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ABSTRACT: A series of new alkaline-earth metal diphosph- o Me(NO3), w | &
onate frameworks were successfully synthesized under H°\H _~OH PMF + EOH ™ [0D] S i
solvothermal reaction condition (160 °C, 3 d) using 1- il Ca(OH), @ - g
hydroxyethylidene-1,1-diphosphonic acid (CH;C(OH)- - | ch, S0°C3days IDMF+EOH™ [1D] y
(H,PO;),, hedpH,) as a diphosphonate building block and | o H0 StNOs), 3)

Mg(1I), Ca(II), Sr(II), or Ba(Il) ions as alkaline-earth metal b DMF [3D]

ion centers in water, dimethylformamide, and/or EtOH media. ~ no”” ||\0H Ba(NO3), @

These diphosphonate frameworks, (H,NMe,),[Mg- o EtOH [2D]

(hedpH,);]-3H,0 (1), (H,NMe,),[Ca(hedpH,),] (2),

(H,NMe,),[Sr;(hedpH,),(H,0),] (3), and [Ba;(hedpH,),;]-H,O (4) exhibited interesting structural topologies (zero-, one-,
two-, and three-dimensional (0D, 1D, 2D, and 3D, respectively)), which are mainly depending on the metal ions and the solvents
used in the synthesis. The single-crystal analysis of these newly synthesized compounds revealed that 1 was a 0D molecule, 2 has
1D chains, 3 was a 3D molecule, and 4 has 2D layers. All compounds were further characterized using thermogravimetric
analysis, solid-state 31p NMR, powder X-ray diffraction analysis, UV—vis spectra, and infrared spectroscopy. In addition, Eu(III)-
and Tb(III)-doped compounds of 1—4, namely, (H,NMe,),[Ln,Mg,_.(hedpH,),(hedpH,_,)]-3H,0 (1Ln), (H,NMe,),-
[Ln,Ca,_,(hedpH,)(hedpH,_,)] (2Ln), (H,NMe,),[Ln,Sr;_,(hedpH,);(hedpH,_,)(H,0),] (3Ln), and [Ln,Ba;_,(hedpH,),-
(hedpH,_,)]-H,O (4Ln) (where Ln = Eu, Tb), were synthesized, and their photoluminescence properties were studied. The
quantum yield of 1Eu—4Eu was measured with reference to commercial red phosphor, Y,0,S:Eu** (YE), and the quantum yield
of terbium-doped compounds 1Tb—4Tb was measured with reference to commercial green-emitting phosphor
CeMgAl,,O,,:Tb*". Interestingly, the compound 2Eu showed very high quantum yield of 92.2%, which is better than that of
the reference commercial red phosphor, YE (90.8%).

B INTRODUCTION

In the last few decades, the inorganic—organic hybrid materials
have attracted interest among chemists because of their diverse
structural features and their numerous applications in various
fields.''? These frameworks are usually constructed by metal
ions or metal clusters connected through organic linkers such as
polycarboxylates,” phosphonates,"*'® sulfonates,"’ and
amines.'” In this regard, metal phosphonates showed a greater
variety of structural motifs than that of metal carboxylates in a
same combination of metal ion and linker case, because the
degree of deprotonation of the phosphonate ligands are mostly

mostly influenced by the structure of the phosphonates. In this
context, metal diphosphonates are getting limelight in recent
years; for example, diphosphonates are applied as calcification
inhibitors** and for bone cancer theraphy.* On considering the
diphosphonic acids, 1-hydroxyethylidene-1,1-diphosphonic acid
(CH5C(OH)(H,P05),, hedpH,) is a well-known diphosphonic
acid, and the presence of the hydroxyl group in hedpH, makes an
additional coordination possible in its metal complexes. A
number of reports dealing with the crystal structural chemistry of
metal diphosphonates having hedpH, as ligand were found in the
literature.**™%° The structures of these reported metal

controlled by the reaction pH, which is very much influenced
their coordination properties, and the phosphonate ligands have
an additional oxygen over carboxylate ligands, which makes more
coordination possible.

On the other hand, the attention on metal phosphonate
materials has increased in recent times due to the interesting
structures of metal phosphonates'> ° and their promising
applications in catalytic systems,”'™>* anticorrosion,”* makin

diphosphonates are mostly made up of metal-oxide polyhedra,
layers, or chains. So far, only few alkaline-earth metal-hedp
complexes have been reported,**~*° and there is no systematic
investigation on the reactions of alkaline-earth metal ions with
hedpH, ligand without adding any template molecules or bases.

Our aim is to examine the coordination behavior of hedpH, on
constructing the alkaline-earth metal diphosphonate frameworks
and study their properties. Hence, we present herein the
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single-crystal structural analysis), and properties of a series of
alkaline-earth metal diphosphonate frameworks, namely,
(H,NMe,),[Mg(hedpH,);]-3H,0 (1), (H,NMe,),[Ca-
(hedpH,),] (2), (H,NMe,),[Sr;(hedpH,),(H,0),] (3), and
[Ba;(hedpH,);]-H,O (4). These frameworks display interesting
structural features (zero-, one-, two-, and three-dimensional (0D,
1D, 2D and 3D, respectively)) that depend on the metal ions and
the solvents used in the synthesis (Scheme 1). Further, the

Scheme 1. Schematic Representation of Structural Diversity
in Alkaline-Earth Metal Diphosphonates Reported in This
Paper

ments using PANalytical X’pert PRO X-ray diffractometer. PE-2400
CHN Elemental analyzer was used for elemental analyses. Total
reflection X-ray fluorescence (TXRF) spectra were measured on a
Bruker S2 PICOFOX equipped with Mo excitation with a high-
efficiency module. JASCO FT/IR-460 spectrometer was used to
measure the IR spectrum of our compounds in the form of solid KBr
matrix, which are measured in the range of 4000—400 cm™.
Thermogravimetric analysis (TGA) was done on the powder sample
of the compounds under N, atmosphere with 10 °C min™" heating rate
using DuPont TA Q30 analyzer instrument. The solid-state *'P NMR
spectra were recorded using a Bruker DSX 400 spectrometer
instrument. BaSO, plate was used as internal standard for measuring
UV—vis spectra, which were done using Varian Cary 100 UV—vis
spectrophotometer instrument. Photoluminescence spectra of the

o Mg(NOs), ) lanthanide-doped compounds were measured using a HITACHI F-
HO\” _-OH DMF + EtOH [0D] 4500 FL spectrophotometer instrument, and the excitation and
P emission slit widths were maintained as 2.5 mm for all the

‘ Cal0m; 2) measurements.
Ho CH, 160 °C/3 days JDMF +EtOH™ [1D] Synthesis of (H,NMe,),[Mg(hedpH,)s]3H,0 (1). The com-
H,0 Sr(NO3), A3) pound 1 was achieved using the reaction mixture containing hedpH,
! I DMP [3D] (60%, 1 mL, 3 m(mol), Mg(N(;3)2'6HZCg (0.25§ g 1 mm(ol),
PN dimethylformamide (DMF, 7.0 mL), EtOH (2.0 mL), and H,O (1.0
HO (ll OH Ba(l\(T)O3)2 [(2‘?) | mL), having pH of 1.64. Yield: 0.672 g (76.8%, based on Mg). Anal.

EtOH

photoluminescence properties of europium- and terbium-doped
compounds of 1—4, namely, (H,NMe,),[Ln Mg, _.(hedpH,),-
(hedpH,_,)]-3H,0 (1Ln), (H,NMe,),[Ln,Ca,_,(hedpH,)-
(hedpH,_,)] (2Ln), (H,NMe,),[Ln,Sr;_,(hedpH,);-
(hedpH,_,)(H,0),] (3Ln), [Ln,Ba;_, (hedpH,),(hedpH,_,)]-
H,O (4Ln) (where Ln = Eu, Tb), were evaluated.

B EXPERIMENTAL SECTION

Materials and General Methods. All the chemicals used in this
work were purchased commercially with maximum purity and used as
such. The 23 mL Teflon bombs were used for all the solvothermal
reactions. All the reaction mixtures were heated at the rate of 60 °C h™*
under pressure to reach 160 °C; after that, the temperature was
maintained at 160 °C for 3 d and then slowly (at the rate of 6 °C h™")
cooled to room temperature. The phase purity of all the compounds was
examined with the aid of powder X-ray diffraction (PXRD) measure-

Calcd for CyHssMgN,O,,P: C, 19.22; H, 6.45; N, 6.40. Found: C,
19.15; H, 6.56; N, 6.38%. IR (KBr, cm™): 3340(br), 3224(s), 2790(m),
2442(m), 2303(m), 1620(m), 1470(w), 1414(w), 1249(w), 1147(s),
1089(s), 915(s), 859(w), 813(w), 653(w), 539(m), 490(m).
Synthesis of (H,NMe,),[Ca(hedpH,),] (2). Compound 2 was
synthesized from a reaction mixture containing hedpH, (60%, 0.5 mL,
1.5 mmol), Ca(OH), (0.0371 g, 0.5 mmol), DMF (7.0 mL), EtOH (2.0
mL), and H,0 (1.0 mL), having pH of 3.01. Yield: 0.253 g (93.7%, based
on Ca). Anal. Calcd for CgH,3CaN,0,,P,: C, 17.78; H, 5.22; N, 5.18.
Found: C, 17.60; H, 5.28; N, 5.19%. IR (KBr, cm™): 3425(br, s),
3124(m), 2802(m), 2300(w), 1749(w), 1714(w), 1680(w), 1635(w),
1519(w), 1478(w), 1370(w), 1222(w), 1126(m), 1078(m), 1038(m),
919(m), 828(w), 795(w), 681(w), 650(w), 563(w), 453(w).
Synthesis of (H,NMe,),[Sr3(hedpH,),(H,0),] (3). The colorless
crystals of 3 were achieved from a reaction mixture of hedpH, (60%, 0.5
mL, 1.5 mmol), Sr(NO;), (0.106 g, 0.5 mmol), DMF (5.0 mL), and
H,O (1.0 mL), having pH of 2.47. Yield: 0.513 g (84.9%, based on Sr).
Anal. Calcd for C,H,N,050P,Sr3: C, 11.94; H, 3.67; N, 2.32. Found: C,
11.82; H, 3.61; N, 2.24%. IR (KBr, cm™): 3423(m), 3120(m),

Table 1. Selected Crystallographic Analysis Data for 1—4

1 2 3 4
chemical formula C,4HMgN,O,,P¢ CgH,3CaN,0,,P, C,Hy,Sr3N,040Pg CeH,,Ba;0,,P4
formula weight 874.75 540.29 1207.12 1042.03
space group R3c P2,/n C2/c P1
a, A 16.5827(6) 5.7106(2) 22.5561(8) 10.7703(8)
b A 16.5827(6) 15.3214(7) 17.4368(6) 10.8543(7)
¢ A 52.106(2) 12.3862(6) 10.1995(4) 13.1677(15)
a, deg 90 90 90 113.854(4)
B, deg 90 102.893(2) 109.4020(10) 93.428(4)

7, deg 90 90 90 114.852(3)

volume, A® 12408.8(8) 1056.40(8) 3783.7(2) 1227.55(18)

VA 12 4 8 2

D gem™ 1427 1.699 2.096 2.819

u, mm™" 0.357 0.669 4.657 5.247

T, °C 295(2) 295(2) 295(2) 295(2)

reflections collected 23792 9443 14066 22156

independent reflections 3465 2603 4726 6036

R(int) 0.0481 0.0617 0.0435 0.0516

A 0.710 73 0.71073 0.71073 0.71073

R1 0.0566 0.0322 0.0294 0.0226

wR2 0.1788 0.0832 0.0850 0.0509

CCDC 1037690 1037691 1037692 1037693
4269 DOI: 10.1021/ic5029993
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1656(m), 1460(m), 1172(s), 1073(s), 1019(m), 937(m), 901(s),
882(s), 818(w), 637(w), 546(m), 508(m), 448(m).

Synthesis of [Baz(hedpH,);]'H,0 (4). A reaction mixture of
hedpH, (60%, 0.5 mL, 1.5 mmol), Ba(NO;), (0.131 g, 0.5 mmol),
EtOH (5.0 mL), and H,O (1.0 mL) having pH value of 2.95 was used to
get colorless crystals of compound 4. Yield: 0.453 g (86.9%, based on
Ba). Anal. Calcd for C4H,Ba;0,,P¢: C, 6.92; H, 1.93. Found: C, 7.01;
H, 1.94%. IR (KBr, cm™): 3433(br, s), 1638(m), 1459(w), 1163(s),
901(s), 798(w), 644(w), 554(m), 468(s).

Synthesis of Lanthanide-Doped Compounds of 1-4,
(H,NMe,),[Ln,Mg,_,(hedpH,),(hedpH,_,)]-3H,0 (1Ln),
(H,NMe,),[Ln,Ca;_,(hedpH,)(hedpH,_,)] (2Ln), (H,NMe,),-
[Ln,Sr;_,(hedpH,);(hedpH,_,)(H,0),] (3Ln), [Ln,Ba;_,(hedpH,),-
(hedpH,_,)]'H,0 (4Ln) (where Ln = Eu, Tb). Ln(III) chlorides (20
mol %) along with the similar combinations of reagents and molar ratios
as that used in the syntheses of compounds 1—4 were used.

Single-Crystal Structure Analysis. The single-crystal diffraction
data for the compounds were collected on Bruker AXS KAPPA APEX II
diffractometer equipped with Mo Ka radiation having 4 = 0.71073 A and
graphite monochromator. Systematic absences and statistics of intensity
distribution were used to determine the space group for all the
compounds. All the structures were solved using metal atom being
located first, followed by the O, N, and C atoms found on successive
difference Fourier maps. The hydrogen atoms were included in ideal
positions to ride with their parent atoms. SHELXTL programs in
APEX2%! were used for all the calculations. The selected crystallographic
analysis data are tabulated in Table 1 (compounds 1—4) and Table 2

Table 2. Crystallographic Data for 3Eu and 3Tb

3Eu 3Tb
formula CeHag,0sNO;5P,Sty 29Eug 5 CHa007NO 5P, St 29Tby
fw 614.80 616.85
space group C2/c C2/c
a, A 22.3119(7) 22.2858(7)
b, A 17.3774(5) 17.3710(5)
¢ A 10.1854(3) 10.1701(3)
a, deg 90 90
P, deg 110.2950(10) 110.425(2)
7, deg 90 90
volume, A3 3703.95(19) 3689.59(19)
z 8 8
D g cm™ 2.205 2221
u, mm™?! 4.847 4971
collection T (K)  295(2) 295(2)
reflctions 21118 21237
collected
independent 4622 4533
reflections
R(int) 0.0320 0.0352
A 0.71073 0.71073
R, 0.0482 0.0534
wR, 0.1235 0.1500
CCDC 1037694 1037695

(compounds 3Eu and 3Tb). Selected M(II)—O bond lengths are listed
in Table S1 (Supporting Information). The corresponding H-bonding
data are listed in Table S2 (Supporting Information).

B RESULTS AND DISCUSSION

Synthesis and Characterization. All four compounds were
synthesized under same solvothermal reaction condition (160
°C, 3 d). In all the cases, a particular hedpH,—metal salt molar
ratio (2:1) was optimized to produce better yield. Note that the
compounds 1—3 are anionic complexes, whereas the compound
4 is a neutral complex, which may due to absence of DMF solvent
in the reaction. The phase purities of the synthesized compounds
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(1—4) were confirmed by PXRD patterns, which show essential
peaks matching with calculated ones (Figures S1—S4, Supporting
Information). The IR spectra of the compounds showed peak
shifts and intensity differences in the phosphonate moiety
spectral region (880—1250 cm™'!, Figure S9, Supporting
Information), which were verified later by the crystal-structural
analysis. The solid-state UV—vis spectra of the compounds
exhibited intraligand charge transfer transition peaks for all
compounds at room temperature (Figure S10, Supporting
Information). Further, the PXRD patterns of lanthanide-doped
compounds of 1—4Ln were measured and compared with their
original ones (Figures S5—S8, Supporting Information). The
PXRD peaks of lanthanide-doped compounds almost match with
their undoped compounds, but, very few low-intensity peaks
were also found, which may be due to presence of low amount of
unidentified phase. Total reflection X-ray fluorescence (TXRF)
analyses were used to determine the Eu/Tb content in
lanthanide-doped compounds. The TXRF analyses showed
that the molar ratios of M/Eu are 94.5:5.5, 92.5:7.5, 92.5:7.5, and
88.0:12.0 for 1—4Eu, respectively, and the molar ratios of M/Tb
are 94.3:4.7, 92.7:7.3, 92.3:7.7, and 86.5:13.5 for 1—4Tb,
respectively (where M represents the corresponding alkaline
earth metal). Hence, the results of TXRF analyses of 1—4Ln
confirmed the presence of Eu/Tb in 1—4Ln. Further
confirmation of doping of Eu/Tb in the compounds was
drawn from the single-crystal structural analysis of compounds
3Eu and 3Tb, which are discussed in the coming structural
description part.

Structural Description of (H,NMe,),[Mg(hedpH,);]-
3H,0 (1). The compound 1 crystallizes in a rhombohedral
space group R3¢, which is very rare among the reported metal
diphosphonates. The structure of 1 has 0D framework. Each
asymmetric unit of 1 contains one-third Mg(II) ion, a
(hedpH,)*™ unit, a lattice H,O molecule, along with four-thirds
lattice dimethylammonium (DMA) cation [ (H,NMe,)*] (which
is formed from the amide reduction of DMF solvent during
course of the reaction®®). The Mg atom is coordinated to six O
atoms of three hedp ligand units, which forms a distorted
octahedral coordination geometry (Figure 1a). Each hedp ligand
is coordinated to only one Mg atom through Ol and O4
phosphonate oxygen atoms (Figure 1b). The Mg—O bond
distances range from 2.046(2) to 2.110(2) A (Table SI,
Supporting Information), which agrees well with the Mg(II)-
phosphonate reports.”> As shown in Figure 1lc, each MgOjq
octahedra is corner-shared with six phosphonate tetrahedra. The
whole unit is further interconnected to each other through
various hydrogen bonds involving oxygen atom of lattice water
molecule, nitrogen atom of lattice DMA cation, and the oxygen
atoms of (hedpH,)*" ligand unit to form a stable 0D molecular
architecture. (Figure 1d, Table S2, Supporting Information). It is
interesting to note the various types of H-bonding in 1: (i) the
intermolecular H-bonding between the hydrogen atoms of the
phosphonate group of the one ligand unit and three oxygen
atoms of the other ligand unit (O2—H1--03, 06—H2:--OS, and
O7—H3:--01)—which reduces the degree of flexibility of the
hedp ligand to some extent; (ii) hydrogen bonds between the
lattice water hydrogen atoms and the oxygen atoms (O6 and O7)
of the phosphonate group—these hydrogen bonds stabilize the
H,O position in the crystal lattice; (iii) the H-bonding between
the H atoms with N atom in dimethylammonium cations and O
atoms of the ligand unit (N1—H4---OS, N1-HS:--O4, and N1—
H5--06).

DOI: 10.1021/ic5029993
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Figure 1. (2) The coordination environment of the Mg atom of 1 (symmetry codes: (i) —x +y, —x, z; (ii) —y, x — y, z). (b) The coordination mode of the
ligand in 1. (c) The whole structural view of 1 along the c-axis. (d) The view of different modes of H-bonding interaction in 1 along a-axis.

Structural Description of (H,NMe,),[Ca(hedpH,),] (2).
Compound 2 crystallizes in a monoclinic space group P2,/n. The
asymmetric unit of 2 contains half of crystallographically distinct
calcium site, one hedpH, site, and one lattice DMA cation. The
Ca atom is coordinated to six O atoms of four hedpH, ligand
units, which forms a distorted octahedral coordination geometry
(Figure 2a). The Ca—O bond lengths are from 2.3230(13) to
2.3606(2) A (Table S1, Supporting Information), which is
similar to that of reported calicium diphosphonates.*” The
(hedpH,)*” unit is bonded with two Ca atoms through three of
its O1, 02, and O6 phosphonate oxygen atoms (Figure 2b). As
shown in bottom of Figure 2¢, each CaOg4 octahedra is corner-
shared with six phosphonate tetrahedra and connected to each
other through two corner-shared phosphonate tetrahedra, which
forms infinite 1D chain structure running along a-axis. The 1D
chain unit in 2 is further interconnected through various
hydrogen bonds involving nitrogen atoms of lattice DMA cation,
and the oxygen atoms of (hedpH,)*” ligand unit (O3—H1---OS,
04—H2---01, O4—H2---:02, O7—H3::-06, N1-H4--:02, and
N1-HS--OS5; Figure 2d and Supporting Information, Table S2).

Structural Description of (H,NMe,),[Sr;(hedpH,),-
(H;0),] (3). The crystal structure of 3 possesses extended 3D
framework structure having monoclinic space group of C2/c.
Each asymmetric unit of 3 has crystallographically distinct one
and half Sr sites, two hedpH, sites, a coordinated H,O moiety,
and a lattice DMA cation. The Srl atom is coordinately bonded
to eight phosphonate oxygen atoms belonging to four ligand
units (Figure 3a). On the other hand, the Sr2 is seven-
coordinated in which it is coordinated to six phosphonate O
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atoms of four (hedpH,)*” units and one O atom of a water
molecule (Figure 3a). Two kinds of (hedpH,)*” units are in 3:
one is bonded with two Sr2 atoms through three of its
phosphonate O atoms (07, O8 and 013), and the another is
bonded with two Sr1 and two Sr2 atoms through four of its O1,
02, 04, and OS phosphonate O atoms. (Figure 3b). The Sr—O
bond length range, from 2.478(2) to 2.7448(19) A (Table S1,
Supporting Information), is similar to that of reported Sr-
phosphonates.®®> The Sr10; polyhedron is face-shared with two
Sr20; polyhedron in opposite direction through O1, O4, and OS
of phosphonate O atoms (Figure S11, Supporting Information).
The whole unit is further interconnected with neighboring
similar units in all three directions through (hedpH,)*” ligand
units that form the 3D framework of 3 (Figure S12a, Supporting
Information). There is an existence of porosity in 3 along the c-
axis (Figure S12a, Supporting Information). Two lattice DMA
cations are found in the porous channels. A number of H-
bondings are found in the framework of 3, which is presented in
Figure S12b and Table S2 (Supporting Information). After the
removal of DMA cations and water molecules in the pores of 3 by
PLATON,64 the 1D channel along the c-axis has a cross-sectional
area of 4.28 X 10.42 A2 and the calculated solvent-accessible
volume is 1311.4 A%, which is ~34.7% of total unit cell volume,
which is shown in Figure 3c.

Structural Description of (H,NMe,),[Ln,Sr;_,-
(hedpH,);(hedpH,_,)(H,0),] (3Ln). As determined by the
single-crystal structural analysis, the compounds 3Eu and 3Tb
are found to be isostructural with compound 3. For comparison,
the selected structural refinement data for 3Eu and 3Tb are

DOI: 10.1021/ic5029993
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Figure 2. (a) The coordination environment of the Ca atom of 2 (symmetry code: (i) —x + 1, —y, —z). (b) The coordination mode of the ligand in 2. (c)
The whole structural view of 2 along the a-axis. (d) The view of different modes of H-bonding interaction in 2 along a-axis.

tabulated in Table 2. In the structure of 3Eu and 3Tb, the
divalent Sr(1) atomic sites were partially occupied by Eu(III) and
Tb(III), respectively; hence, we assumed the H atoms on
hydroxyl group were partly deprotonated for charge balance as
shown in the formula. During the single-crystal structure analysis,
we found that 42% of Sr(1) sites were found to be occupied by
Eu(III) or Th(III).

Structural Description of [Ba;(hedpH,);]‘H,O (4). The
asymmetric unit of 4 contains three crystallographically distinct
barium atoms, three (hedpH,)*” units, and a lattice H,0O
molecule. The Bal atom is coordinated to 10 oxygen atoms
belonging to four different (hedpH,)* ligands of which seven
are phosphonate oxygen atoms, and the remaining three are 019,
020, and 021 atoms of hydroxyl group (Figure 4a); whereas, the
Ba2 atom is coordinated to nine phosphonate O atoms from six
(hedpH,)*" ligands (Figure 4a). In the case of nine coordinated
Ba3 atoms, nine phosphonate oxygen atoms belonging to four
different (hedpH,)*~ ligands are participated in coordination
with Ba3 atom (Figure 4a). There are three kinds of (hedpH,)*~
units that are found in 4; one is bonded with two Bal and Ba2
atoms along with one Ba3 atom using five of its 04, O6, O13,
014, and O1S phosphonate oxygen atoms and hydroxyl oxygen
atom (020); the second one is bonded with two Ba2 atoms and
each one of Bal and Ba3 atoms through four of its phosphonate
01, 02, 03, and O17 atoms and hydroxyl 020 atom; the third
one is bonded with two Ba2 and Ba3 and a Bal atom through
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four of its phosphonate O atoms (07, 010, O11, and O12) and
hydroxyl oxygen atom (022, Figure 4b). The BalO,,
polyhedron is face-shared with Ba2Oy and Ba30, polyhedron
through three of its phosphonate O atoms (O3, O4, and O13;
and 07, 010, and O1S, respectively), which form the trinuclear
Ba;0,, cluster basic unit of 4 (Figure S13a, Supporting
Information). This trinuclear Ba;O,, unit is directly connected
with four neighboring similar units (Figure S13b, Supporting
Information), and in the same way, each unit is connected with
other neighboring units along a- and b-axes, along with ligand
units connections form the 2D sheet framework of 4 (Figure 4c).
The 2D layers are connected with each other through various H-
bondings, which is depicted in Figure 4d and Table S2
(Supporting Information).

Evaluation of Structural Diversity. The structural analysis
of these four alkaline-earth metal diphosphonates derived from
1-hydroxyethylidene-1,1-diphosphonic acid as a diphosphonate
building block and four different alkaline-earth metals led to
some fascinating structural features. The diphosphonate building
unit leads to various structural features from 0D molecular
architecture to 3D frameworks depending upon the alkaline-
earth metal ion types (Scheme 1). It is interesting to note that the
ligand acted as binegative (hedpH,>") in all the cases, which may
be due to the similar pH (1.64—3.01) of all the reactions. Though
all the reactions reported in this article were performed in almost
similar conditions, the coordination mode of the ligand was

DOI: 10.1021/ic5029993
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Sr2

(b)

Sr2

Srl Sri

Figure 3. (a) The coordination environment of the Sr atoms in 3 (symmetry code: (i) —1/2 + x, —1/2 —y, —3/2 + z). (b) The coordination mode of the
ligands in 3. (c) The 1D porous channels in the framework of 3 along c-axis after the removal of DMA cations and water molecules.

different toward each metal ions, which leads to the observed
diversity in the alkaline-earth metal diphosphonate structures.
The simple coordination modes of ligand, “4,” and “,” in 1 and
2, leads to the formation of OD or 1D molecular architecture in
our alkaline-earth metal diphosphonates, whereas complicated
and multiple coordination modes of ligand, “p,” and “5” in 3 and
4 lead to the formation of 2D or 3D molecular frameworks.
Further, except 4, the complexes 1—3 are anionic in nature,
which may be due the DMF solvent; the DMF used as solvent in
the reactions was reduced to DMA during reaction and acted as
DMA cation to neutralize the charge of the complexes 1-3.
Solid-State NMR Measurements. The compounds 1-3
are further characterized using *'P NMR spectra, which are
shown in Figure 5. The solid-state *'P NMR spectrum of
compound 1 showed a peak at 19.51 ppm that is due to the
presence of two P (P1 and P2) atoms (which are NMR
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equivalent) in its asymmetric unit. Since the two phosphonate P
atoms in 2 are having slightly different chemical environment,
there are two peaks found at 19.35 and 17.74 ppm for P1 and P2
atoms, respectively, in the *'P NMR spectrum of 2. The *'P
NMR spectrum of compound 3 showed four peaks at 11.10,
15.56,17.00, and 23.48 ppm, which conform the presence of four
chemically distinct P atoms in 3. Hence, the *'P NMR spectral
studies further support the single-crystal structure of compounds
1-3.

Thermal Stability. To examine the architectural and thermal
stability of the newly synthesized compounds (1-4), TGA
performed on the compounds of 1—4 and their corresponding
TGA curves are given in Figure 6. The TGA curve of 1 showed
that the first weight loss (7.1%) at 110 °C, which may
corresponded to the loss of three lattice H,O (ca. 6.2%). After
that, compound 1 starts to degrade in unresolved steps indicating
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Figure 4. (a) The coordination environment of the Ba atoms in 4. (b) The coordination mode of the ligands in 4. (c) The structural view of 4 along the c-

axis. (d) The view of different modes of H-bonding interaction in 4.

the loss of DMA cations first followed by the decomposition of
remaining organic ligand. The weight loss of 40.2% is observed at
the temperature range of 110—600 °C for 1. Further heating of 1
to 800 °C resulted Mg,P,0; as determined by comparison of its
PXRD pattern with the PXRD pattern of JCPDF No. 751055 in
JCPDS database (Figure S14, Supporting Information).*® Since
compound 2 has no lattice solvent molecules, there is no weight
loss observed in its TGA curves up to 200 °C; hence, the 2 is
stable on heating to 200 °C. The first weight loss of 17.2% at 300
°C indicated the loss of two DMA cations in 2. The further
heating of 2 above 300 to 800 °C resulted the decomposition of 2
and forms the amorphous powder (weight loss from 300 to 800
°C is 22.7%). In the TGA curve of 3, the weight loss of 3% (ca.
2.98%) observed up to 200 °C is most probably due to the loss of
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two weakly bonded H,O. The second stage weight loss of 8.3% at
200—280 °C indicated the loss of two DMA cations (ca. 7.6%).
The weight loss of 16.3% observed from 280 to 600 °C for 3 is
indicated the decomposition of organic ligands in 3. The heating
of 3 to 800 °C yielded the Sr,P,0, as determined by comparison
of its PXRD pattern with the PXRD pattern of JCPDF No.
721419 in JCPDS database (Figure S15, Supporting Informa-
tion).*® On the other hand, the compound 4 is stable on heating
to ~350 °C, and only ~1.6% weight loss has been observed,
which corresponds to the loss of one lattice H,O (ca. 1.7%).
Further heating of 4 to 800 °C resulted the decomposition of
organic ligand in two steps and formed the unidentified
amorphous powder.
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Figure 5. *'P NMR for 1 (upper), 2 (middle), and 3 (lower) (* indicates spinning sideband).
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Figure 6. TGA curves for the compounds 1—4.

Photoluminescence Characteristics of Europium/
Terbium-Doped Compounds. The compounds 1—4 do not
show any fluorescence properties, and, hence, the compounds
1—4 were doped with lanthanides, namely, europium and
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terbium (1Ln—4Ln), and their photoluminescence properties
were evaluated. The excitation and emission wavelengths of
compounds 1Ln—4Ln are given in Table 3.

The room-temperature photoluminescence spectra of 1Eu—
4Eu showed common distinct features (see Figure S16,
Supporting Information). The spectra of 1IEu—4Eu recorded at
the excitation wavelength of 394 nm showed characteristic bands
of Eu(I1I) at 594, 614, 653, and 701—702 nm, which may be due

Table 3. Excitation and Emission Wavelengths in the
Photoluminescence Spectra of Compounds 1Ln—4Ln

compound excitation (4,) emission (A,
1Eu 394 nm 594, 614, 653, 701 nm
2Eu 394 nm 594, 614, 653, 702 nm
3Eu 394 nm 594, 614, 653, 702 nm
4Eu 394 nm 594, 614, 653, 702 nm
1Th 378 nm 491, 546, 585, 622 nm
2Tb 378 nm 491, 546, 585, 621 nm
3Tb 370 nm 491, 546, 585, 621 nm
4Tb 370 nm 491, 546, 585, 622 nm
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to ’Dy — 'Fy, 5Dy = "F,, Dy — "Fs, and D, — ’F, transitions,
respectively.”® The strong intensity observed for °D, — ’F, peak
together with a very weak D, — ’F, peak, witnessed as a
shoulder peak at the *Dy — “F, transition, indicates the presence
of lower-symmetry site.”” As we saw in the Eu(IIl)-doped
compounds, the photoluminescence spectra of all the Tb(III)-
doped compounds (1Tb—4Tb) also have similar emission bands
to each other (Figure S17, Supporting Information). The
emission spectra of terbium-doped compounds exhibited
characteristic bands of terbium(III) compounds at 491, 546,
585, and 621—622 nm, which correspond to *D, — "F¢, D, —
’Fs, °D, — "F,, and °D, — "F; transitions, respectively,66 and the
shape of the spectrum agrees with that of [Tb(HPMIDA)-
(H,0),]-H,0 emission spectrum.68 Since the compounds 1, 3,
and 4 have lattice/coordinated water molecules, the emission
spectra of the dehydrated 1Ln, 3Ln, and 4Ln were measured and
compared with the hydrated compounds. The results indicated
that the luminescence spectra of dehydrated 1Ln, 3Ln, and 4Ln
have similar emission peaks with little change in their intensity
compared to those of the corresponding hydrated compounds
(Figure S18, Supporting Information). Further, the quantum
yield (QY) of 1Eu—4Eu was measured with reference to
commercial red phosphor—Y,0,S:Eu** (YE), and the QY of
terbium doped compounds 1Tb—4Tb was measured with
reference to commercial green-emitting phosphor CeMgA-
1,00, Tb*" (CAT); the corresponding values are tabulated in
Tables 4 and 5, respectively.

Table 4. QY Measurements for the Compounds 1Eu—4Eu

YE® 1Eu 2Eu 3Eu 4Eu
absorbance (%) 60.9 16.7 174 15.8 28.1
QY (%) 90.8 69.7 922 762 6.5

TYE = Y,0,S:Eu®*

Table 5. QY Measurements for the Compounds 1Tb—4Tb

CAT“ 1Tb 2Tb 3Tb 4Tb
absorbance (%) 22.5 18.7 21.4 25.2 26.1
QY (%) 947 59.4 58.7 67.8 2.8

“CAT = CeMgAIO,,:Tb**

From the QY values (Table 4), it is interesting to note that 2Eu
showed very high quantum efficiency among the four
compounds studied, and the QY of 2Eu (92.2%) is slightly
higher than that of the reference commercial red phosphor YE

(having QY of 90.8%). In the case of QY of Tb-doped
compounds (Table S), except 4Tb, the other three compounds
showed good QY values (~60 to 70%) which are less than that of
the reference commercial green phosphor CAT (94.7%).
Overall, the QY values of all the compounds (except 4Eu and
4Tb) are much better than some of our reported lanthanide-
doped compounds.®®

To test the commercial significance of our lanthanide-doped
compounds, we made two 380 nm light-emitting diodes (LEDs)
using 1Eu and 1Tb (as representative), respectively. Figure 7a,c
shows the LED packages by solely using these red- and green-
emitting compounds. Figure 7b,d demonstrates the CIE
coordinates and photo images of 1Eu and 1Tb, respectively, in
UV box under excitation at 365 nm. The CIE coordinates of 1Eu
and 1Tb are (0.6580, 0.3417) and (0.3564, 0.5578), respectively.
These results demonstrate that our compounds could be
potential green-emitting and red-emitting phosphors for near-
ultraviolet commercial LED applications.

B CONCLUSION

In this work we have studied the role of alkaline-earth metal ions
to control the structure of their diphosphonate frameworks using
a flexible diphosphonic acid ligand. We have synthesized four
new alkaline-earth metal diphosphonates containing 1-hydrox-
yethylidene-1,1-diphosphonic acid, which were prepared by
similar solvothermal synthetic conditions. The structural differ-
ences between these alkaline-earth metal diphosphonates
indicate the key role of solvents and the alkaline-earth metal
ions in determining the structure of these diphosphonate
frameworks. Moreover, the photoluminescence properties of
lanthanide (Eu and Tb)-doped compounds (1—4Ln) have also
been explored. The QY measurements revealed that the Eu-
doped compound 2Eu showed very high QY of 92.2%, which is
better than that of the reference commercial red phosphor YE
(90.8%). Further, the LEDs made by using 1Eu and 1Tb showed
that these compounds could be potential phosphors for
commercial LED applications.
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Figure 7. LED packages by using 380 nm near-UV chip in conjunction with and 1Eu (a) and 1Tb (c). (b, d) The corresponding CIE coordinates and

photo images of 1Eu and 1Tb excited by 365 nm in UV box.
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