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Hydrothermal reactions of lanthanide metal salts with MeN(CH,CO,H)(CH,PO3H,) (HsL) and 5-sulfoisophthalic acid
monosodium salt (NaH,BTS) lead to four isomorphous lanthanide carboxylate—phosphonate—sulfonate hybrids,
namely, Ln(H,L)(HBTS)(H20),:H2,0 (Ln = La (1), Pr (2), Nd (3), Gd (4)). Their structures have been established
by X-ray single-crystal diffraction. The interconnection of the lanthanide(lll) ions by carboxylate—phosphonate ligands
results in a 1D double chain; these double chains are further bridged by bidentate bridging carboxylate—sulfonate
ligands to form a [@110Jayer. The luminescent properties of compounds 3 and 4 have also been studied.
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Layered Lanthanide Sulfonate Phosphonates

ity in water and other organic solvents; hence, it is rendered IR spectra were recorded on a Magna 750 FT-IR spectrometer
difficult to obtain single crystals suitable for X-ray structural photometer as KBr pellets in the 406800 cnr*. Photolumines-
analysis. To improve the solubility and crystallinity of cence analyses were performed on an Edinburgh FLS920 fluores-
lanthanide phosphonates, additional function groups such a<ence spectrometer.

crown ether, carboxylate, hydroxyl, and amine groups have _Preparation of Ln(H2L)(HBTS)(H20)H:0 (Ln =La (1), Pr
been attached to the phosphonic acid lig&rid A series of g%o(;’)da(:'g)l'\l':ag%”{g 50;1h1n<§:|)bi‘r?lif)om(€§ é?s?ﬁgd V?';té?\'/?as
lanthanide diphosphonates with a 3D pillared-layer structure ' :

. 8 . sealed into a bomb equipped with a Teflon liner (25 mL) and then
were isolated by the Ferey grotipSeveral lanthanide heated at 120C for 5 days. Crystals of (colorless) 2 (green),

phosphonates with a crown ether or calixarene moiety have 44 (colorless) were collected in ca. 48%)(45% @), and 36%
been reported by Clearfield, Bligh, Lukes, and Lin et®l.  (a) yield (based on lanthanide), respectively. The initial and final
Their structures feature a chelating mononuclear unit or apH values of this reaction media are close to 3.0 and 2.5,
layer architecturé? A series of one-dimensional lanthanide respectively. Anal. Calcd fod: C, 23.28; H, 3.09; N, 2.26.
diphosphonates containing a hydroxyl group were repdfted. Found: C, 23.16; H, 3.24; N, 2.38. Calcd frC, 23.20; H, 3.08;

A few 2D or 3D lanthanide phosphonates with an additional N, 2.25. Found: C, 23.14; H, 3.24; N, 2.36. Calcd4orC, 22.61;
carboxylate group or amino acid moiety were obtaitted. H 3.00; N, 2.20. Found: C, 22.59; H, 3.18; N, 2.28. IR (KBr,
Lanthanide compounds with phosphonic acid attached by M ) for 1: 3498 s, 3369 s, 3085 w, 2953 w, 1670 s, 1615 vs,
Ph-, PhCH—, or NH,CH,CH,— group were obtained by 1444 m, 1423 w, 1406 w, 1325 w, 1291 m, 1242 m, 1178 s, 1153

) - o o s, 1106 m, 1044 s, 905 w, 831 w, 763 m, 732 w, 689 w, 620 m,
the Clearfield and Legendziewicz groufisChe elucidation 568 m, 478 w. IR (KBr, cm) for 2: 3492 s, 3367 s, 3085 W,

o_f the structures of lanthanide pho_sphonates is ir_nportant2952 w, 1700 m, 1616 vs, 1445 m. 1422 w, 1402 w, 1326 w, 1292
since t_hese compounds may exhibit useful Iumlnesce_ntm 1242 m, 1178 s, 1151 s, 1105 m, 1045 s, 905 w, 831 w, 795 w,
properties* Our present work is based on the hypothesis 763 m, 732 w, 689 m, 668 w, 621 m, 569 m, 545 w. IR (KB,
that introducing a second ligand such as 1,3,5-benzenetri-cm-1) for 4: 3492 m, 3362 m, 2953 w, 1686 vs, 1612 w, 1580 w,
carboxylic acid (HBTC) or 5-sulfoisophthalic acid (#BTS) 1453 s, 1430 m, 1324 s, 1295 s, 1105 vs, 1026 s, 995 s, 951 w,
whose lanthanide compounds have good solubility and very 908 w, 763 w, 719 m, 574 m.
good crystallinity into the lanthanidgohosphonate system Preparation of Nd(HL)(HBTS)(H 20),*H0 (3). The method
W|I| result |n novel |anthan|de phosphonate hybnds W|th the SyntheSIS of the Nd(l”) Compound IS .S|m||ar to those for t-hl‘ee
better solubility and crystallinity; this point has been realized ot_her compounds; nitrate salt was used instead of the chloride. A
by our recent works on lead(ll) hybrids of di- or triphospho- mixture of Nd(NQ)3'6HZO (O'S.m.mOI)’ HL (1.0 mmol), and Napt

. . . . . BTS (1.0 mmol) in 10 mL of distilled water was sealed into a bomb
nonic acid and 1,3,5-benzenetricarboxylic acidg§MHC) or . . :

. . . s . equipped with a Teflon liner (25 mL) and then heated at 130

5-sulfoisophthalic acid (EBTS)2 As an expansion of our

. for 5 days. The initial and final pH values of this reaction media
work to lanthanide phosphonates, we selected one carboxyl-gre 2.0 and 1.5, respectively. Purple crystal8 afere collected in

ic—phosphonic acid\-(phosphonomethylN-methylglycine, ca. 46% vyield (based on neodymium). IR (KBr, cth 3498 s,
MeN(CH,COH)(CH,PO;H,) (HsL), and 5-sulfoisophthalic 3369 s, 3085 w, 2953 w, 1670 s, 1615 vs, 1444 m, 1423 m, 1403
acid monosodium salt (NaBTS) as the second metal linker. m, 1292 m, 1241 m, 1201 w, 1148 s, 1070 w, 1032 s, 947 w, 915
Hydrothermal reactions of the above phosphonate ligand with w, 820 w, 733 m, 634 m, 603 m, 573 w, 484 w. Anal. Calcd3pr
lanthanide(lll) chloride (for compounds 2, and4) or nitrate Ci2H1gNO1sPSNd: C, 23.08; H, 3.07; N, 2.24. Found: C, 22.94.27;
(for compound3) and 5-sulfoisophthalic acid monosodium H, 3:22; N, 2.32.

salt (NaHBTS) afforded four novel lanthanide(lll) phos- Single-Crystal Structure Determingtion. Single crystalslof
phonate-sulfonate hybrids, Ln(bL)(HBTS)(H;0),-H,O (Ln compoundsl_—4 were mounted_ on a Siemens Smart CCl_D qln‘frac-
= La (1), Pr ), Nd (3), Gd @), with a layer architecture. tometer equipped with a graphite-monochromated Mor&diation

Herei t thei th tal struct d(/l =0.710 73 A). Intensity data were collected by the narrow frame
erein W,e r?por eéir syntheses, crystal structures, an method at 293 K. The data sets were corrected for Lorentz and
characterizations.

polarization factors as well as for absorption by tiescan
technique. All four structures were solved by the direct methods
and refined by full-matrix least-squares fitting &4 by SHELX-

Materials and Instrumentation. N-(PhosphonomethylN-me- 9715 All non-hydrogen atoms were refined with anisotropic thermal
thylglycine, MeN(CHCO,H)(CH,PO;H,) (HsL), was prepared by parameters. Hydrogen atoms were located at geometrically calcu-
a Mannich type reaction according to procedures described lated positions and refined with isotropic thermal parameters.
previously82 All other chemicals were obtained from commercial ~Crystallographic data and structural refinements for compolinds
sources and used without further purification. Elemental analyses are summarized in Table 1. Important bond distances and angles
were performed on a Vario EL Il elemental analyzer. Thermo- are listed in Tables 2. More details on the crystallographic studies
gravimetric analyses were carried out on a NETZSCH STA 449C as well as atomic displacement parameters are given as the
unit at a heating rate of 15C/min under a nitrogen atmosphere.  Supporting Information.

Experimental Section

(13) (a) Wang, R. C.; Zhang, Y. P.; Hu, H. L.; Frausto, R. R.; Clearfield, Results and Discussion
A. Chem. Mater.1992 4, 864. (b) Glowiak, T.; Huskowska, E.; ) )
Legendziewicz, JPolyhedron1991, 10, 175. Compoundsl—4 are isomorphous and feature a compli-

(14) (a) Richardson, F. SChem. Re., 1982 82, 541. (b) Horrocks, W. :
D.; Sudnik, D. R.J. Am. Chem. Sqc1979 101, 334. (c) Evans, C. cated 2D layered structure. They are the first examples of
H. Biochemistry of the lanthanidgBiochemistry of the Elements Vol.
8; Plenum: New York, 1990. (d) LegendziewiczJJAppl. Spectrosc (15) Sheldrick, G. M.SHELXTL, Crystallographic Software Package

1995 62, 189. version 5.1; Bruker-AXS: Madison, WI, 1998.
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Table 1. Crystal Data and Structure Refinements for Compouhdd

Song et al.

param 1 2 3 4
formula GioHioNLaOsPS GoH1oNProisPS GoH1gNNdO1sPS GoH1gNGdOsPS
fw 619.22 621.22 624.55 637.56
space group P1 P1 P1 P1
alA 7.6900(4) 7.66690(10) 7.6580(7) 7.6465(3)
b/A 11.4268(5) 11.4004(2) 11.3929(11) 11.3948(3)
c/A 12.0539(6) 12.012 11.9910(11) 11.9596(3)
o/deg 73.4210(10) 73.3390(10) 73.251(2) 73.2740(10)
pldeg 81.1660(10) 81.2610(10) 81.241(2) 81.3400(10)
yldeg 76.8920(10) 77.0600(10) 77.1660(10) 77.8140(10)
Vv, A3 984.23(8) 975.92(2) 972.39(16) 970.97(5)
z 2 2 2 2
Dealcs grcm~3 2.089 2.114 2.133 2.181
u, mm-t 2.438 2.766 2.941 3.687
GOF onF? 1.123 1.114 1.130 1.084
R1, wR2 ( > 20(1))? 0.0329/0.0735 0.0565/0.1335 0.0544/0.1264 0.0410/0.1070
R1, wR2 (all data) 0.0371/0.0770 0.0652/0.1421 0.0690/0.1380 0.0435/0.1107

aR1=3|IFol — [Fell/XIFol, WR2 = { W[Fo* — F73W[(Fo)7} 2

Figure 1. ORTEP representation of the asymmetric unit of compaind
Thermal ellipsoids are drawn at 50% probability. Symmetry codes for the
generated atoms: (®+ 1,y,z (B) —x, -y+1,—-z+1,; (C)—x+ 1,

-y, —z+2,(D)—x+1,-y+1,-z+ 1L (E)x—1yz

structurally characterized lanthanide sulforgtBosphonates.
Only the structure of compourgiwill be described in detalil

bridges with two Nd(lll) ions. The sulfonate group is
unidentate (08). One carboxylate group is also unidentate
(06). The second carboxylate group (©317-04) is
protonated (O4) and noncoordinated. This type of coordina-
tion mode is different from that in its lead(ll) hybrid where
the completely deprotonated BTS ligand is pentadentate and
bridges with three metal centeéfsThe BTS anion in its two-
dimensional lanthanide coordination polymers is also pen-
tadentate and totally deprotonated; each carboxylate group
chelates with a lanthanide ion and the sulfonate group is
unidenaté® On the basis of the requirement of charge
balance as well asFO, C—0, and S-O distances, the i
anion is—1 and the HBTS anion is-2 in charge.

The interconnection of Nd(lll) atom by the carboxylate

phosphonate H. ligands resulted in a NgHL), unit, and
such a neighboring unit is bridged by the carboxylate groups

to form a 1D double chain along tlkeaxis (Figure 2a). These
double chains are cross-linked by bridging HBTS anions to

form al®11lanthanide phosphonatsulfonate hybrid layer
(Figures 2b and 3). The lattice water molecule O3W is

as an example. As shown in Figure 1, the asymmetric unit hydrogen bonded to the aqua ligand (O1w) with--O
of compound3 is composed of one neodymium(lll) ion, one separation of 2.756(12) A and the amine group with-&
H.L anion, one HBTS anion, two aqua ligands, and one separation 2.879(11) A (symmetry codex, 1 —y, 1 — 2).
lattice water molecule. The Nd(lll) ion is 9-coordinated by The noncoordinated phosphonate oxygen (O11) forms a

three carboxylate oxygens from two,lH anions, two
phosphonate oxygens from two otherlHanions, one
carboxylate oxygen atom from a HB¥Sanion, and one
sulfonate oxygen atom from another HET@nion as well

as two aqua ligands. The N distances range from 2.376-
(6) to 2.826(7) A, which are comparable to those reported
for other lanthanide(lll) phosphonat&s3 The HL anion

is pentadentate; it chelates with one Nd(lll) ion bidentately
by using its carboxylate group and bridges with four other
Nd(lll) centers. O2 of the carboxylate group iugmetal
linker. Two of three phosphonate oxygens are unidentate
whereas the remaining one (O11) is protonated and nonco-

hydrogen bond with carboxylate O4 (symmetry codet
1,y — 1,2 and O5 (symmetry codex — 1,v, 2) of HBTS
anion, and the ©-O separations are 2.623(9) and 2.495(9)
A, respectively.
The other three compounds are isostructural with the Nd-
(1l1) compound. It is observed that most of the+® bond
lengths are decreased from La to Gd due to the so-called
“lanthanide contraction” (Table 2); the ErO2 (symmetry
code: 1-x, 1 —vy, 1— 2) bond is significantly longer (and
much weaker) than those of the remaining1® bonds, and
'this bond is significantly elongated when Iza Gd. This
indicates that the coordination number tends to be 8 for

ordinated. The amine group is also protonated and NONCO-heavier lanthanide(lll) ions. It is noticed that the cell volume

ordinated. This type of coordination mode is different from
that reported in its zinc cluster cage compound where the La to Gd

phosphonate ligand is deprotonated completely and hexa-

dentate (chelates with a zinc tridentately and bridges with
three other zinc§2 The HBTS™ anion is bidentate and

5632 Inorganic Chemistry, Vol. 43, No. 18, 2004

contracts about 1.35% when the lanthanide ion changes from

(16) Wang, Z.; Strobele, M.; Zhang, K.-L.; Meyer, H.-J.; You, X.-Z.; Yu,
Z. Inorg. Chem. Commur2002 5, 230.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for
Compoundsl—4

La (1) PrE) Nd (3) Gd @)

Ln1—0121a 2.436(3)  2.393(6)  2.376(6)  2.335(4)
Ln1-01372 2.463(3)  2.433(6)  2.393(6)  2.356(4)
Ln1-02 2.505(3)  2.462(6)  2.439(7)  2.376(5)
Ln1-08g? 2.500(3)  2.457(6)  2.439(6)  2.386(5)
Ln1—O1W 2519(4)  2.469(7)  2.457(8)  2.404(5)
Ln1—01# 2.613(4)  2573(7)  2.547(7)  2.473(5)
Ln1-06 2.586(4)  2.554(6)  2.546(6)  2.518(5)
Ln1—02W 2.638(4)  2.605(7)  2.582(8)  2.548(5)
Ln1—02# 2.827(4)  2.822(7)  2.826(7)  2.932(6)

0121-Ln1-0132 135.69(11) 136.02)  135.4(2)  133.74(16)
0121-Ln1-083  81.96(12) 81.6(2) 81.9(2) 81.89(16)
0132-Ln1-08°  136.39(12) 136.1(2)  135.9(2)  136.56(16)

0121-Ln1-02 77.49(12)  77.8(2) 77.7(2) 77.96(16)
013?—Ln1-02 72.74(12)  73.2(2) 73.3(2) 73.31(16)
08%3-Ln1-02 149.29(12) 149.2(2) 149.4(2) 148.87(16)
0121-Ln1-01W  135.40(13) 136.0(2) 136.3(2) 137.16(18)
0132-Ln1-01W  74.95(13)  75.2(2) 75.2(3) 76.84(19)

08%—Lal-01W 92.17(15)  91.9(3) 92.3(3) 91.8(2)

02-Ln1-01W 86.78(15)  87.4(3) 87.1(3) 87.2(2)
0121-Ln1-06 69.80(12)  70.2(2) 70.3(2) 71.18(16)
013?-Ln1-06 130.36(12) 130.8(2) 131.5(2) 132.26(18)
08%—Ln1-06 75.93(12)  75.7(2) 75.6(2) 75.55(17)
) ) 02-Ln1-06 75.67(12)  75.9(2) 76.2(2) 75.61(18)
Figure 2. (a). A 1D double chain of Nd(lll) carboxylate phosphonate  Q1W-Ln1-06 65.91(13)  66.0(2) 66.4(2) 66.23(17)
along thea-axis. (b). AD11layer of Nd(Ill) phosphonatesulfonate in 011—n1—01# 80.93(13) 80.6(2) 80.3(2) 79.18(17)
compound3. The phosphonate and sulfonate tetrahedra are shaded in pink 013%2—Ln1-01# 85.28(13)  85.2(2) 84.7(2) 83.42(18)
and yellow, respectively. Nd, N, C, and O atoms are drawn as cyan, blue, 08%-Ln1-01* 79.81(12) 79.3(2) 79.5(2) 80.33(17)
black, and red circles, respectively. 02-Ln1-01)* 118.54(12) 118.9(2) 118.5(2) 118.23(18)

O1W-Ln1-01*  141.67(14) 141.1(3)  141.3(3)  141.65(19)
06-Lni-O(1y4  144.05(13) 143.8(2)  143.5(2)  143.88(18)
0121-Ln1-02W  142.44(13) 142.2(2)  141.7(2)  141.28(18)

0132-Ln1-02W  66.95(13)  66.7(2) 67.1(2) 67.90(17)
0853-Ln1—-02W 69.44(13)  69.4(2) 68.9(2) 68.77(17)
02-Ln1-02W 137.78(13) 137.8(2)  138.3(2)  138.55(18)
O1W-Ln1-02W  71.39(15)  70.6(3) 71.0(3) 70.5(2)
06-Ln1—-02W 122.81(14) 122.2(2)  122.1(3)  121.83(18)
01#—Ln1—-02W 70.91(15)  70.8(3) 70.8(3) 71.6(2)
0121-Ln1-024  70.13(11) 70.06(19)  69.7(2) 68.51(15)
0132-Ln1-02%  69.50(11) 69.50(19)  69.1(2) 68.29(15)
085-Ln1-02%  122.63(11) 122.4(2)  122.6(2)  122.28(15)
02-Ln1-02%4 70.85(12)  71.0(2) 70.6(2) 71.24(18)
O1W-Ln1-02#  142.16(14) 142.5(2)  142.0(3)  142.86(18)
06-Ln1-02% 132.02(11) 132.41(19) 132.2(2)  131.85(15)

01#—Ln1—02# 47.70(11)  48.0(2) 47.9(2) 47.00(15)
02W-Ln1-02%  105.03(13) 105.2(2)  105.5(2)  106.10(17)

a Symmetry transformations used to generate equivalent atoms:x (#1)
+1,y,z #2)—x, —y+1,—-z+ 1, #3)—x+ 1, -y, —z+ 2; (#4) —x
+1,-y+1,-z+1.

- 3 View of th - o < The bhosoh and two aqua ligands. The weight loss started atG@nd
al]gdutsilfénatlee \tl\ét?art]leztr;gusrﬁa%ed ?r\:v Bi;keZn%XI;éllov& ‘r)e;psgct(i)vr:eall)tf Nd, was Completed at 238C. The observed Weight loss of 8.1%

N, C, and O atoms are drawn as cyan, blue, black, and red circles, IS close to the calculated value (8.7%). The process of this
respectively. dehydration is irreversible as supported by XRD powder
patterns taken after dehydration, which show several new
peaks and some of old peaks disappeared, indicating a
structural change. The second step covers a temperature range
from 236 to 570°C, during which two processes occurred:
the release of water formed by the condensation of £PO
(OH) groups and the decomposing of both phosphonate and

the antisymmetric stretching bands of the carboxylate groups.BTS ligands. The third step overlapped with the second one

The symmetric stretching bands of the carboxylate group @"d continued up to 100TC, during which the compound
appeared in the range 1430437 cnt™. The bands from  Was further decomposed. The total weight loss is ca. 48.8%.

900 to 1100 cm* are due to the stretching vibrations of the The final products were not identified; however, we expect
tetrahedral CP@group. the residual is mainly composed of LaP&nd LgO2(SOy).
TGA diagrams ofl—4 are similar and reveal three main Luminescent Properties The solid-state luminescent
weight losses. Compouridis used as an example. The first spectra of compound3 and 4 were investigated at room
step corresponds to the loss of one lattice water moleculetemperature. The emission spectra of BBHS phosphonate

The broad band in the range 3492498 cn1? indicates
the presence of water molecules in all four compounds. The
asymmetric vibration absorption band of the sulfonate group
appeared around 1201 cfn The absorption band around
634 cm! is characteristic band fors o of the sulfonate
group. The strong bands around 1615 émorrespond to
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Figure 4. Solid-state emission spectra of BTS (pink) and phosphonate
ligand (blue).

Figure 5. Solid-state emission spectra of compouBda) and4 (b) before
(red) and after dehydration (green).

ligands are shown in Figure 4. The free 5-sulfoisophthalic
acid monosodium salt (NaBTS) ligand shows only a weak
emission band 323 nnid = 270 nm), whereas the MeN-
(CH,COH)(CH,PO;H,) (HsL) ligand shows a very strong
fluorescent emission band at 567 nig,= 482 nm) (Figure

4). Upon complexion of both ligands with the lanthanide-
(111 ions, the luminescent spectra of the compounds formed

Song et al.

transition. Under excitation of 356 nm compouddisplays

a strong emission band at 90%F4, — “lg;), an emission
band with much lower intensity at 1067 nriFg, — “111/),

and a very weak band at 1328 nfff{, — %135 in the near-

IR region (Figure 5a}’ The spectrum of compoungionly
shows a strong fluorescent emission band at 416 =

318 nm) (Figure 5b). Upon removal of the lattice water and
two aqua ligands, the emission band at 410 nm of compound
3 disappeared whereas other emission bands have been
slightly shifted to lower wavelengths and their intensities
were enhanced greatly. The emission band for compdund
has been shifted to 464 nm, and its intensity is also
significantly enhanced after dehydration (Figure 5b). The
lower intensities of emission bands for compouBdmd4
compared with those for the corresponding dehydrated
species are due to the quenching effect of the luminescent
state by high-frequency vibrating water molecules. The shifts
of emission bands are probably due to the structural changes
after dehydration. These results indicate that compo@nds
and 4 are capable of producing blue light in electrolumi-
nescent devices, and compoudid a luminescent material

in the near-IR region.

Conclusion

In summary, four novel rare-earth sulfonafghosphonates
have been synthesized by hydrothermal reactions and
structurally characterized. This demonstrates that by using
a second metal linker such as carboxylic acids and sulfonic
acids whose lanthanide complexes have good solubility in
water and other solvent, we can greatly improve the solubility
and crystallinity of lanthanide phosphonates, which allows
us to determinate their structures accurately and easily. Also
it is possible for us to design new types of lanthanide
complexes with novel structures. We believe that a wide
range of new lanthanide open-framework and microporous
materials can be developed by self-assembly or structural
directed synthesis using a similar technique. Compasind
and4 are new examples of luminescent rare-earth phospho-
nate-sulfonates characterized with a significant blue lumi-
nescent and near-infrared emission. More detailed and
systematic studies are needed to understand the luminescent
properties of lanthanide phosphonates, about which little is
known heretofore.
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exhibit emission bands characteristic of the corresponding (17) (a) Hebbink, G. A.: Grave, L.; Woldering, L. A.; Reinhoudt, D. N.;

lanthanide(lll) ions (Figure 5). Upon excitation at 310 nm,
compound3 displays a strong blue fluorescent emission band
at 410 nm, which can be assigned to thgs, — *l13p
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