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A series of two-dimensional lanthanigderganic materials (LnOFs), [Ln@MMP)]-1.5H,0 [Ln3" =
La®t (1), PRT (2), NdBT (3), St (4), or EWT (5); H3NMP3~ is a residue of nitrilotris(methylenephosphonic
acid)], has been isolated as microcrystalline powders from hydrothermal synthesis and characterized by
high-resolution laboratory and synchrotron powder X-ray diffraction (PXRD), solid-state NMR, FTIR
and FT Raman spectroscopies, CHN elemental analysis, thermogravimetry, scanning electron microscopy,
and energy dispersive analysis of X-ray spectroscopy. The crystal structure ofNIRIE]-1.5H,0 (2)
has been solved from a combined study of ab initio methods using high-resolution PXRD data and high-
resolution solid-state NMR techniques performed on [LAMP)]-1.5H,0 (1) (*3C, N, 3P CPMAS
and 2D'H—'H/*’P HOMCOR/HETCOR). The structure contains a single lanthanide center which does
not have water molecules in its first coordination sphere. Thi§ lcenter acts as the node of a neutral
undulated two-dimensional networiZ[Pr(Hs;NMP)], having a (4,4) topology, which close packs along
the [100] direction of the unit cell (adjacent layers are related by inversion). Water molecules of
crystallization occupy the interlayer spaces, and a one-dimensional water cluster (spiral chain topology)
is confined to the channels formed by the packing of adjacent layers. Removal of these water molecules
(investigated by variable-temperature PXRD) leads to a new crystalline phase with a smaller interlayer
space. The material partially reabsorbs water from the surrounding environment, originating the parent
phase. This dehydration/rehydration process has also been monitored by photoluminescence (PL)
spectroscopy, revealing that the presence of water in the interlayer spaces does not affect much the PL
properties of [Eu(ENMP)]-1.5H,0 (5).

1. Introduction “mistakes” which, allied with the well-known low solubility

) ) o ] in water and many organic solvents, usually results in
The design and synthesis of coordination-based functionalgg|ation of microcrystalline powders instead of single

multidimensional (i.e., 1D, 2D, and 3D) materials has been crystals® Nevertheless, lanthanides such a8*EGn*, and
a very active field of research in recent years. The remarkableps+ are of great interest because they allow the crystal

growth in interest surrounding these compounds, commonly engineering of materials with photoluminescence propeétties.
designated as coordination polymers, me@ganic frame- 14 improve the solubility and crystallinity of lanthanide

works (MOFs), or even (more recently) as coordination phssphonates some additional functional groups such as
frameworks, is largely motivated by the discovery of new

and |nt.r|gum.g structural arch.ltectur.es exh|b|t|ng_eXC|t|qg (1) Kepert, C. JChem. Commur2006 695-700. Li, H.: Eddaoudi, M.:
properties with potential use in a wide range of industrial O'Keeffe, M.; Yaghi, O. M.Nature 1999 402, 276-279. Chen, B.
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calixarenes, crown ethers, hydroxyl, carboxylates, sulfonates,elucidation by single-crystal X-ray diffraction impossible.
and amines have been combined with the phosphonateEven though PXRD studies are well disseminated for
ligands*7° Hence, research on lanthanigarganic frame- inorganic materials and, more recently, organic compounds
works (LnOFs) involving phosphonate ligands has been of pharmaceutical importance have also been the subject of
focused essentially on monophosphonic and diphosphonicseveral investigations. However, the determination of MOFs
acids and their derivatives. To the best of our knowledge, structures from powder data is far less common due to the
the number of LnOFs involving highly flexible polyphos- inherent difficulties associated with the extraction of intensi-
phonic acid ligands (i.e., two or more phosphonate groups)ties!* For the [Ln(FsNMP)]-1.5H,0 series we used in

is scarce.

Following our interest in crystalline MOFswe recently
focused our attention oN-(phosphonomethyl)iminodiacetic
acid (Hpmida), a versatile chelating organic ligand display-
ing two carboxylate groups and a single phosphonate gfoup.

tandem high-resolution PXRD and high-resolution solid-state
NMR techniques in order to unveil the structural details of
these materials. This latter technique is a powerful tool to
probe selectively the local environment of distinct nuclei.
In particular, it provided a solid approach to the location of

At present we are exploring the use of polyphosphonic acid *H nuclei®> which was of crucial importance during the

ligands, such as nitrilotris(methylphosphonic acidyNMIP)

to prepare novel LnOFs. This molecule has been largely

disregarded in the preparation of crystalline functional
materialst?13

Here, we report a novel series of 2D LnOFs obtained from
the hydrothermal reaction betweegNiMP and lanthanide
ions, [Ln(KeNMP)]-1.5H:,0 [Ln3t = La®t (1), PR* (2), NPt
(3), Sn¥* (4), and EG" (5)]. All compounds were isolated
as microcrystalline powders, which made a full structure
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phorus Sulfur2004 179 627-648. Vioux, A.; Le Bideau, J.; Mutin,
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organophosphorus derivatives.Ntew Aspects in Phosphorus Chem-
istry 1V; 2004; Vol. 232; pp 145174. Clearfield, ACurr. Opin. Solid
State Mater2002 6, 495-506.
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13, 3099-3112.
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Piguet, C.Chem. Soc. Re 2005 34, 1048-1077.
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Braga, D., Grepioni, F., Eds.; Wiley-VCH Verlag GmbH & Co.
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Ngo, H. L.; Lin, W. B.J. Am. Chem. So2002 124, 14298-14299.
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2011-2019. Du, Z. Y.; Xu, H. B.; Mao, J. @norg. Chem2006 45,

9780-9788. Tang, S. F.; Song, J. L.; Li, X. L.; Mao, J. Gryst.

Growth Des2006 6, 2322-2326. Gan, X. M.; Binyamin, |.; Pailloux,

S.; Duesler, E. N.; Paine, R. Dalton Trans.2006 3912-3917.
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I. Inorg. Chem.2005 44, 5591-5599. Song, J. L.; Lei, C.; Mao, J.

G. Inorg. Chem2004 43, 5630-5634. Tei, L.; Blake, A. J.; Wilson,

C.; Schroder, MDalton Trans.2004 1945-1952. Van Meervelt, L.;

Martello, P.; Silvestre, J. P.; Rochdaoui, R.; Lee, M. R.; Dao, N. Q.;

Gorller-Walrand, CZ. Kristallogr. 2002 217, 27—34. Serpaggi, F.;

Ferey, G.J. Mater. Chem1998 8, 2737-2741.

Song, J. L.; Mao, J. @Chem—Eur. J.2005 11, 1417-1424.

Soares-Santos, P. C. R.; Paz, F. A. A.; Ferreira, R. A. S.; Klinowski,

J.; Carlos, L. D.; Trindade, T.; Nogueira, H. |. Bolyhedron2006

25, 2471-2482. Klinowski, J.; Paz, F. A.; Bell, RChem. Ind2005

24-27. Paz, F. A. A.; Bond, A. D.; Khimyak, Y. Z.; Klinowski, J.

Acta Crystallogr., Sect. @002 58 M608—M610. Paz, F. A. A.; Bond,

A. D.; Khimyak, Y. Z.; Klinowski, J.Acta Crystallogr., Sect. 2002

58 M691-M693. Paz, F. A. A.; Khimyak, Y. Z.; Bond, A. D.; Rocha,

J.; Klinowski, J.Eur. J. Inorg. Chem2002, 2823-2828. Paz, F. A.

A.; Klinowski, J.J. Phys. Org. Chen2003 16, 772-782. Paz, F. A.

A.; Klinowski, J. Chem. CommurR003 1484-1485. Paz, F. A. A;;

Klinowski, J.J. Solid State Chen2004 177, 3423-3432. Paz, F. A.

A.; Klinowski, J.Inorg. Chem2004 43, 3882-3893. Paz, F. A. A;;

Klinowski, J.Inorg. Chem.2004 43, 3948-3954.
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®)

9)
(10)

structural refinement of Ln(§NMP)]-1.5H,0.

2. Experimental Section

2.1. Synthesis of [Ln(HNMP)]-1.5H,0. A suspension contain-
ing the respective lanthanide chloride (Lg@H,0, Ln¥*" = La3",

PR, Nd®*, Sn¥#*, and E&") and nitrilotris(methylenephosphonic
acid) [HsNMP, N(CHPGOsH,)s; 97%, Fluka] in distilled water
(molar ratios 1:1:650, respectively) was stirred thoroughly for 90
min at ambient temperature. The resulting homogeneous suspension
was transferred to a Teflon-lined Parr Instruments autoclave and
placed inside a MMM Venticell oven (Confort model with
minicomputer-controlled temperature program) to react at 438 K
for 2 days (26 days for materi8@). Each reaction vessel was then
allowed to cool slowly to ambient temperature (while inside the
oven) before opening. Microcrystalline powders of [LgKH/AP)]-
1.5H,0 [Ln3* = La®" (1), PR (2), Nd®" (3), Snt" (4), and E&"

(5)] were recovered by vacuum filtration, washed with copious
amounts of distilled water, and air-dried.

Anal. calcd (%) for GH1o2NOjodPsla (1): C, 7.80; H, 2.62; N,
3.03 (C/N=2.57). Found: C, 7.30; H, 2.51; N, 2.85 (C#N2.56).
Anal. calcd (%) for GH12NO,08PsPr (2): C, 7.77; H, 2.60; N, 3.02
(CIN = 2.57). Found: C, 6.61; H, 2.39; N, 2.58 (CAN 2.56).

(11) shi, F. N.; Paz, F. A. A;; Girginova, P. I.; Amaral, V. S.; Rocha, J.;
Klinowski, J.; Trindade, Tlnorg. Chim. Acta2006 359 1147-1158.
Shi, F. N.; Paz, F. A. A; Trindade, T.; Rocha,Akta Crystallogr.,
Sect. E2006 62, M335—-M338. Paz, F. A. A.; Shi, F. N.; Trindade,
T.; Klinowski, J.; Rocha, JActa Crystallogr., Sect. 2005 61,
M2247-M2250. Mafra, L.; Paz, F. A. A.; Shi, F. N.; Rocha, J.;
Trindade, T.; Fernandez, C.; Makal, A.; Wozniak, K.; Klinowski, J.
Chem—Eur. J. 2005 12, 363-375. Paz, F. A. A,; Rocha, J;
Klinowski, J.; Trindade, T.; Shi, F. N.; Mafra, lProg. Solid State
Chem.2005 33, 113-125. Paz, F. A. A.; Shi, F. N.; Klinowski, J.;
Rocha, J.; Trindade, TEur. J. Inorg. Chem2004 2759-2768. Shi,

F. N.; Paz, F. A. A,; Girginova, P.; Rocha, J.; Amaral, V. S

Klinowski, J.; Trindade, TJ. Mol. Struct.2006 789, 200-208. Shi,

F.N.; Paz, F. A. A; Girginova, P. |.; Mafra, L.; Amaral, V. S.; Rocha,
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2005 754, 51-60.
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G.; Bruque, S.J. Mater. Chem.1999 9, 571-578. Cabeza, A.;

Bruque, S.; Guagliardi, A.; Aranda, M. A. Q. Solid State Chem.

2001 160, 278-286. Cabeza, A.; Xiang, O. Y.; Sharma, C. V. K.;

Aranda, M. A. G.; Bruque, S.; Clearfield, Anorg. Chem2002 41,

2325-2333.
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A.; Rodriguez, A. V.; Llavona, RInorg. Chem.2004 43, 1264—
1272.

(14) Espallargas, G. M.; Brammer, L. Diffraction Studies in Crystal
Engineering. InVlaking Crystals by Design-Methods, Techniques and
Applications 1st ed.; Braga, D., Grepioni, F., Eds.; Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, 2007; pp 241265.
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Anal. calcd (%) for GH12NO10PNd (3): C, 7.70; H, 2.59; N, formed in a Hitachi S-4100 field emission gun tungsten filament

3.00 (C/N=2.57). Found: C, 7.16; H, 2.41; N, 2.79 (CN2.57). instrument working at 25 kV. Samples were prepared by deposition
Anal. calcd (%) for GH1oNO;0P5Sm @): C, 7.61; H, 2.55; N, on aluminum sample holders and carbon coating.
2.96 (C/N=2.57). Found: C, 6.68; H, 2.38; N, 2.66 (C#N2.51). Optical photographs were taken on a Stemi 2000 stereomicro-

Anal. calcd (%) for GH12NOoPsEu (5): C, 7.59; H, 2.55; N, scope equipped with Carl Zeiss lenses and a digital high-resolution
2.95 (C/N=2.57). Found: C, 6.77; H, 2.30; N, 2.72 (C#N2.49). AxioCam MRc5 digital camera connected to a personal computer.
Selected ATR-FTIR data (FT Raman dataitaics inside the Variable-temperature powder X-ray diffraction (VTPXRD) data

parentheses) (cm). 1: »(O—H, water)= 3348 w,vs,{(N—H) = for [Eu(HsNMP)]-1.5H,0 were collected on a X'Pert MPD Philips
3111 m B114 w), »(C—H and P-OH) = 3050-2900 w @029 w, diffractometer in a BraggBrentano para-focusing optics config-
3009 w, 2981 m, 296Lss, 2939 s),0(P—OH) = 2326 w, uration (40 kV, 50 mA), equipped with curved graphite-monochro-
Veym(P=0) = 1186, 1164 vs1162vS), Vasy{P—Ocoord = 1069 Vs mated radiation (Cu ¥ X-radiation,A =1.54060 A), and a high-
(1080 vs), Vsym(P—Ocoord = 1024, 997 vs 1010 s, 998 ) and temperature Antoon Parr HKL 16 chamber, which was controlled
Vsym(P—OH) = 907 vs P11 n). 2. v(O—H, water) = 3355 w, by a Antoon Parr 100 TCU unit. Intensity data were collected in
Vsym(N—H) = 3110 m @114 w), »(C—H and P-OH) = 3050- step mode (0.05step) in the ca3 < 26° < 70 angular range.

2900 w 3033 w, 3007 w, 2981 m, 2964, 2939 s),0(P—OH) High-resolution synchrotron PXRD data for the crystal solution
= 2360, 2322 w,vsy(P=0) = 1185, 1164 vs 1162 vs), and refinement of [Pr(eNMP)]-1.5H,0 (2) were collected at
Vasyr{P—Ocoord = 1066 vs (079 vS), vsym(P—Ocoord = 1021, 998 ambient temperature (273 K) on the Swiss-Norwegian BMO1b beam
vs (1011v8), andvsy{P—OH) = 912 vs 917 vs). 3: v(O—H, water) line (bending magnet source) at the European Synchrotron Radiation

= 3352 w,veyn{N—H) = 3109 m 3114 w), »(C—H and P-OH) Facility (ESRF), Grenoble, France. The final Rietveld plot is
= 3050-2900 w G035 w, 3008 w, 2981 m, 2965, 2939 s), depicted in Figure 1, and the final profile and reliability factors
O0(P—OH) = 2360, 2333 W,vsy(P=0) = 1184, 1165 vs {165 are collected in Table 1. Further details on the crystal solution and
v9), Vasyr{P—Ocoord = 1065 vs (078 vS), Vsym(P—Ocoord = 1020, refinement from synchrotron PXRD data plus phase identification
997 vs (1012 vs), andvsy(P—OH) = 911 vs @18 9. 4: v(O—H, of [Ln(H3NMP)]-1.5H,0 [Ln3t = La3" (1), Nd®* (3), St (4),
water)= 3352 w 3398 w, 3329 W vsy(N—H) = 3109 m 8120 and Ed" (5)] using conventional PXRD data are provided as
w), ¥(C—H and P-OH) = 3050-2900 w @991 s, 296Q’s, 2933 Supporting Information.

s), 0(P—OH) = 2360, 2322 wys(P=0) = 1186 vs (170vs), Detailed experimental information related to the solid-state NMR
Vasyr{P—Ocoord = 1063 vs (07008), vsym(P—Ocoord = 1021, 998 and photoluminescence studies described in the following para-
vs (1034 vs, 1010vs), and vey(P—OH) = 913 vs Q18 v9). 5: graphs are also provided as Supporting Information.

v(O—H, water) = 3340 w, vsyn(N—H) = 3109 m @113 w),

(C—H and P-OH) = 3050-2900 w @039 w, 3015 w, 2970s, 3. Results and Discussion

293915), 3(P—OH) = 2360 M, ve,r(P=0) = 1186 vs (17325),

VasyrlP—Ocoord = 1064 vs (077 vS), Ysym(P—Ocoord = 1020 m, 3.1. Crystal Morphology. As-synthesized crystalline
999 vs (L016vs, 1005 ¥ andvs(P—OH) = 914 vs 024 vs). materials [Ln(HNMP)]-1.5H,0 [Ln3 = La®" (1), P (2),

Thermogravimetric analysis (TGA) data (weight losses in %) Nd®' (3), Sn?* (4), and Ed" (5)] exhibit an anisotropic lath-
and derivative thermogravimetric peaks (DTG; in italics inside the |ike crystal morphology as depicted in Figure 2, which
parentheses)l: 20-60 °C —0.7% @3 °C), 60-130°C —4.1% prevented a priori structural analysis by single-crystal X-ray
(100°C), 130-320°C —1.2%, 326-405°C —2.0% @67°C), and (jffraction. PXRD patterns were systematically affected by
405-675°C —5.8% @46°C). 2. 23-70°C —1.7% 82°C), 70~ textural effects, namely, strong preferential orientation as

o _ 0, o o~ _ 0, °cC — 0, . . .
(132702 OCC) ?;:dﬁggg(’)350:3322/0%311;2?’3?’32%3’?308 _é'gof; shown in the powder patterns given as Supporting Informa-
(43 °C) ’70_1200(: _37% éo °Q) 120_'34'50(: _1.0% 3'45 tion for the materials with L&, Nd®*, Snet, and EG™. Even

415 °C —2.2% (80 °C), and 415-680 °C —5.8% (@449 °C). though a reliable indexation was possible, ab initio structure
4 25-80°C —1.1% @1 °C), 80-115°C —3.7% ©3 °C), 115- solution systematically failed due to both systematic errors
345°C —1.1%, 356-390 °C —1.9% @66 °C), and 426-680 °C in the extraction of intensities of individual reflections and

—5.6% @45 °C). 5: 20—65 °C —0.9%, 65-105 °C —3.8% poor peak shape profile functions for reflections other than
(81 °C), 105-350 °C —1.2% (188 °C), 350-400 °C —1.7% the first one (which is very intense and markedly asym-
(374°C), and 425-700°C —4.3% @61 °C). metric). The structure could only be elucidated from high-
2.2. Instrumentation. Elemental analysis for carbon, hydrogen, resolution synchrotron powder data 2fvith phase identi-
and nitrogen was performed on an Exeter Analytical CE-440 fication of the other materials being performed by CHN
Elemental Analyzer. Samples were combusted under an oxygenglemental and EDS analyses and PXRD (Le Bail profile
atmosphere at 978 for 1 min with helium used as the purge gas. fittings; see Supporting Information). Noteworthy, the mul-
Attenuated total reflection Fourier transform infrared (ATR- ticompeting March-Dollase preferred orientation functin
FTIR) spectra (range 40800 cn1) were measured on aMatson  apioved in the structural refinement from synchrotron data
7000 FTIR spectrometer equipped with a Specac Golden Gate Mkstrongly suggests a predominant growth of the crystallites

I ATR Accessory having a diamond top plate and KRS-5 focusing . . . .
lenses. Fourier transform Raman (FT Raman) spectra (range-4000 along the [100] direction, with a refined parameter for the

100 cn1?) were recorded on a Bruker RFS 100 spectrometer with rattio of the effect along the latter axis with respect to that
a Nd:YAG coherent laseri(= 1064 nm). along the perpendicular plare of 0.661. These findings

Thermogravimetric analyses (TGA) were carried out using a &r€in accord with the crystal habit revealed by SEM analyses
Shimadzu TGA 50, from room temperature to ca. 7Q0 with a (Figure 2).
heating rate of C/min under a continuous nitrogen stream with ~ 3.2. Crystal Structure Description of [Ln(HsNMP)]-
a flow rate of 20 crifmin. 1.5H,0. Structural studies using high-resolution synchrotron
Scanning electron microscopy (SEM) images and energy dis-
persive analysis of X-ray spectroscopy (EDS) studies were per- (16) Dollase, W. AJ. Appl. Crystallogr.1986 19, 267—272.
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Figure 1. Final Rietveld plot (synchrotron PXRD data) of [Pe#MP)]-1.5H,0. Observed data points are indicated as red circles; the best-fit profile (upper

trace) and the difference pattern (lower trace) are drawn as solid black and blue lines, respectively. Green vertical bars indicate the aogsilaf fhesit
allowed Bragg reflections.

@ cew on

Figure 2. Scanning electron microscopy images of [Nei{VIP)]-1.5H,0
(bottom) and [Pr(HNMP)]-1.5H,0 (top).

PXRD data o2 and information from solid-state NMR @f
revealed layered materials built up from*tncenters and
bridging kNMP?~ ligands. Materiald—5 are isostructural,
crystallizing in the orthorhombic space groBcn Since
geometrical parameters could only be unequivocally deter-

; i ; Figure 3. Ball-and-stick representation of asymmetric unit and coordination
mined for 2, relevant structural details will be focused on environment in [Pr(ENMP)]-1.5H,0 showing the labeling scheme for all

this material. non-hydrogen atoms. For selected bond lengths and angles see Table 2.
The asymmetric unit of [Pr(NMP)]-1.5H,0 consists of Symmetry transformations used to generate symmetry-equivalent atoms:

one eight-coordinated Pr metal center, one bridging and () % =y, Y2+ Z (i) x y, 1+ Zz (i) 1.5 = x, 12—y, 1/2+ 2

chelating HNMP3~ anionic ligand, and two uncoordinated

water molecules (Figure 3). The crystallographic unigi& Pr  to note that even though the materials were synthesized in
cation is coordinated by eight phosphonate oxygen atomsaqueous media and water is present in the crystal structure
from four symmetry-related #MP3~ anionic ligands, of 2, the first coordination sphere of Pris water free. This
{PrG}, in a highly distorted dodecahedral coordination relatively uncommon structural feature among MOFs (par-
geometry: while the PrO bond lengths were found in the ticularly 2D) has an impact on the photoluminescence
2.343(3)-2.582(4) A range, comparable to those reported properties of the material (see below).

for other P#*-containing phosphonate materials (CSD, 12  The detailed structural features associated with #ivHPS
entries, bond lengths in the 2:32.77 A range with median  anionic ligand, in particular the location of the protonating
of 2.45 A), the internal @Pr—0 polyhedral angles are in  hydrogen atoms, could only be fully determined when
the 56.10(10)-148.55(10) range (Table 2). It is important  information from the solid-state NMR studies was taken into
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Table 1. X-ray Data Collection, Crystal Data, and Structure Refinement Details for [Pr(HsNMP)]-1.5H,0

data collection

diffractometer BMO1b beam line; ESRF, France

wavelength (A) 0.50018(1)

temp. (K) 293

geometry Debye Scherrer

26 range (deg) 0.73228.000

step size (deg) 0.004
unit cell

formula Q;ngNzOzJ_PePr 2

fw 921.86

cryst syst orthorhombic

space group Pbcn

alA 27.5001(4)

b/A 11.99777(18)

c/A 7.25373(11)

VIA3 2393.30(6)

z 4

Ddg cn3 2.558

profile parameters

profile function split pseudo-Voigt

Caglioti law parameters U, = 0.006(2) U =0.041(2)
V; =0.0011(4) V; = —0.0070(3)
W; = 0.00033(1) W = 0.00062(1)
nr = 0.39(1)

asymmetry parameters (up t0°229) 0.0090(6) and 0.0020(2)

zero point —0.0026(2)

multiaxial March-Dollase [100]: G = 1.05(1); fraction—= 0.661

[011]: G =0.86(6)
refinement details

no. of independent reflections 1185
no. of global refined parameters 1
no. of profile refined parameters 16
no. of intensity-dependent refined parameters 7
reliability factors for points with Bragg contribution (conventional, not corrected for background)
7.81
Esvp 10.49
Rexp 8.23
Va 1.62
structure reliability factors
Reragg 5.64
Re 6.32
CCDC deposition number 638590
Table 2. Selected Bond Lengths (in A) and Angles (in deg) for the Scheme 1. Coordination Modes of the KENMP3~ Anionic
Pr3* Coordination Environment Present in [Pr(HsNMP)]-1.5H,0?2 Ligand in [Pr(H sNMP)]-1.5H,0 (2). Bonds to the Metal
Pr(1-0(1) 2.4293)  Pr(1yO(5) 2.416(4) Centers Are Drawn in Gray
Pr(1)-0(4) 2.479(3)  Pr(1O(6)i 2.343(3) OH
Pr(1)-0(4) 2.581(4) Pr(1}0O(7) 2.414(3) OH
Pr(1)-0O(5) 2.582(4) Pr(1)-0(9)i 2.499(4) | HO—P—O
O(1)-Pr(1)-O(4)  78.94(11) O(B)—Pr(1-O(4)  92.20(13) HOSE e G
O(1)-Pr(1-O(4)  138.55(12) O(6)—Pr(1-0(4) 132.50(13) o ) \ W SR
O(1)-Pr(1-O(5)  118.65(14) O(6)—Pr(1-0O(5) 144.71(11) A\ a P N
O(1)-Pr(1)-0(9)i  66.07(13) O(6)—Pr(1)-O(5) 78.60(11) P N / N
O(4)-Pr(1y-0(4)  119.19(9) O(8j—Pr(1-O(7) 78.80(11) o~ '\o o [ o
O(4)-Pr(1)-0(5)  63.95(12) O(6)—Pr(1)-O(9) 132.21(13) et A / p7
O(4)-Pr(1)-O(9)'  109.72(13) O(7-Pr(1}-O(1)  148.55(11) i I PR Ln~_ _Z=% (@)
O(4)—Pr(1-O(5)  56.10(10)  O(7)y-Pr(1}-O(4)  81.05(12) M e AN, () il
O(5)—Pr(1)-O(1)  105.07(14) O(7}Pr(1)-0(4)  72.77(12) Ln
O(5)—Pr(1)-0(4)  168.77(12) O(7}Pr(1)-0(5)  72.34(12)
O(B)i—Pr(1)-0(4) 64.80(12) O(7-Pr(1}-O(5)  90.75(12) 3— ; i
OB —Pr-0(B) 120900 O(F-PI(L-O@)  144.50(12) 'HaNMP®™ acts as an pctadentate.: ligand, establishing a
O()J—Pr(1-O(9) 81.40(14) O(I—Pr(1-O@d) 72.58(12) single unidentate interaction (mode I; Scheme 1), two chelate
O(6)i—Pr(1)-O(1) 77.99(12) O(9-Pr(1)-O(5§  82.17(14) bidentate interactions, each involving two different phos-
a Symmetry transformations used to generate equivalent atoms: (i) 1.5 Phonate groups with two symmetry-related lanthanide centers
=% 12—y U2+ z (i) x,y, 1+ 7 (i) x, =y, 1/2+ z (mode II; Scheme 1), plus one chelate tridentate interaction

with one P#* center and involving two phosphonate groups
from the same anionic #MIMP?~ residue (mode Ill; Scheme
1). In fact, such high connectivity associated with the anionic
chelating residues traps ¥rinside a phosphonic-type
inorganic matrix, leading to a sterically hindered environ-

account (see following section). While P(1) remains fully
protonated { PO;H,), the remaining two crystallographically
independent phosphonate groups, P(2) and P(3), are fully
deprotonated€PQ:?"). Moreover, the central amine func-
tional group is also protonated (Figure 3). This zwitterionic
behavior of HNMP3~ is not unprecedented among amino

phosphonate-type compounds, as revealed by a search in th” ﬁf!e,\')lbfhe%%ﬁt’avﬁ rstallogr. éfy";j‘,ggﬁyséeg’f Qgggf 5@]'28; '
Cambridge Structural DatabaSe. 422.
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b

(c) o]

Figure 4. (a) 1D inorganic backbone, running parallel to thaxis of the

unit cell and built-up from edge-shared praseodymium oxide highly distorted
dodecahedra{PrOs}. (b) Mixed ball-and-stick and polyhedral represen-
tation of the 2D LnOF.3Pr(HsNMP)] and its (c) (4,4) topological
representation viewed toward the plane of the unit cell. Color scheme
as in Figure 3.

ment, which prevents inclusion of water molecules in the
first coordination sphere.

The crystal structure & possesses a one-dimensional (1D)
inorganic backbone running along the [001] direction of the
unit cell and built up from edge-shargd®rQ;} polyhedra
(Figure 4a). The closest intrachain Pr¢iPr(1) distance is
4.2384(1) A, arising from the chelation fashion Ill described
above [symmetry code: (i) 1.5 x, 1/2 — vy, —1/2 + Z.

Cunhar8ikt al.

Table 3. Hydrogen-Bonding Geometry (distances in A and angles in
deg) for [Pr(H3NMP)]-1.5H,02

D—H~A d(D~A) <(DHA)
0(2)-H(2~0(2W) 2.555(5) 128(5)
O(3)—H(3)~0(1W) 2.767(7) 136(7)
N(1)—H(1)}~O(8)" 2.997(6) 137(4)
N(1)—H(1)~O(4) 2.923(6) 114(4)
N(1)—H(1)~0(7) 2.784(6) 111(3)
O(1Wy-O(1W) 2.682(9)

O(2W)-O(3)" 2.602(6)

a Symmetry transformations used to generate equivalent atomsky, (iv)
1-vy, 12+ z (v) 1-x, +1+y,1z (vi)1 —x, —y,1— z

network can thus topologically be described as a (4,4) plane
net, with the shortest possible circuit being a rectangle with
the internodal dimensions given abd¥e.

It is important to note that the structural cohesion within
this 2 [Pr(HsNMP)] plane net is further assured by"N
H---O hydrogen-bonding interactions involving the proto-
nated amine and neighboring oxygen atoms. Indeed, three
interactions are chemically feasible (Table 3 and Figure S5
in the Supporting Information). Even though the reported
<(DHA) interaction angles do not approach linearity, it is
fair to assume that in the crystal structure the true position
of the protonating hydrogen atom will be such that it
maximizes hydrogen bonding, with the reported position
being just an average spatial value (hence the low interaction
angles).

Individual »J[Pr(HsNMP)] networks close pack along the

[100] direction in a typical ABAB-:- fashion with adjacent
layers related by inversion (Figure 5a). Interlayer spaces are
filled up with water molecules of crystallization, which are
engaged in a series of hydrogen-bonding interactions (Figure
5 and Table 3). In addition to the N-H---O intralayer
hydrogen bonds aforementioned, the protonatetOR
groups of the.?[Pr(HsNMP)] layer donate their hydrogen
atoms to two neighboring and crystallographically indepen-
dent water molecules of crystallization:—BP(2)—H-:-O(2W)
and P-O(3)—H---O(1W) with D---A distances of 2.555(5)
and 2.767(7) A, respectively. Besides donating its hydrogen
atom to O(1W), O(3) also acts as an acceptor in an interaction
involving O(2W) (Table 3). Moreover, the water molecules
O(1W) reside in a small 1D channel formed by the close
packing of individual layers (Figure 5a). This leads to
formation of a spiral 1D-confined water cluster running
parallel to thec axis with a O(1W3)--O(1W)i distance of
2.682(9) A [symmetry code: (i) = x, —1+vy, 1 — Z.
This water cluster interacts directly with adjacef{Pr(Hs-
NMP)] layers via the stabilizing PO(3)—H---O(1W) hy-
drogen bonds mentioned above. The full graph set motif of
the hydrogen-bonding subnetwork depicted in Figure 5¢ (and
Figure S6 in the Supporting Information) is C(3)R0)S-
(3)S(3)*°

3.3. Solid-State NMR.The3C CPMAS spectrum (Figure

Interchain connections along the [010] direction are assured6a) reveals the presence of several peaks arising due to the
by the bridging deprotonated phosphonate groups (mode I;indirect dipole-dipole couplings betweefP and™*C nuclei

Scheme 1), imposing a Pr¢1)Pr(1) intermetallic distance
of 6.2398(1) A [symmetry code: (i) 1.5 x, 1/2+y, 2.
This leads to the formation of a neutral undulated 2D LnOF,
«[Pr(HsNMP)] (Figure 4b), placed in théc plane of the

unit cell. Taking the metal centers as central nodes, this

(3Jc-p). °C observation employing'P decoupling during

(18) Wells, A. F.Structural Inorganic Chemistryth ed.; Clarendon Oxford
University Press: New York, 1975.

(19) Bernstein, J.; Davis, R. E.; Shimoni, L.; Chang, NAngew. Chem.,
Int. Ed. Engl.1995 34, 1555-1573.
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Figure 5. (a) Crystal packing of [Pr((NMP)]-1.5H,0 (2) viewed along

Chem. Mater., Vol. 19, No. 14, 2035633

T

-2
"H{FS-LG} [ppm]

0

2

4 ]-cH.

N H,0

8 N-H
109 P-OH
12
14 4
16 T T T T T T T T

16 14 12 10 8 6 4 2 0 -2
'H [ppm]

Figure 7. Contour plot of a 2D'H{FS-LG —*H HOMCOR spectrum of
[La(H3NMP)]-1.5H,0. The asterisk depicts an impurity.

(Figure S7 in the Supporting Information) displays a single
peak at—330 ppm, which is in the range of zwitterionic
aminophosphonic chemical shifis.

The 'H{FS-LG —*H HOMCOR spectrum (Figure 7) is
well resolved, providing useful information on thid
chemical environments df. the resonances between 3 and
4 ppm are attributed te-CH,— groups; those between 4.5
and 6.0 ppm may be assigned to hydrogen-bonded or free
water molecules; the resonance at ca. 7.0 ppm is typical of
protonated amines N—H);?! the sharp peak at ca. 10.5 ppm
indicates the presence of acidic protons, clearly supporting

the [001] direction of the unit cell. Hydrogen bonds are represented as dashedthe presence of POH groups. The'H resonances of

lines. (b) Hydrogen-bonding subnetwork involving the water molecules of
crystallization. Water-to-water interactions are represented as light-green
dashed bonds, while interactions between water and.3irr(HsNMP)]

aminophosphonic POH groups typically appear above 10
ppm?22 In short, this 2D NMR spectrum provides strong

layers are drawn as light-blue dashed lines. For geometrical details on theevidence for (i) protonation of the central nitrogen atom of

hydrogen bonds see Table 3 and Figure S6 (Supporting Information). Color
scheme as in Figure 3.

r T T T T T 1

75 70 65 60 55 50 45

“C [ppm]
Figure 6. 13C CPMAS spectra of [La(sNMP)]-1.5H,0 (a) without and
(b) with 31P decoupling during the acquisition period.

the detection period (Figure 6b) reveals three crystallographi-
cally distinct carbon sites per unit cell, resonating at ca. 63,
60, and 58 ppm, in ca. 1:1:1 population ratios. This is in
accord with the crystal model refined from powder X-ray
data. Moreover, as expected, thtN CPMAS spectrum

the Hs_x\NMP~* residue (ca. 7.0 ppm) and (ii) the presence
of protonated phosphonate groups, possibly involved in
hydrogen bonds (ca. 10.5 ppm).

The 2D H{FS-LG —%'P HETCOR spectra (Figure 8)
provide information on which phosphonate group is proto-
nated and engaged in hydrogen bonds. For a contact time
(CT) of 1 ms all*H—23'P dipolar cross-peaks are completely
correlated due téH spin diffusion during the mixing time
(Figure 8a). Decreasing the CT from 1 ms to 109 the
cross-peaks of théH resonances in the-37 ppm region
become weaker than th#d resonance at ca. 10.5 ppm
(Figure 8b). However, a 10@s CT does not afford enough
selectivity. Hence, off-resonance (LG-CP) spin lock was used
to quench spin diffusion during the CP (Figure 8c). THe
spins are decoupled during CP, allowing higher selectivity,
even when relatively long CTs are used. The cross-peaks of
the 3-7 ppm*H resonances disappear almost completely
with only the cross-peak involving the-fOH H resonances

(20) Harris, R. K.; Merwin, L. H.; Hagele, Gvlagn. Reson. Chem 989

27, 470-475.
(21) Mafra, L.; Paz, F. A. A.; Rocha, J.; Espina, A.; Khainakov, S. A;;
Garcia, J. R.; Fernandez, Chem. Mater2005 17, 6287-6294.
Harris, R. K.; Jackson, P.; Merwin, L. H.; Say, B. J.; Hagele, G.
Faraday Trans.1988 84, 3649-3672.

(22)
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Figure 9. Evolution of signal intensities of the selected groups of nitrilotris-

(methylphosphonic acid) residues as a function of the contact timé!Rll
curves were fitted using the classical kinetic model.

similar environments but crystallographically distinct, are
involved in hydrogen bonds with water molecules. However,
this is in conflict with the PXRD structure, according to
which the two P-OH groups are part of the same phospho-
nate group. Thé'P spectrum displays more than thrée
peaks, which, at first sight, does not seem to be in accord
with the PXRD structure and is also difficult to reconcile
with the 13C/">N CPMAS NMR results. This is likely to be
due to the indirect'P—**a dipole—dipole couplings (P
O—La bonds), as observed in other systems such as alumi-
nophosphate®.Indeed, spectral integration yields a ratio of
ca. 2:1 for, respectively, the resonances in thd @pm range
and the broad peak at ca:2 ppm, indicating that three
crystallographically distinct*P sites are present.

More information on the assignment of tH® resonances
may be obtained from study of thel—3'P CP dynamics. In
particular, build-up CP time§cy andTpy, and rotating frame
spin—lattice relaxation timesJ1,"™, may be extracted from
the fitting of the CP kinetic curves (Figure 9) assuming the
classical mode¥* valid for weak heteronuclear dipolar
couplings:

*'P [ppm]
Figure 8. 2D H{FS-LG —3P HETCOR NMR spectra of [La($NMP)]-
1.5H,0 employing CP with CT of (a) 1 ms and (b) 108 and (c) LG-CP
with CT of 1 ms. The horizontal dotted lines 1, 2, and 3 depict F2 cross-
sections taken at théd 3.2, 4.8, and 10.5 ppm, respectively, and shown in
Figure S8 (Supporting Information).

-1
I(t) = Io(l — T—'SI) ’exp(;tl) - exp(;t)
Tlp Tlp Tis

The magnitude ofTpy is determined by the molecular
. mobility and dipolar couplings because the distance between
and the®P resonances above 0 ppm being present. Thesip gngiy spins is, to a first approximation, proportional to
intensities of the peaks in the F2 slices of the spectra in (Ter)~6.25 Assuming equal mobility among the phosphorus
Figure 8a-c were compared (Figure S8a in the Supporting  gomains, analysis of the cross-polarization tinfes)allows
Informa_\tion). Us_e of_off-resonance CP (CT of 1 ms) (Figure 4 comparison of the averagé---'H distances, providing
8c, solid lines in Figure S8) affords even better spectral girctural information on the protonation of the phosphonate
discrimination and, as detailed in the following paragraphs, groups. After the initial rapid build up of tH8P magnetiza-
shows that not all the phosphorus sites contain OH groups.tion, the phosphorus signal tracks the polarization in the
For example, the*P peak at ca.—2 ppm decreases proton reservoir and follows its decrease Wig! (I = *H)
considerably, while the peak at ca. 0.5 ppm becomes faintg|axation. Five!P peaks were selected to obtain the kinetic
in the 2D LG-CP spectrum of Figure 8c (compare Figures

8a—c plus solid lines in Figure S8), showing that the ca. 2.8 (23) Fyfe, C. A.; Altenschildesche, H. M. Z.; Wong-Moon, K. C.; Grondey,

ppm resonance (and its shoulder at ca. 1.9; Figure 4c) H.; Chezeau, J. MSolid State Nucl. Magn. Resal897, 9, 97—106.

remains strongly cross-polarized with respect to the other ggg ngxé:ﬂgf',ﬂ\,ﬁf.ﬂgg!’s@’_ JE'F:E"QFT: Sgérzn%OnZ \}\?28.13_183;%8- GH

31p resonances. This suggests that tweC groups, with W.; Vankan, J. M. JMacromolecules199Q 23, 406—412.
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Table 4. Dynamic Parameters Obtained by Fitting the CP Kinetic
Data for Selected3!P Chemical Shifts of the3!P CPMAS Spectrum

peaks [ppm] Ter(us) Ty, (Ms)
2.8 145.3+ 7.2 8.0+ 0.2

1.9 157.5+ 7.8 7.6+ 0.2

0.5 184.0+ 8.6 6.8+ 0.2
—-1.6 322.4+ 19.5 10.2+0.4
—2.5 342.0+ 21.2 10.4+ 0.4

information collected in Table 4T¢y and Ty,™). The broad
3P resonance at ca:2 ppm has two components (at ca.
—1.6 and —2.5 ppm) with almost identical relaxation Fi&tlljre %%Fb%ptw? photogrtapf}sl_O;tmiC(;oct:)ryslt?llinelptqwdg_r ?_f [Ew(H

H : H H -1. unaer (a) natural i an ultraviolet Irraaiation (usin
parameters, Whlc,h_ supports the assumption that_thls peak Iéa\\l por%]able UV led with(V\)/aveIengthgin the 357‘%80 range and power o(utputg
not the superposition of tw#P resonances but arises from  of ca 2 mw).
the J-coupling interaction betweeHP and***La. The Tpy
values of the3P resonances above O ppm are shorter | Y
(approximately one-half) than the value of the peak at
negative chemical shift, thus suggesting that the former sites
are close in space f nuclei (excluding the-CH, group,
which is common to all sites). The slightly largésy value
of the 3P signal at ca. 0.5 ppm, when compared to e
peaks at ca. 1.9 and 2.8 (shoulder) ppm, suggests that th% 1
former corresponds to the phosphorus site containing a singleg
IH nucleus in its surroundings. The most likely candidate is
the site with a P=O terminal group hydrogen bonded to the
protonated central nitrogen atom (Table 3 and Figure S5).
Indeed, the F2 cross-section (Figure S8c, Supporting Infor-
mation, solid line) of the 2D'H{FS-LG —3'P HETCOR
(Figure 8) shows that th&P resonance at ca. 0.5 ppm is
still being polarized, albeit to a lower extent relatively to
the 3P peaks at ca. 1.9 and 2.8 ppm. The two latter
resonances are assigned to the site containing the large
number of'H nuclei surrounding the oxygen atoms coordi-
nated to the central phosphorus. This ultimately corresponds
to the phosphorus site having two attached OH groups further
involved in hydrogen-bonding interactions with two water
molecules (see discussion concerning the hydrogen-bonding
subnetwork present in the crystal structure).

The degree of coordination to lanthanum of each phos-
phorus site may also be deduced from the chemical shift of
the 3P resonances. THéP CPMAS spectrum (not shown)
of nitrilotris(methylphosphonic acid) shows thr&® reso-
nances, at ca. 12.1 ppm, in a more deshielded region thar
that of 1. This indicates that coordination to taincreases
the chemical shielding. Thus, the assignment of tHe
resonance at ca-2 ppm to the site P(2), which has three
La®" next-nearest neighbors, is in accord with the CP kinetics
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Figure 11. Excitation spectrum of [Eu(sWMP)]-1.5H,0 recorded at room
Stremperature. The emission was monitored at 613 nm.
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results Tpn = 322—342 us). The3P resonance at ca. 0.5 580 600 620 640 660 680 700

ppm is assigned to P(3) (bound to twollLaTey = 184 us), Wavelength (nm)

while the remaining peak is given by P(1) (bound to a single Figure 12. Emission spectra of [Eu¢MP)]-1.5H,0 recorded at room
Ladt, Tpy = 145— 157#5)_ temperature without vacuum (black line) and with high vacuum (blue line),

and at 10 K (red line). The excitation was performed at 393 nm.

3.4. PhotoluminescencdEu(HsNMP)]-1.5H,0 (5) showed
an intense red photoluminescence when irradiated with UV eV) of this charge-transfer band are in good agreement with
radiation (Figure 10). the values reported for structures containing 24

The excitation spectrum of [EugNMP)]-1.5H,0 recorded Figure 12 shows the emission spectra of [EANMIP)]-
at room temperature (Figure 11) displays a series of sharp1.5H,0 excited at 393 nm. The sharp lines are assigned to
lines assigned to thég; — °Da-q, °Le, *Gz-6, *H3-7, and transitions between the first excited nondegenéiBgestate
°F1-s EL?* intra-4P transitions. On the high-energy region, and the’F_4 levels of the fundamental Btiseptet. Except
the spectrum exhibits an additional broad band, peaking atfor theD, — 7F; lines, which have a predominant magnetic
253.5 nm, and attributed to ligand-to-Ewcharge transfer.
The energy (4.89 eV) and full-width-at-half-maximum (0.36 (26) Dorenbos, PJ. Phys.: Condes. Matte2003 15, 8417-8434.
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dipole character, the observed transitions are mainly of dyy = 14.02 A
electric dipole nature. The presence of 8Bg-"Fo line and

the local-field splitting of the'Fy 1 > levels into three and a
maximum of five Stark components, respectively, supports
the structural evidence of a single low-symmetry®Eu
environment, as indicated by the PXRD studies (see above).

At room temperature exposure of the sample to a high

vacuum (ca. 13—-10"*N-m~?) induces a broadening of the 25°C
5Dy — "Fo-4 lines and an increase on the maximum splitting / M L A

dpe = 1273 A

of the °Dy — 7F; » transitions NE("F;)],** more evident for
the ’F; level (Figure 12) for whiclAE(’F,) increases from

ca. 63 to 86 cm. This maximum splitting is associated with (c) 25°C

the overall electrostatic energy of the Eudocal environ- LJ M’_L

ments, illustrating therefore the differences between the (d) 2800
covalency of the corresponding Eu-O boid$he increase / / / / (after 10 hours)
in AE("F;) with exposure to high vacuum is most likely 5 6 7 8

associated with loss of the crystallization water molecules 2 Theta (degrees)

located in the interlayer space, suggesting a reduction in theFigure 13. Evolution of the position of the first reflection of the PXRD
covalent character of the Eulocal environment. The slight ~ patterns of [Pr(BNMP)]-1.5/,O (2) during the in situ dehydration/
. f the fwh f theD, — 7Fq li i rehydration study: (a) as-synthesized material collected at ambient tem-
Increase ot the m of t 0 Fo line a te'f ve_lcuum perature; (b) dehydrated material collected at 2D0(c) compound obtained
exposure (from ca. 108 0.1 to 13.14 0.1 cnT?) indicates immediately after slow cooling (inside the high-temperature chamber) of
that loss of the crystallization water molecules increases thethe dehydrated material, and (d) after 10 h. A profile of the temperature
. Birl | dinati . | regime and the points where data were collected is provided in Figure S12
n_onhom.ogenelty of the_ trlocal coordination site (larger  (supporting Information).
distribution of closely similar EX sites). This is in agree- _ _
ment Wlth the Suggestion that vacuum exposure reduceS,lower than the eXpeCted value for the liberation of all water
on average, the covalency of the Eu-O bonds. molecules (ca. 5.8%). Variable-temperature [pwder X-ray
The 5Dy lifetime of EW#* was determined by monitoring ~ diffraction studies (VTPXRD) for [Pr(ENMP)]-1.5H,0 (2)
the emission decay curves within tAB, — 7F, transition (see Figure S11 in the Supporting Information) show that
(613 nm) at room temperature and 10 K (see Figure Sglthe kinetics associated with release of water molecules
Supporting Information). The decay curves were well fitted P&tween 25 and 123C is clearly distinct throughout this
by a single-exponential function, yielding lifetimes of 1.53 temperature range with the most significant loss being in
without vacuum, respectively, and 2.820.02 ms for the ~ @ new crystalline “dehydrated” phase is formed above 100
measurement at low temperature (10 K). These measurementsC: having the first strong reflection right shifted with the
are consistent with the presence of a singlé'Boordination ~ correspondingizo spacing of about 12.73 A (Figure 13).
environment and unequivocally demonstrate the effect of Nevertoheles§, as notably evidenced in the VTPXRD study
water release on the measured lifetime. Moreover, the &t 125°C, this phase transformation is not complete, which
residual effect of the vacuum on the lifetime clearly indicates Unequivocally accounts for the discrepancy stated above in
that the water is not coordinated to theEions nor is it in the amount of released water. The phase transformation is

their close vicinity, as previously described in the crystal- Only complete at ca. 200C (see Figure S11) with the

lographic section. dehydrated material being thermally stable up to approxi-
3.5. Thermal Behavior and Variable-Temperature mately 330°C. In this interval TG analysis clearly shows a
Powder X-ray Diffraction. Thermal treatment of [Ln(kd small weight loss, mainly below 208C, attributed to the

NMP)]-1.5H0 compoundsi—5) under nitrogen atmosphere ~ '€lease of residual water.

resulted in very similar decomposition processes which were  1he néw dehydrated crystalline phase clearly has a shorter
ultimately reflected as identical thermograms (see Figure S102 @Xis when compared with [PrgNMP)]-1.5H0 (2), as

in the Supporting Information). The thermal behavior for [Pr- €videnced in Figure 13. The powder pattern collected at
(HsNMP)]-1.5H,0 (2) will be discussed in more detail in 200°C was indexed using DICVOL@ﬂ(l7 reflect.lons, fll).(ed

the following paragraph, with the conclusions also being @Psolute error on each line of 0026, no impurities
valid for the remaining members of the series given the @llowed) with the calculated unit cell parameters being

appropriate weight losses summarized in the Experimental25-08 A,b = 12.45 A, andc = 7.91 A, having acceptable
Section. figures-of-merit [M(175° = 5.0 and F(17P = 4.5]. This
X-ray diffraction evidence seems to indicate that by thermal
heating the main structural features of the 2D layers do not
change. Indeed, adjacent layers (as depicted in Figure 5a)

[Pr(HsNMP)]-1.5H,0 releases most of the interlayer water
molecules of crystallization up to ca. 120 in two consecu-
tive steps with DTG peaks at ca. 32 and°@; respectively.
The total observed weight loss is 5.3%, which is slightly

(28) Boultif, A.; Louer, D.J. Appl. Crystallogr.2004 37, 724-731.

(29) Boultif, A.; Louer, D.J. Appl. Crystallogr.1991, 24, 987—993.

(27) Fernandes, J. A.; Ferreira, R. A. S.; Pillinger, M.; Carlos, L. D.; Jepsen, (30) Louer, D. InAutomatic Indexing: Procedures and Applications,
J.; Hazell, A.; Ribeiro-Claro, P.; Goncalves, |.I5Lumin.2005 113 Accuracy in Powder Diffraction |IGaithersburg, MD, 1992; pp 92
50—-63. Auzel, F.; Malta, O. LJ. Phys. (Pariy 1983 44, 201-206. 104.
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simply become mutually closer in an attempt to remove the In the FTIR spectral region between 3600 and 2500%can
void imposed by the release of the water molecules with the broad band (peaking at ca. 3356 cinis attributed to the
overall crystal symmetry remaining basically unaltered. This »(O—H) of water molecules involved in the hydrogen bonds.
assumption is in agreement with the photoluminescence In the spectral range between 1200 and 900 cthere
properties registered for [EugNMP)]-1.5H,0 (5) under are a number of intense and sharp peaks, either in FTIR and
vacuum plus some preliminafyC solid-state NMR studies ~ FT Raman, which arise from distinct stretching vibrational
(data not shown) on dehydrated [La{MP)]-1.5H,0 (1), modes associated with the many differert®bonds present
which displays the exact same resonances as the asin the crystal structure & and previously described in detail
synthesized compound (Figure 6a). Once the temperature isee section dedicated to crystal description). While the bands
decreased, the material readily re-absorbs water from theat higher wavenumbers (1185 and 1164 &rim the FTIR
surrounding environment (Figure 13c). It is feasible to and 1162 cm! in FT Raman spectra) can be assigned to
assume that this “sponge”-type behavior occurs naturally asv{(P=0), those in the lower wavenumber region (911 and
an attempt to re-establish the strong hydrogen-bonding 916 cnt!in FTIR and FT Raman spectra, respectively) are
subnetwork described in the previous sections. Neverthelessinstead attributed to the(P—OH) vibrational mode. Finally,
the process is not completely reversible and after the initial the FTIR band at 1066 ¢ (1078 cnttin FT Raman) and
absorption of water the material remains unaltered with time the two bands at 1021 and 998 cth{only one centered at
(Figure 13d). ca. 1011 cm! in the FT Raman spectrum) are attributed to
After ca. 330°C the thermal decomposition of the organic  Vad{P—Ocoord andvy(P—Ocoord, respectively. The two latter
component associated with thgNMP3~ residues settles in,  Vvibrational bands are shifted to lower wavenumbers when
mainly involving two major weight losses, which are compared to those of the uncoordinated ligand, thus indicat-
practically consecutive (Figure S10 in the Supporting ing coordination to the lanthanide catios?
Information). The obtained residues at 7@ could not be
identified from in-situ PXRD due to their poor crystallinity, 4. Conclusions

bqt it is feasible to_ assume that they should cqrrespond toa A new series of powdered 2D LnOFs, [LngNMP)]-
mixture of lanthanide phosphates with lanthanide oxfeés. 1.5H0 [Ln®* = La®* (1), PP+ (2), N (3), S+ (4), or

3.6. Vibrational Spectroscopy.The vibrational ATR- Ew* (5) and HNMP3~ is a residue of nitrilotris(methylene-
FTIR and FT Raman spectra of [Lni{NMP)]-1.5H0 are  pnosphonic acid)], has been prepared using the hydrothermal
particularly informative, providing supporting evidence for ethod. The structure of these materials has been studied
the structural as_pects previously de_scrik_Jed using synchrotror\Nith a plethora of techniques, particularly high-resolution
PXRD e_lnd solld-stgte NMR stud|éé.F|gure S13 in the synchrotron PXRD collected on [Pr§NMP)]-1.5H,0 and
Supporting Information shows selected regions of the SpeCtrahigh-resqution solid-state NMR performed on [LakP)]-
for the [Ln(HNMP)]-1.5H,0 series. As in previous sections, 1 51,0, The present study clearly shows the power of this
only the details for [Pr(ENMP)]-1.5H0 (2) are discussed.  compined approach when suitable LnOF single crystals are

Amine protonation of the anionic ligand sNMP3~ is not available. As shown by variable-temperature PXRD and
particularly evident in the vibrational spectra with clearly photoluminescence spectroscopy, the [LiNNIP)]-1.5H,0
visible diagnostic bands attributed tgN—H) (involved in system is structurally robust, accepting removal of the water
hydrogen bonds): a sharp (medium intensity) band observedmolecules of crystallization located within the interlayer
at ca. 3110 cm' in the FTIR spectrum plus and a weak, spaces. Molecules other than water may perhaps be intro-
mainly broad, band centered at ca. 3114¢in FT Raman.  duced (and removed) into these materials, tuning the pho-
The presence of the diagnostic stretching bandsymmetric toluminescence properties. Moreover, we are at present
and asymmetric) associated with theCH,- groups is investigating the structural modifications in the isolated
markedly visible in the spectra, giving rise to the sharp peaks networks (namely, the dimensionality and the topological
around 3000 crm. Still in this spectral region a broad band  aspects) induced by varying the number of phosphonic acid
is clearly visible and attributed to the stretching vibrational groups of the organic primary building block.
modes of the POH functional groups. Indeed, when com-
pared with the analogous vibrational energies for free  Supporting Information Available: Detailed experimental
phosphonate groups (which typically appear around 2800 information on the powder X-ray diffraction, solid-state NMR, and
cm ), the vibrations in2 are slightly shifted to lower  photoluminescence studies; Le Bail whole powder diffraction
wavenumbers (peaking around 2770 ¢émmost likely due  pattern profile fittings for [Ln(HNMP)]-1.5H,0 (where L#* =
to their involvement in the hydrogen-bonding interactions La*", Nd*", Sn¥*, and Ed"); °Do decay curves recorded at room
previously described in the crystallographic section. A num- temperature and 10 K for [EugNMP)]-1.5H,0; thermograms
ber of FTIR bands are also present in the 232860 region, :’/?‘F")’igl')amgt'teer;tnt:r?gfr[%tuzm&dpszg&g(ﬁwgg1:n:%%m
also attributed to the(PO—H) stretching modes, thus con- temperatufe and 30TC (1(lJJ sampled témperatures)' tempelrature
firming the presence of protonated phosphonate grétips3 ’
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(32) Socrates, GInfrared Characteristic Group Frequencies-Tables and 1821-1830. Kong, D. Y.; Li, Y.; Xiang, O. Y.; Prosvirin, A. V.; Zhao,
Charts 2nd ed.; John Wiley & Sons Ltd: Baffins Lane, Chichester, H. H.; Ross, J. H.; Dunbar, K. R.; Clearfield, Ehem. Mater2004
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