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Abstract

A new ligand, 5-diethylphosphonoisophthalic acid (HOOC),CsH;-PO3(C,Hs),, H,Et,L), for the hydrothermal synthesis of
inorganic—organic hybrid compounds was prepared and characterized by NMR-spectroscopy. Its in situ hydrolysis leads to the
corresponding S-phosphonoisophthalic acid (HOOC),CsH3-PO3H,, HyL). Applying high-throughput methods, different di- and
trivalent metal salts for the synthesis of crystalline metal phosphonates based on H,Et,L. have been screened. From the resulting dis-
covery library, single-crystals of four new compounds, [Sm,(H,0),(H(OOC),CsH3-POs),] - 2H,0 (1), [Cuz(H,0)(H(OOC),CsH3-PO3),] -
2H,0 (2), Ca,(H,O)[H(OOC),CsH3-POsH], (3), and Ba,(H,0)3;(0O0C),C¢Hs-PO;5 (4), have been isolated. The single-crystal structure
determination of the title compounds shows HyL to be a versatile ligand, exhibiting different types of coordination modes between the
functional groups and the metal ions. A comparison of the structural features of the title compounds shows a varying degree of M—O-M
connectivities. Thus, isolated metal-oxygen clusters (compounds 1 and 2), infinite M—O-M chains (compound 3), and infinite M—O-M
layers (compound 4) are observed. The title compounds 1, 2, and 3 were further characterized by IR-spectroscopy, TG-, EDX-, and

elemental chemical analysis.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Inorganic—organic hybrid materials have raised a lot of
interest not only in academia but also in industry. This is
due to their fascinating structural chemistry and their
potential application i.e. in the fields of gas separation and
storage, as well as catalysis, or sensors [1-4]. The chemistry
of metal carboxylates is well developed due the existence of
secondary building units which can be connected by
organic linkers to form metal-organic frameworks (MOFs).
This extremely successful strategy is often referred to as
“reticular synthesis” [5] or “‘scale chemistry” [6]. In this
aspect, the use of 1,3,5-benzenetricarboxylic acid (BTC,
C3;H3(COOH);) has been very successful, leading for
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example to fascinating materials such as HKUST-1
(Cu;3(CsH3(CO0)3)2(H20)3) [7] or MIL-100 (Cr3F(H20);
O[CsH5(COO);], - nH,O (n~28) [8]. However, in metal
phosphonate chemistry, there seem to be left many
unknown factors for controlling the crystal structure one
being the high coordination flexibility of the phosphonate
group. Nevertheless, metal phosphonates are promising
candidates for the synthesis of inorganic—organic hybrid
open-framework materials [4]. We are interested in the
systematic investigation of polyphosphonic and phospho-
nocarboxylic acids as starting compounds for the synthesis
of new metal phosphonates [9-12]. The goal is to establish
structural and synthetic trends in these systems for a better
understanding of metal phosphonate chemistry. Thus, we
have established high-throughput (HT) methods in our
group, which allow the systematic and rapid investiga-
tion of reactions under solvothermal conditions. [12—15]
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Recently, we started an investigation of the successive
exchange of the carboxylic acid groups by phosphonic acid
groups in BTC in order to study the effect on the resulting
structures. Herein, we report on the synthesis of the
new ligand, 5-diethylphosphonoisophthalic acid (HOOC),
C¢H3-PO5(C,H5),, H>Et,L). The in situ hydrolysis leads to
the formation of the corresponding 5-phosphonoisophtha-
lic acid (HOOC),C¢H5-PO3H,, H4L) which reacts with the
metal ions Sm> ", Cu?™, Ca®", and Ba®" to form four new
metal phosphonates.

2. Experimental section

BaCl,-2H,O (Merck, >99%), CuCl,-2H,O (Merck,
99%), Co(OAc),-4H,0 (Aldrich, >98%), CaCl,-2H,0
(Merck, >99%), AICl;-6H,O (Fluka, >99%), SmCl; -
6H,0 (Strem Chemicals, 99.9%), NaOH (Merck, >99%),
KMnOy, (Grissing, 99%), Na,CO; (Fluka, >99%), and
1-bromo-3,5-dimethylbenzene (Alrich, 97%) have been
used without further purification.

2.1. Synthesis of (HOOC),CsH3-PO3;(C,Hs), (H>Et,L)

5-Diethylphosphonoisophthalic acid ((HOOC),CgH3-
PO5(C,Hs),, H,Et,L), was synthesized in two steps
(Fig. 1). 1-Diethylphosphono-3,5-dimethylbenzene (II)
was prepared based on a procedure described in the
literature [16]. To a suspension of 2.50g (13.5mmol)
1-bromo-3,5-dimethylbenzene (I) and 0.576 g (0.264 mmol)
anhydrous NiBr,, 2.92¢g (17.5mmol) P(OEt); were care-
fully added dropwise within 30 min under nitrogen atmo-
sphere at 160 °C. The formed Et-Br was removed from the
reaction vessel by applying a nitrogen flow. The resulting
reaction product was dissolved in 200 ml ethylacetate, and
washed with water three times. The organic phase was
dried over anhydrous MgSQ,. Ethylacetate and P(OEt);
were removed in vacuo (10mbar, 65°C). The resulting
crude product was purified by column chromatography
(silica, ethylacetate:MeOH = 10:1). After removing the
solvent, 2.13g (8.78 mmol, 65% yield) of a yellowish
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Fig. 1. Synthesis of 5-diethylphosphonoisophthalic acid, (HOOC),C¢H;-
PO;3(C,Hs), (H,Et,L) (III) in two steps starting from 1-bromo-3,5-
dimethylbenzene (I).
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Fig. 2. Labeling scheme of the carbon atoms as used in the NMR section.

viscous liquid was obtained ("H NMR (CDCls): 6 = 1.31
(t, 6H; °J (H-H) = 7Hz, C7H3), 2.34 (s, 6H; 2 x C5H3),
4.10 (m, 4H, 2 x C6Hj), 7.16 (s, 1H, C4-H), 7.41 (d, 2H,
2x C2-H; *Jy_p = 12.7Hz) ppm. *C NMR (CDCls):
=163 (d, C7; *Je7p = 6.5Hz), 21.2 (d, C5; *Jesp =
1.3Hz), 62.0 (d, C6, *Jes_p = 5.4Hz), 1243 (d, CI;
Uci_p = 195.4Hz), 129.3 (d, C3; *Jcs_p = 9.8 Hz), 134.1
(d, C4; *Jeap=33Hz) 138.1 (d, C2; *Jerp = 15.8),
165.6 (d, C5; *Jes_p = 2.0Hz) ppm. *'P NMR (CDCls):
20.4ppm (s)). For labeling of the carbon atoms see Fig. 2.

The oxidation of II was performed with KMnOy
according to Ref. [17]. Thus, 2.13¢g (8.78 mmol) II, 2.51 g
(23.7mmol) Na,COs3, 9.30g (58.83 mmol) KMnO,, and
0.180 ml Aliquat 336 were refluxed for 45 min. The formed
MnO, was filtered off immediately and washed with hot
water. The aqueous phase was cooled in an ice bath and
upon acidification with 6 M H,SO,, the product crystal-
lizes. The colorless solid was filtered of and washed with
cold water ('"H NMR (DMSO): § =131 (t, 6H, °J
(H-H) = 7Hz, C7H;),), 4.14 (m, 4H, PO(C6H3), 8.46 (m,
2H, C2-H), 8.70 (m, 1H, C4-H) ppm. '*C NMR (DMSO):
d=16.1 (d, C7; *Je7p = 5.9Hz), 62.2 (d, C6, *Jeg_p =
5.7Hz), 123.0 (d, Cl; "Jei_p = 188.0Hz), 131.9 (d, C2;
2Jeop = 14.5), 133.3 (d, C4; *Jea_p = 2.7Hz), 135.5 (d,
C3; “Jes_p=10.6Hz), 165.6 (d, C5; *Jes_p=2.0Hz)
ppm. *'P NMR (DMSO): 16.4ppm (s)). For labeling of
the carbon atoms see Fig. 2.

2.2. High-throughput experiment, discovery library

The discovery of new compounds in unknown reaction
systems is often a time consuming and tedious task. Any
time a new ligand is applied in the synthesis of
inorganic—organic hybrid compounds the first HT experi-
ment should to be as diverse as possible in order to
get an overview on the reaction system and thus, on
promising candidates for the synthesis of new crystalline
inorganic—organic hybrid compounds. Therefore, H,Et,L
was reacted with salts of six divalent and trivalent metal
cations (BaCl,-2H,0O, CuCl,-2H,0, Co(OAc),-4H,0,
CaCl,-2H,0, AlCl;-6H,0, and SmCl;-6H,0) at eight
molar ratios M" " :H,Et,L:NaOH. The molar ratios of the
starting compounds as well as the exact amounts of dosed
chemicals is given in the supporting information. The
cations were selected based on their difference in ionic
charge, ionic radii, and preferred coordination number.
The results of the screening of metal salts are shown in
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Fig. 3. High-throughput screening in the synthesis of inorganic—organic
hybrid compounds: discovery library and the results of the reaction
between different metal salts and 5-diethylphophonoisophthalic acid,
H,Et,L, at eight molar ratios M" " :H,Et,L:NaOH = 1:1:0, 1:1:12, 2:1:0,
2:1:12, 1:2:0, 1:2:12, 1:2:3, and 2:1:3, respectively. Bold letters indicate
crystalline products; normal letters indicate X-ray amorphous products.

Fig. 3. These results are based on HT powder XRD
measurements. From one single HT experiment single-
crystals of four new compounds could be isolated and
structurally characterized ([Sm,(H,0)4(H(OOC),CcHj;.
PO;3),]- 2H,0 (1), [Cu;3(H,O)(H(OOC),CsH3PO3)-] - 2H,0
(2), Ca,(H,O)[H(OOC),CsH;-POsH], 3), and
Ba,(H»,0);(00C),CsH3-PO5; (4)). So far, only title com-
pounds 1, 2, and 3 could be obtained pure phase. In the
following, their optimized synthesis procedures are described.

2.3. Synthesis of [Smy(H,0),(H(OOC),CsH;3-
POs):]-2H>0 (1)

[sz(H20)4(H(OOC)2C6H3PO3)2] 2H20 (1) was pre-
pared by reacting 3.6mg (12umol) H,Et,L, 12uL
(12pmol) of a 1M aqueous solution of SmCl;- 6H,0,
56 uL (143 umol) of a 2.5 M aqueous solution of KOH, and
181 uL deionized water in a sealed 500 pL. Teflon micro-
reactor. The reaction was carried out at 160 °C for 2 days.
The resulting light yellow solid was filtered off and washed
with deionized water and acetone. X-ray powder diffrac-
tion (XRD) experiments confirmed the presence of only
one phase, [sz(H20)4(H(OOC)2C6H3PO3)2]2H20 (1)
The corresponding theoretical and experimental powder
XRD patterns are given in Fig. S1 in the supporting
information. (EDX: Sm:P = 1:1; elemental analysis: found:
C, 21.12; H, 2.37. caled: C, 21.47; H, 2.03).

2.4. Synthesis of [Cu3;(H,0)(H(0OOC),CsH;s-
PO3),]-2H,0 (2)

In a reaction of 12mg (40 umol) H,Et,L with 80 puL
0.5M aqueous CuCl,-2H,O solution (40umol), 80puL
0.5M aqueous NaOH solution (40 pmol), and 90 uL. H,O

in a Teflon microreactor at 160 °C for 2 days, pure phase
solid of [Cu;(Hzo)(H(OOC)2C6H3P03)2] . 2H20 (2) is
obtained. This was confirmed by XRD measurements
(Fig. S2). (EDX: Cu:P = 3:2; elemental analysis: found: C,
26.19; H, 1.24. caled: C, 26.29; H, 1.10).

2.5. Synthesis of Cay(H,O)[H(OOC),CsH3-PO3;H], (3)

The reaction of a mixture of 16.8 mg (55.6 umol) H,Et,L,
33 uL (83.5 umol) 2.5M NaOH, 37 puL (27.6 umol) of 2 0.75M
aqueous solution of CaCl, - 2H,0, and 189 uLL H,O at 160 °C
for 2 days results in the formation of Ca,(H,O)[H(OOC),
C¢H3-POsH], (3). Powder XRD measurements showed that
the product is phase-pure Ca,(H,O)[H(OOC),CsH5-PO3;H],
(3) (Fig. S3). (EDX: Ca:P = 1:1; elemental analysis: found: C,
32.15; H, 1.33. caled: C, 32.77; H, 1.41).

2.6. Physical characterization

XRD patterns were recorded with a STOE STADI P
diffractometer using monochromated CuKo, radiation.
IR spectra were recorded on an ATI Matheson Genesis in
the spectral range 4000-400cm~' using the KBr disk
method. Thermogravimetric (TG) analyses were carried
out under nitrogen (75 mlmin~", 8 °Cmin~") on a Netzsch
STA-409CD (3) or in air (25mImin~", 10 °C min~"') using a
NETZSCH STA 449C Analyzer (compounds 1 and 2).
EDX analysis was performed on a Philips ESEM XL 30.

3. Crystallography

The single-crystal structure determination by XRD for
compounds 1, 3, and 4 was performed on an Enraf Nonius
Kappa-CCD diffractometer equipped with a rotating anode
(MoKua radiation, 4 = 71.073 ppm). For data reduction and
the absorption correction the program XRED was used [18].
For compound 2, the data collection was performed on a
STOE IPDS diffractometer equipped with a fine-focus sealed-
tube X-ray source (MoKu radiation, A = 71.073 ppm). The
single-crystal structures of 1, 2, and 3 were solved by direct
methods; the structure of 4 was solved by the Patterson
method. All structures were refined using the program
package SHELXTL [19]. All H-atoms bound to carbon
atoms were placed onto calculated positions. These H-atoms
were refined using a riding model and fixing the temperature
factor to be 1.2 times the value of the atom they are bonded
to. The crystal data for compounds 1, 2, 3 and 4 is listed in
Table 1 and selected bond lengths are given in Tables 2-5.

4. Results and discussion

4.1. Crystal structures

4.1.1. Crystal structure of [Smy(H,0),(H(OOC),CsHj3-
POs)>]-2H50 (1)

The asymmetric unit of 1 consists of two Sm®* ions, two
[H(OOC),CsH5-PO5]*~ anions, four coordinatively bonded
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Summary of crystal data, intensity measurement, and structure refinement parameters for [Sm,(H,0)4(H(OOC),CsH3-PO3),]- 2H,O (1), [Cuz(H,0)
(H(OOC),CsH3-PO3),] - 2H,0 (2), Cay(H,0)[H(OOC),C¢H3-POsH], (3), and Bay(H,0)3(00C),CsH3-PO; (4)

Compound 1 2 3 4

Crystal system Triclinic Monoclinic Monoclinic Triclinic

Space group P—1 12/a P2, P—1

a (pm) 706.51(3) 964.6(1) 897.71(2) 690.87(1)

b (pm) 1097.85(6) 1727.4(1) 1237.17(3) 880.18(2)

¢ (pm) 1611.71(6) 1303.4(1) 907.97(2) 1112.62(2)

o (%) 109.700(3) 92.031(1)

B () 91.681(3) 110.81(1) 104.088(1) 102.5740(1)

y () 93.868(2) 95.074(2)

Volume (10° pm?) 1172.45(9) 2030.2(3) 978.08(4) 656.72(2)

Z 2 4 2 2

Formula mass (g/mol) 894.96 730.83 586.36 570.80

p (g/em®) 2.535 2.391 1.991 2.887

F(000) 860 1452 596 528

Crystal size (mm?) 0.16 x 0.05 x 0.04 0.34 x0.15 % 0.09 0.24 x 0.15 x 0.09 0.2 x0.15x0.09

p (mm™h 5.197 3.370 0.834 6.131

Abs. correction Numerical Numerical Numerical Numerical

Tmin./ Trnax. 0.7449/0.9155 0.8578/0.9524 0.9370/0.9725 0.6467/0.4665

0 Range (°) 3.26-27.46 2.36-27.93 3.29-27.48 3.20-27.55

Range in hk! -9<h<9, —12<h<12, —11<h<11, —8<h<8, —11<k<1],
—14<k<14,-20<1<20 —22<k<22, —17<I<17 —l6<k<l15, —11<i<11 —14<i<14

Total data collect. 16010 8700 15744 9273

Unique/obs. data (I > 5209/3833 2315/2039 4455/4006 2975/2757

2a(D))

Extinction coeff. - 0.0023(3) - 0.0122(8)

Flack parameter - - —0.02(3) -

R(int) 0.0672 0.0315 0.0392 0.0312

RI1, wR2 (I >2a(]))
R1, wR2 (all data)

0.0558, 0.1173
0.0881, 0.1308

0.0258, 0.0687
0.0304, 0.0699

0.0340, 0.0741
0.0430, 0.0788

0.0212, 0.0618
0.0258, 0.0804

Goodness of fit 1.041 1.061 1.086 1.263
No. of variables 364 196 360 191
Ae min/max (eA>) —2.606/2.066 —0.901/1.508 —0.428/0.350 —1.279/1.092

Table 2 Table 4
Selected bond lengths (A) for [Sm,(H,0)4(H(OOC),CcH3-PO3),] - 2H,0 Selected bond lengths (A) for Ca,(H,O)[H(OOC),CcH3-POsH], (3)
()]

Ca-O 2.299(2)-2.631(2) P- 1.501(2)-1.589(2)
Sm-O 2.316(7)-2.632(7) P-O 1.501(7)-1.553(7) P-C 1.801(3), 1.806(3) C—Chphenyl 1.384(4)-1.406(4)
P-C 1.807(11), 1.803(10) C—Cphenyl 1.376(14)-1.405(14) c-C 1.477(4)-1.510(3) C— 1.218(3)-1.325(3)
Cc-C 1.488(14)-1.506(14) c-O0 1.219(13)-1.326(12)

Table 5 .
Table 3 Selected bond lengths (A) for Bay(H,0);(00C),C¢H3-PO; (4)

Selected bond lengths (A) for [Cus3(H,0)(H(OOC),CsH3-PO3),] - 2H,0 (2)

Cu-O 1.885(2)-2.156(2) P-O 1.520(2)-1.553(2)
P1-Cl 1.805(2) CCphenyl 1.390(3)-1.397(3)
c-C 1.492(3), 1.493(3) Cc-0 1.206(3)-1.327(3)

water molecules, and two lattice water molecules (Fig. S4).
The protons of both carboxylic acid groups have been
located unequivocally from the difference Fourier map and
were refined using a riding model and fixing the tempera-
ture factor to be 1.2 times the value of the atom they are
bonded to. Both Sm®" ions are coordinated by nine
oxygen atoms. The coordination behavior of the organic
molecules is shown in Fig. 4. In each molecule, the
phosphonic acid is fully deprotonated, one carboxylic acid

Ba-O 2.685(3)-3.4062(10) P-O 1.519(3)-1.542(3)
P-C 1.811(4) C—Cphenyl 1.272(5)-1.401(5)
cC 1.504(5), 1.505(5) c-0 1.254(5)-1.262(5)

group, and one carboxylate group is present. The C7- and
Cl15-carboxylic acid groups form hydrogen bonded dim-
mers with oxygen atoms O4 and Ol1 as H-donors and
oxygen atoms OS5 and OIl2 as H-acceptors which act
additionally as H-acceptors in hydrogen bonding with
water molecules O15 and O16. The C8 and Cl6-carbox-
ylate groups act as chelating ligands with Sm1 and Sm2,
respectively. The P1- and P2-phosphonate groups coordi-
nate to both Sm1 and Sm2. Whereas three water molecules
(015, O17, and O18) are coordinating to Sml, Sm2 is
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Fig. 4. Coordination behavior of the HL*" ions in [Sm,(H,0)4(H(OOC),CsH3-POs),] - 2H,0 (1). H-atoms are omitted for clarity.

coordinated by only one water molecule (O19) (Fig. S5).
The structure of 1 can be described as follows: edge-sharing
Sm20¢ polyhedra form chains along the ag-axis with
sidearms of edge-sharing Sm1QOg polyhedra (Fig. 5). The
organic molecules are oriented perpendicular to these
chains (Fig. S6). Thus, the chains are interconnected along
the b-axis by phosphonate and carboxylate groups
coordinating to Sm>* ions. In contrast, along the c-axis
these chains are interconnected by hydrogen bonding
between two carboxylic acid groups. Thus, one-dimen-
sional channels along the a-axis are formed which contain
hydrogen bonded water molecules (Fig. 6).

4.1.2. Crystal structure of [Cu3(H,0)(H(OOC),CsH;-
PO3)>]-2H>0 (2)

The asymmetric unit of [Cuz(H,O)(H(OOC),CsH3-PO3),] -
2H,0 (2) is given in Fig. S7. It is comprised of one Cu** ion
on a special position (Cul) and one on a general position
(Cu2), one [H(OOC),C¢H5-PO;*~ ion and two water
molecules O7 (general position) and O8 (special position).
All protons bound to oxygen atoms could be located
unequivocally from the Fourier difference map and were
refined freely. The phosphonic acid group is fully deproto-
nated and whereas oxygen atom O2 acts as p,-ligand bridging
the Cul and Cu2 ions, the oxygen atoms Ol and O3
coordinate only to one Cu2 ion each (Fig. 7). The C7-
carboxylic acid group acts as a H-donor with the phospho-
nate oxygen atom O3 and as a H-acceptor in a hydrogen
bond with the water molecule O9. The C8-carboxylate group
is involved in the coordination of two different Cu®" ions
(Fig. 7). Cul is coordinated by five oxygen atoms and Cu2 by
four oxygen atoms. Cu;0q; trimers are formed by one CuOs-
and two CuOQy corner-sharing polyhedra (Fig. S8), which are
connected by phosphonate groups to form chains along the
a-axis (Fig. 8). Around these chains the organic molecules
are arranged (Fig. S9), which further connect the chains in the
b- and c-direction (Fig. 9).

4.1.3. Crystal structure of Ca,(H,0)[H(OOC),CsHjs-
PO;H]> (3)

The asymmetric unit of Ca,(H,O)[H(OOC),CcHs-
POsH], (3) consists of two Ca®*' ions, two

Fig. 5. Edge-sharing Sm20y polyhedra form chains along the a-axis with
edge-sharing Sm10y polyhedra as sidearms as observed in [Sm,(H,0),4
(H(OOC),C6H;3-PO;),] - 2H,0 (1).

[H(OOC),C¢H5-PO;H]*~ ions and one water molecule
(Fig. S10). The protons belonging to carboxylic- and
hydrogenphoshonic acid groups (04, O11, O3, and 09)
could be located unambiguously from the Fourier differ-
ence map and were refined freely. The coordination
behavior of the H,L?~ ions is shown in Fig. 10. Each
organic molecule is twofold deprotonated leading to the
presence of one carboxylate, one carboxylic-, and one
mono-hydrogenphosphononic acid group. The carboxylate
groups act as chelating ligands, and at the same time one
oxygen is bridging two Ca’" ions (u-oxygen atoms O6
and O13). Both carboxylic acid groups are pseudo
bridging. Thus, the carbonyl oxygen atom coordinates
to a Ca®" ion and at the same time, the OH-group acts
as H-donor in a hydrogen bond with an oxygen atom
coordinating to the respective Ca’>" jon. Whereas the
P1-hydrogenphosphonic acid group is coordinating to two
Ca’>" ions, the P2-hydrogenphosphonic acid group is
coordinating to three Ca>" ijons. Both hydrogenpho-
sphonic acid groups are involved in hydrogen bonding.
Both Ca®" ions are coordinated by seven oxygen atoms
and form Ca,O1,-dimers by sharing edges (Fig. S11). These
dimers are connected by both PI1- and P2-hydrogenpho-
sphonate groups to form layers in the b, c-plane (Fig. 11)
that are further connected along the a-axis by the organic
units (Fig. 12).



3116 S. Bauer, N. Stock | Journal of Solid State Chemistry 180 (2007) 3111-3120

Fig. 6. In [Sm,(H,0)4(H(OOC),CcH3-PO3),] - 2H,0 (1) chains of edge-sharing SmO9 polyhedra are connected by coordinative (along the b-axis) as well
as hydrogen bonds (dashed lines, along the c-axis). Thus, one-dimensional channels along the a-axis with hydrogen bound water molecules are formed.
(Sm10y polyhedra are presented in light gray and Sm20y polyhedra in dark gray).

QOQ
Cuz . *°
03

C:’ Cu
0 s . P
702 Vg @0
Cu2 Cu2 @c

Fig. 7. Coordination behavior of the HL3~ ijons in [Cus(H,O)
(H(OOC),CcH3-PO3),] - 2H,0 (2). H-atoms are omitted for clarity.

Fig. 8. In [Cu3(H,O)(H(OOC),CsH3-POs),] - 2H50 (2), trimers of Cu;0y;
(light gray polyhedra) are connected by phosphonate groups (dark gray
polyhedra) to form chains along the a-axis.

Ocu @r 0o @c

Fig. 9. In [Cu3(H,O)(H(OOC),CsH;3-POs),] - 2H,0 (2), the copper phos-
phonate chains along the a-axis are connected by HL>~ ions in the b- and
c-direction.

4.1.4. Crystal structure of Ba,(H>0)3;(0O0C),CsH3-POj3
(4)

The asymmetric unit of Ba,(H,0);(00C),C¢H3-PO5 (4)
is shown in Fig. S12. It consists of two Ba®" ions, one
[(OOC),C¢H5-PO5]*~ anion and three water molecules. All
oxygen atoms are involved in the coordination of the Ba>™*
ions. The coordination behavior of the organic molecule is
given in Fig. 13. The C7-carboxylate group is coordinating
to three Ba® " ions. Whereas oxygen atom O35 coordinates
to one Ba’" ion, oxygen atom O4 acts as a u»-bridging
ligand. The C8-carboxylate group coordinates in a bridging
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C16
014

Flg 11. In Caz(H20)[H(OOC)2C6H3-PO3H]2 (3), Ca2012 dimers (llght
gray) are connected by hydrogenphosphonate groups (dark gray) to form
layers in the b, c-plane.

Fig. 12. Calcium-hydrogenphosphonate layers are connected by H,L*~
ions along the g-axis, as observed in Ca,(H,O)[H(OOC),CcH3-POsH]; (3).
(Cay0y, dimers are presented inlight gray and hydrogenphosphonate
groups in dark gray).

Fig. 13. Coordination  behavior  of  the L4 ions in
Ba,(H,0);(0O0C),C4H;-PO; (4). H-atoms are omitted for clarity.

mode two Ba®>" ions, and additionally acts as H-acceptor
in a hydrogen bond with the water molecule O10. The
phosphonate group is involved in the coordination of four
Ba’* ions and in hydrogen bonding with three water
molecules. BalOy- and Ba20g polyhedra form face-sharing
Ba,Oy4 dimers (Fig. S13) which are further connected to
each other by sharing edges to form inorganic Ba—O-layers
in the a, c-plane (Fig. 14). These layers are connected along
the b-axis via the organic molecules (Fig. 15).

4.2. IR spectroscopy

The title compounds 1, 2 and 3 were characterized using
IR-spectroscopy (Fig. 16). They all exhibit very similar
vibration bands, which are hard to assign in detail.
Nevertheless, important information can be deduced.
Thus, in the following, only bands related to the presence
of water molecules, and carboxylic acid or carboxylate
groups are discussed in detail. The IR-spectra of all
compounds exhibit typical bands in the region between
1250 and 980cm™' that are due to the P-C and P-O
stretching vibrations of the tetrahedral CPOs-group. The
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QBa

Fig. 14. In Ba,(H,0);(00C),CcH;-PO;3 (4), face-sharing Ba,O,4 dimers
are connected by sharing edges. Thus, inorganic Ba—O-layers in the a, c-
plane are formed. (BalOg polyhedra are presented in light gray and Ba20Og
polyhedra are presented in dark gray).

o

Fig. 15. The Ba—O-layers are connected along the b-axis via L* ions, as
observed in Ba,(H,0)3(0OOC),CcH3-PO5; (4). (BalOgy polyhedra are
presented in light gray and Ba2Og polyhedra are presented in dark gray).

symmetric and antisymmetric C—H stretching vibrations of
the aromatic ring result in two bands of low intensity in the
region between 3100 and 3000cm~'. Schemes of typical
coordination modes observed for carboxylic acids are given
in Fig. 17.

Bands above 3100cm™' in the IR-spectrum of
[sz(H20)4(H(OOC)2C6H3-PO3)2]2H20 (1) show the
presence of water molecules in the structure. Whereas the
broad band with a maximum 3370cm ™" is due the O-H
stretching vibration of water molecules involved in
H-bonds, the sharp band at 3610cm ™! can be assigned
to the O-H stretching vibration of water molecules
coordinated to Sm>* ions. A broad band at 1697 cm ™! is
due to the overlap the C=0 stretching vibrations of the
two crystallographically independent carboxylic acid
groups. The two different coordination modes of the

(a)

Transmittance/a.u.

(c)

T T T T T T T T T T T T v T
3500 3000 2500 2000 1500 1000 500
Wavenumber/cm-

Fig. 16. IR-spectra for (a) [Sma(H,0)4(H(OOC),CsH3-PO3),] - 2H,0 (1),
(b) [Cus(H,0)(H(OOC),CeH3-PO3),] - 2H,0 (2), and () Cax(H0)
[H(OOC),CeH3-PO;H], (3).

a b c d e
R
R R R
Lo Ao oLy oy o
R S S - A
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M M M M M |
H
monodentate bidentate bidentate pseudo
bridging chelating bridging

Fig. 17. Typical coordination modes of carboxylic acids [20,21].

carboxylate groups result in two additional sets of bands at
1609/1452cm™" and 1539/1389cm™". They are due to a
bidentate bridging (Fig. 17c) and a bidentate chelating
(Fig. 17d) interaction between the carboxylate groups and
the Sm>* ions [20,21].

According to crystallographic results, several bands
above 3100cm™' due O-H stretching vibrations in the
IR-spectrum of [Cuz(H,O)(H(OOC),CsH3-PO3),]-2H,0
(2) show the presence of water molecules coordinated to
Cu’" ions (a sharp band at 3556 cm™") as well as hydrogen
bonded water molecules. The C=0 stretching vibration of
the carboxylic acid group results in a band at 1715cm™".
The bands due the bidentate bridging interaction (Fig. 17c)
of the carboxylate group with the Cu®* ions can be
assigned to the bands located at 1578 and 1402cm™!
[20,21].

A broad band due to the O—H stretching vibration in the
IR-spectrum of Ca,(H,O)[H(OOC),CsH;-PO3;H], (3) in-
dicates the presence of water molecules in the structure.
The C=O0 stretching vibration of the carboxylic acid group
results in a sharp band of high intensity at 1704cm™".
Bands at 1557 and 1394 might be due to the bidentate
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bridging interaction (Fig. 17¢) of the carboxylate groups
with the Ca*>" ions [20,21].

4.3. Thermal properties

The thermal properties of the title compounds 1, 2 and 3
were studied using TG analysis (see supporting informa-
tion).

According to TG measurements, the water molecules in
[Sm,»(H>0)4(H(OOC),C¢H3-PO3),] - 2H,O (1) are released
in two steps (Fig. S14). Thus, up to 180 °C a weight loss of
8.0% is observed which corresponds to the release of four
water molecules per formula unit (caled. 8.1%). In a
second step, up to 370°C a total weight loss of 13.5%
occurs. The calculated value for the release of all six water
molecules per formula unit is only 12.1%. The higher
weight loss can be explained by a starting condensation of
the carboxylic acid groups accompanied by the release of
additional water molecules. A steep weight loss starting
from 430 °C indicates the collapse of the structure.

In the TG diagram of [Cus3(H,O)(H(OOC),C¢Hj3-
PO3),] - 2H,0 (2) up to 240 °C no weight loss is observed
(Fig. S15). The three water molecules per formula unit are
released in a single step from 240 to 320 °C (weight loss of
7.7%; caled.: 7.3%). A steep weight loss starting from
350 °C indicates the collapse of the structure. Upon further
heating several steps of weight loss occur due to the
degradation of the compound.

The TG diagram of Caz(Hzo)[H(OOC)2C6H3-PO3H]2
(3) shows in the first step a weight loss starting from 230 to
430°C (Fig. S16). The value of 6.1% (caled. 6.1%)
corresponds to the departure of two water molecules per
formula unit. Thus, not only the lattice water molecules are
released but also water from the condensation of hydro-
genphosphonate and carboxylic acid groups. Upon further
heating above 430 °C, a continuous weight loss with two

3119

steps due to further condensation and pyrolysis of the
organic part is observed.

5. Conclusion

We have synthesized a new ligand, 5-diethylphospho-
noisophthalic acid (HOOC),CsH;-PO5(C,Hs),, HoEt,L)
and used in the synthesis of new metal phosphonates.
Using HT methods, we have successfully screened several
metal salts for the synthesis of new crystalline metal
phosphonates. Thus, from a discovery library single
crystals of four new compounds, [Sm,(H,O)4(H(OOC),
CeH3-PO3)] - 2H,O (1), [Cusz(H,0)(H(OOC),CH3-PO3),] -
2H20 (2), Cdz(HzO)[H(OOC)ZC6H3-PO3H]2 (3), and Baz
(H>0)3(00C),C¢H5-PO5 (4), could be isolated and their
crystal structures have been elucidated. The new ligand
containing two carboxylic acid groups and one phospho-
nate group, has shown to be very versatile in its
coordination behavior (Fig. 18). In the title compounds
carboxylic acid-, carboxylate-, hydrogenphosphonate-, as
well as phosphonate groups with different types of
interaction with metal ions are observed (bidentate
bridging, bidentate chelating, u,-oxygen bridging, as well
as monodentate-coordinating). Looking at the structures
of the title compounds, one finds different metal-oxygen—
metal (M-O-M) connectivities. Thus, in Ca,(H,O)
[H(OOC),C¢H5-POsH], (3), Ca,Oq,-dimers are present
which are connected by hydrogenphosphonate groups to
form layers. In [CU3(H20)(H(OOC)2C6H3-PO3)2]ZHQO
(2), Cuz0y; trimers are observed which are further
connected into chains by phosphonate groups. In
[sz(H20)4(H(OOC)2C6H3-PO3)2] . 2H20 (1), infinite
Sm—O-Sm chains are connected by the linker molecules.
Thus, one-dimensional channels are formed which are
occupied by water molecules. Finally, in Ba,(H,0)3(O0OC),
C¢H3-POj3 (4) infinite Ba—O—Ba-layers are observed. Thus,

Sm
Sm Sm % .Sm Cu
sm i . Lo Cu i Cu
T Sm o, | (0]
' ; ~p—0O'g ‘o &
O\ //O P m \P’O ......... Cu

sSm..0 (o)
Sm

Ca o xpa Ca
O\P// o (o]

.0 o)
Cu~
Ca 5 Ba  Ba
o Ca ° o Ba
o_/
-0 p—O

“Ca Ba~ Ba

Fig. 18. Schematic presentation of the coordination modes of the organic molecules as observed in the title compounds.
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the last two structures belong to the family of hybrid metal
oxides with infinite M—O-M arrays, while the first two
compounds can be assigned to the family of coordination
polymers according to the nomenclature proposed by
Cheetham et al. [2]. The ability to form such extended
solids in combination with H4L is probably due to the
higher preferred coordination number of the Sm®* and
Ba?" ions. Furthermore, the high coordination flexibility
of the phosphonic acid group might prevent the formation
of secondary building units as observed in carboxylate
chemistry that could lead to tailored synthesis of phos-
phonate based metal-organic framework structures. Future
work will address the systematic investigation of the
individual systems M"" /H,Et,L/Base in order to extract
reaction as well as structural trends.

Supplementary material

Molar ratios and dispensed amounts for the HT metal
screening, additional figures for the structure description,
as well as experimental and theoretical XRD patterns for
the title compounds 1, 2, and 3. Crystallographic data for
the structures (CCDC 649041 (1), CCDC 649042 (2),
CCDC 649043 (3), and CCDC 649044 (4)) have been
deposited with the Cambridge Crystallographic Data
Centre. Copies of the data can be obtained free of charge
on application to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: int.code (1223)336-033;
e-mail for inquiry: fileserv@ccdc.cam.ac.uk.
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