phosphonic acids is also well developed, so inherited by any product metal phosphonates. As part of a

that tm gm){[ otrrg]:]anlﬁ fur;cho_nal %roucp))s can npe Ireﬁd”y incor- program of investigating metal diphosphonates, we have
porated Into the phosphonic acids. une particularly promising prepared lanthanum diphosphonates by hydrothermal syn-

research direction is in the synthesis of diphosphonates oftheSiS with this acid. Lanthanides are known to form

mEtaIS. suc;r: as i\_lummut?n%roug 4 meta!; (t't?n;ghr? a?d organodiphosphondtand phosphonate carboxylate frame-
zirconium);' transition metals,and rare earth metaisMos works1% some of which display reversible adsorption and,

:)f these_”possisstha c%mm?]n sttructur_a It_mOt'fh(_)fhmorg?n'ZWith the appropriate lanthanide, luminescence. Our aim was
tay_erts [I)I ared by _tep 3sp ona.l()al mo:je |es,t.w 'E r?a%;]i €adine synthesis of metal diphosphonate frameworks with
o interlayer porosity and reversible adsorption beha¥ior. 4001 functionality.

The intense current interest in hybrid organigorganic
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methylene phosphonic acid) was synthesized using a modified Table 1. Crystallographic Data for and|l
Mannich reactiort® piperazine (0.1 mol) was mixed with phos- | I
phorous acid (0.2 mol), and 50 mL of HCI solution was mixed

. . formula G_)H22C| LaN309P3 CgH21,5C|o,5La N30gP3
with 50 mL of water..FormaIdehyde (0.4 mol) was added dropwise crystal system monoclinic monoclinic
over 1 h, and the mixture was then refluxed at 220 After 4 h, space group P2./c Cc
a white solid had precipitated, which was filtered, washed, and dried. a (A) 6.1071(6) 6.039(1)
Analysis was based on one HCI associated with the product: C b(f\\) 21.710(2) 26.524(5)
23.27%, H 5.51%, N 8.84% (calcd. fogl,N,P,04Cl: C 23.20%, E(( oA 0 1130-;3522(32) 253;47311(%)

H 5.52%, N 9.02%). Overall yield 68%. Next, 0.00_15 mol of this V(A3 1777'.3(3) 3745(1)
product was added to 0.002 mol of La@H,O (Aldrich, 99.9%) z 4 8

in 25 mL of water and stirred fol h at 80°C, before being added o (g cm™) 2.18 2.00

to an autoclave and heated at 1T for 240 h. The initial pH of crystal morphology needle plate

the reaction mixture was 6. The white crystalline residue was data collection temperature - 295 K 93K

. . ) . Yy ! total/unique reflections 10 645/3259 13 823/5185
filtered, washed, and dried. The predominant phase present consisteghg. reflections [ > 20(1)) 2588 4779

of needlelike crystals, one of which was selected for single-crystal parameters 7 215

X-ray analysis (). The bulk material was separated by sonication final R1, wR2 0.079,0.126 0.082,0.211
in a water bath, from which a pure bulk crystalline phase, F'ackparameter 0.23(4)

representative of the single-crystal analysis, was isolated. This Wastapie 2. Selected Bond Lengths (A) fdrandll
confirmed by powder X-ray diffraction (Supporting Information)
and analysis: C 18.09%, H 3.88%, N 7.05% (calcd. foH& '

ClILaNsPsOq: C 18.52%, H 3.80%, N 7.20%). Thermogravimetric ::gi 82 gigzgg
analysis (in air) of the pure material revealed a sharp weight loss Lal 01 2.461(8)
of 19% centered around 37C, followed by a more gradual weight Lal 02 2.492(8)
loss up to 600°C; the total weight loss of 28% agrees well with tgi 82 gg%g;
that calculated for loss of all of the organic moiety (29.5%); the Lal O7 2:576(8)
product of this heat treatment was amorphous to X-ray powder P101 1.504(8)
diffraction. P102 1.515(8)
Several further reactions were carried out to isolate a pure as- Ei 8f igggg)l)
made sample df. An analogous reaction using 0.0015 mol of ligand P2 06 1:499(9)
and 0.002 mol of LgDs (i.e., twice the La:P molar ratio) again P2 05 1.509(8)
produced as the predominant phase. The initial pH of the reaction P2 04 1.513(8)
mixture was again 6. However, platelike crystaldlofvere isolated P2 C6 1.831(12)
in trace amounts. Although this phase could not be isolated in bulk Eg 83 138%23
quantities from several different variants of this reaction (e.g., by P3 08 1.589(8)
reaction of 0.0015 mol of ligand and 0.001 mol of,0g under P3C7 1.825(11)
identical conditions), crystals di could be isolated from two '
independent reactions. We note that the chloride present in the | .1 514 2.42(2) La2 010 2.41(2)
products of these L®s-based reactions arises from the preparation Lal O4 2.43(2) La2 015 2.43(1)
of the original phosphonic acid as the mono-hydrochloride. Lal 09 2.46(1) La2 011 2.44(2)
2.2. Crystallography. Single-crystal X-ray diffraction studies tgi 8%2 ;g?% tz; 8% 2288
were carried out on Bruker SMART (fdn or Rigaku Mercury Lal 06 2:52(2) La2 O5 2.'51(1)
CCD diffractometers (compourd) with graphite monochromated Lal 013 2.57(1) La2 O7 2.54(2)
Mo Ka radiation. Intensity data were collected using®Gs@eps to P101 1.48(1) P2 05 1.53(2)
give at least a full hemisphere of coverage. All data sets were = P102 1.51(2) P2 06 1.56(2)
corrected for absorption via multiscan methods. Data analyses used Ei gi’ igg% E% gg i:gg%
the SHELXS and SHELXL packages. Relatively poor crystal quality P3 09 1.49(2) P4 012 1.49(2)
and significant pseudo-symmetry precluded a fully anisotropic P3 08 1.51(2) P4 011 1.51(2)
refinement forll . Details of the crystal structure determinations P3 07 1.53(2) P4 010 1.55(2)
are given in Table 1, and selected bond lengths are in Table 2. Eg gg igg% Eg gﬁg 13‘75%
Powder X-ray diffraction data were collected on a Stoe STADI/P P5 014 1:56(2) P6 O17 1:47(2)
transmission diffractometer using Cu,Kradiation. P5 015 1.57(2) P6 016 1.51(2)
P5 C17 1.79(2) P6 C18 1.90(3)

3. Results and Discussion

The two compounds have marked similarities in both t0P0logies. A key structural element in each phase is a
composition and crystal structure. Both materials adopt three-€Ontinuous chain of lanthanum centers, linked via bridging
dimensional framework structures with topologically the Phosphonate groups to other chains, extending in the
same connectivity around the “inorganic” (i.e., lanthanum- adirection (Figure 1). The differences between the two
phosphate) part of the structure. Compositiondllyhas a  Structures arise in the way these “lanthanum phosphate”
50% lower chloride content thah and it is tempting to ~ chains are connected. Inthere is one crystallographically

suggest that this may be a cause of the differing framework unique La and three P atoms. Two of these phosphonate
groups bridge three adjacent La sites within the same chain;

(15) Moedritzer, K.; Irani, R. RJ. Org. Chem1966 31, 1603. the third acts as a monodentate ligand only, giving 7-fold
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Figure 1. Polyhedral view of the “lanthanum phosphate” chain viewed approximately dowh-&xés; La—O polyhedra in yellow, PO tetrahedra in
purple.

coordination around the La center. Charge balance require-
ments result in one of the two “dangling™f bonds of
this group being protonated, together with protonation of all
of the amine N atoms. Phasemay thus be formulated as
Lax(OsPCHNH(C,H4),NHCH,PG;),(HOsPCHNH(CoH4) -
NHCH,PG;H)Cl..
The location of the PO—H moiety can be clearly seen
from both the lengthening of the PBP(8) bond and the
proximity of the CI- anion (3.06 A), which acts as a H-bond
acceptor. In addition, the H position could be located from
difference Fourier maps.
In 1, the symmetry is lowered such that there are now
two inequivalent La and six inequivalent P atoms. The space
group is confirmed a€c. A search for centrosymmetri€g/
c) symmetry using PLATORf showed no evidence for the
higher symmetry, which would require a considerable
disorder around the phosphonate groups. The local StruCtl'lrat:igure 2. Linkage of adjacent inorganic chains via phosphonate groups
coordination around the LaO—P chain is compared to that  in’|. Note that each chain links to six adjacent chains via a single bridge
of | in Figure 1. It can be seen that, although the presenceper repeat unit.

of four triply bridging phosphate groups and two monoden- ) ]
tate groups corresponds to that I, (there are significant ~ 9"0ups are protonated. Although the location of this proton

differences in the distortion and rotation of the Lagnd could not be determin_ed crystallographically, its position on
PO,C polyhedra relative to each other between the two O(3) can clearly be inferred due to the short, H-bonded

structures. This arises because the nature of the connectiviyeoNtact to the Cl anion (O(3)-Cl = 3.06 A). Compound
between adjacent LeO—P chains differs between the two, | may therefore be formulated asA@;PCHNH(CoHa).-

giving rise to substantially different overall framework NHCH2PO:)(OsPCHNH(CoHa) NHCH,POH)CI. A par-
architectures. It each La center bridges via sixgroups ticularly interesting feature df is the noncentric occupancy
to six adjacent La chains (Figures 2 and 4).llnon the ~ Of the channels by Cl The local environment around a
other hand, each La center bridges to only four adjacentSinglea-axis channel is shown in Figure 6. A pseudo-2-fold
chains, with four of the six. groups forming two “double” ~ @Xis runs through the center of the channel alongotagis.
bridges (Figures 3 and 5). In both cases, the connectivity Refinements were carried o_u_t involving occupancy at both
results in channels along theeaxis in which the Ct ions ~ the CI(1) and the CI(2) positions. These refined to 95(2)/
reside (Figures 4 and 5). It can be seen that the connectivity®(2) %, respectively, confirming a genuine “polar” ordering

in Il results in a significantly lower framework density (Table ©f the CI” anions within the channels. The final refinement
1), and a much more “open” channel system. Due to the kept these values fixed at 100/0%. This unusualdtering

lower CI- content inll versus, only one of the P-O groups can be seen to cooperate with ordering of the piperazine

needs to be protonated, assuming that all of the tertiary aminedfUPS such that favorable H-bonding can occur via both
N(5)—H---CI(1) and O(3)-H---Cl(1). Simultaneous H-bond-

(16) Spek, A. L.J. Appl. Crystallogr.2003 36, 7. ing to the CI(2) site cannot occur without partial occupancy
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Figure 3. Linkage of adjacent inorganic chains via phosphonate groups
in Il . Note that each chain links to only four adjacent chains: two of these
linkages consist of a “double” bridge per repeat unit.

Figure 5. Framework structure df viewed down thea-axis.

Figure 6. Expanded view of Cl anion location inl . Note that the CI(1)
site is fully occupied and the CI(2) site is vacant, leading to the imposition
of polarity on the framework itself. H-bonds are shown as dotted lines.

of which appears to depend on both the amount of and the
Figure 4. Framework structure dfviewed down thex-axis; La, C, gray; .SUpramO|eCUIar c_oordlnatlon_ preferences of the guefst Cl
P, purple; O, red; N, blue; Cl, green. ions. Further studies are merited to explore whether this type

of guest ordering, and the cooperative imposition of frame-
of the two ClI sites and disorder of the piperazine groups, work polarity, can be controlled and used in the design of
which can be seen not to occur, from the refinements. This novel optical materials.
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4. Conclusion Supporting Information Available: X-ray powder diffraction

Two novel lanthanum phosphonate framework materials Patterns for La(L Ho)a(L Ha)Cl2 (compoundl). Top: Observed
have been prepared and structurally characterized. Subtléaattern. Bottom: Simulated pattern based on the single-crystal

. h . . . structure. Crystallographic data in CIF format. This material is
differences in reaction conditions lead to subtle differences ” . . }
. . . . available free of charge via the Internet at http://pubs.acs.org. CCDC
in product composition but marked differences in overall

. - contains the supplementary crystallographic data for this paper.
structural architecture of the resultant phases. Topologically These data can be obtained online free of charge (or from the

similar inorganic “lanthanum phosphate” chains are linked cambridge Crystallographic Data Centre, 12, Union Road, Cam-
in two quite different ways by the organic ligands, the nature pridge CB2 1EZ, UK; fax, 44) 1223-336-033; e-mail, deposit@
ccdc.cam.ac.uk).
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