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Synthesis and X-ray Crystal Structures of the New, Three-Dimensional
Ethylenediphosphonates [A{HO;P(CH,),POszH,}] (A = Alkali Metal, TI, or
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Deintercalation of Ammonia
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Seven new ethylenediphosphonates with the formula
[A{HO3P(CH,),PO3H,}] [A = Li (1), Na (2), K (3), Rb (4), Cs
(5), T1 (6), and NH, (7)], have been synthesized and charac-
terized by single-crystal X-ray diffraction, infrared spec-
troscopy, and thermal studies. They have four types of three-
dimensional structures, with variations in the coordination of

the A* ions. All of them are solid Bronsted acids that undergo
room-temperature, acid-base intercalation reactions with
ammonia.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Metal organophosphonates are a class of organic-inor-
ganic hybrid materials in which the organophosphonate
groups are covalently bonded to the metal inorganic back-
bone. In the recent past, there has been a renewed interest
and activity in the research area of metal organophosphon-
ates,' "% mainly due to their varied compositions, structural
diversity, and potential applications,” "' for example, as
sorbents, ion-exchangers, sensors, and catalysts. The expan-
sion of metal organophosphonate chemistry includes phos-
phonates!!>~13 and diphosphonatest!®~!81 of s-, p-, d- and f-
block metals, and the structures reported for these com-
pounds can be broadly classified into two categories,
namely zero-dimensional types, such as mononuclear and
complex molecular clusters, and extended framework types
like one-, two-, and open three-dimensional networks. Low-
dimensional structures such as chains and layers are mostly
observed for compounds of the second type due to the seg-
regation of hydrophobic regions of the organic moieties
from the rest of the framework.

The solid-state chemistry of diphosphonates!!®~!8] is an
emerging area of research, and several investigations con-
cerning the synthesis, structures, and properties of di-, tri-,
and tetravalent metal diphosphonates with extended frame-
works, 1181 such as (VO),[CH5(PO3),]'4H,0, [Tiz;0,-
(H20)2(0;PCH,PO;),](H20),,  [AL{(OsPCH,CH,PO3) -
(H,0),F,'H;0, [AL{(OsPC;H,PO5), (HPO), }(H,0),F>+
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H,0 (0 = x = 0.32), [Al,(OH),(H,0),(O;PCH,CH,PO,)],
[Ga,{(O;PCH,CH,PO;)}(H,0),F,]-2H,0,  [Sby{O(O5P-
CH,POs;H)}], [Nig(OsPCH,PO;),]((H,0), (n = 3, 2, 0),
[Cr2{O3P-(CH,),-PO3},]:3H,0,  [Cu,{(O;PCH,CH,PO3)-
(H20)21],  [Cuz{(OsPC3HsPO;)(H,0),}]-H>0, [Cu,{(O;P-
C4HgPO3)(H>0),}]-2H50,  [Cus{(O3PCsH ,PO3)(H,0),} ]
2.8H,0, [Zny{(OsPCH,CH,PO3),(H,0)}],  [Zn,{(OsP-
C3HgPO3)}],  [Cox(OsPCH,PO;)['H,0,  [Fe {(OsPCH,-
CH,PO53)}], and [Fe,{(OsPCH,CH,PO5)}]-2H,0, have
been reported. These examples illustrate the structural di-
versity and the compositional variations, with different ra-
tios of metal to diphosphonates, inclusion of F-, O%", and/
or H,O in the coordination sphere of the metals, and di-,
tri-, and tetraanionic forms of diphosphonic acids with dif-
ferent alkyl chain lengths. One noteworthy feature of all
these alkyl diphosphonates is their insolubility in water,
which enables their isolation as precipitates from aqueous
solutions.

Among the many diphosphonates reported, there are
only a few reports!'®! of compounds with a metal to diphos-
phonic acid ratio of 1:1. These include [Ti{O3;P(CH,),POs}]
(n = 2, 3), [LnH{O3P(CH,),POs}] (n = 1-3), [Sb{OsP-
(CH,),,POs;H}] (n = 2, 3), and [Sn(HO3PCH,POsH)]. These
tri- and divalent metal compounds contain (HO;PCH,-
PO5;H)?> and (HO;PCH,PO5)* anions and are, therefore,
potential solid Bronsted acids. However, there are no re-
ports of the intercalation properties of these diphosphon-
ates. It is in this context that 1:1 diphosphonates of mono-
valent metals, [A {HO;P(CH,),POsH,}], are envisaged to be
strong, solid Bronsted acids that can undergo intercalation
with bases. Only two monovalent metal diphosphonates,
namely [Ag4{O3;P(CH,),PO5}] and [Na{HO;PCH,POz;H,}],
have been reported!!”! so far. We have recently synthe-
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sized® seven new, low-dimensional 1:2 phenylphosphona-
tes of monovalent metals, [A(HO;PPh)(H,O;PPh)] (A = Li,
Na, K, Rb, Cs, NHy, and TI). These solid Bronsted acids
undergo intercalation of amines and ammonia and, in a few
cases, to the largest extent ever known. In view of these
observations, we have undertaken a study of 1:1 metal alkyl
diphosphonates of alkali and thallium metals and ammo-
nium. We report here the successful synthesis, characteriza-
tion, and ammonia-intercalation of the new, water-soluble
ethylene diphosphonates [A{HO;P(CH,),PO;H,}] [A = Li
(1), Na (2), K (3), Rb (4), Cs (5), Tl (6), and NHy (7)].

Results and Discussion

X-ray Diffraction and Crystal Structures

The observed powder XRD patterns for all the seven
structurally characterized [A{HO;P(CH,),PO;H,}] com-
pounds agree with those simulated with the LAZY-PUL-
VERIX program®!! on the basis of single-crystal X-ray
structures, thus indicating the single-phase nature of the
samples. However, the observed relative intensities of some
of the reflections are different from those calculated due to
the preferential orientation of the crystallites. The crystal
structures of ethylenediphosphonates 1-7 can be broadly
classified into four structural types, namely those of com-
pounds 1, 2, 3, and 7. From the point of view of A-P-O
frameworks the sodium compound is two-dimensional,
whereas the others are all one-dimensional compounds.
However, these frameworks are connected three-dimension-
ally by the ethylene moiety.

[Li{HO3P(CH,),POsH,}] (1) contains half of one unit
formula in the asymmetric unit. The lithium atom sits on a
twofold axis and is tetrahedrally bonded to four O(1) atoms,
which are near the inversion center 4b. Each LiO(1),4 tetra-
hedron shares two edges with two such tetrahedra to form
“LiO,” chains parallel to the c-axis (Figure 1). O(1) is
bonded to two Li atoms, and each diphosphonate, in turn,
is bonded to four Li atoms, linking two such “LiO,”chains.
The ethylenediphosphonate groups connect these chains
three-dimensionally. The four phosphonate moieties of dif-
ferent diphosphonates are positioned near the inversion
center 4a such that O(3)-H(3) forms a hydrogen bond with
O(2) and the other acidic hydrogen atom, H(2), at the inver-
sion center is between two O(2) atoms, as shown in the en-
circled region of Figure 1. This unique region of space
could be conceived as being porous. To the best of our
knowledge this is the first lithium diphosphonate.

[Na{HO3;P(CH,),POsH,}] (2) contains two formula
units in the asymmetric unit. The two crystallographically
distinct sodium atoms, Nal and Na2, are confined approxi-
mately to the xy planes at z = % and % and octahedrally
coordinated to ten of twelve crystallographically distinct
oxygen atoms [O(1)-O(12)]. Only O(8) and O(11) are not
bonded to sodium atoms. These two NaOg octahedra share
the O(7)-0O(10) edge to form a Na,O, unit, which is linked
to ten phosphonate moieties of five diphosphonates (Fig-
ure 2). Thus, the diphosphonates connect Na,O,, units in
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Figure 1. Polyhedral representation of the wunit cell of
[Li{HOsP(CH,),POsH,}] (1) viewed along the h-axis (top) and the
c-axis (bottom).

the same plane as well as those in the adjacent planes, lead-
ing to a layered—pillared structure (Figure 2). The two di-
phosphonates are distinct in that one is bonded to six so-
dium atoms whereas the other is bonded to only four.
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Figure 2. Polyhedral representation of the Na,O,, bi-octahedral
unit with phosphonate moieties (top) and unit cell of
[Na{HOsP(CH,),POsH>}] (2) viewed along the h-axis (bottom).

[K{HO;P(CH,),PO3H,}] (3) has one formula unit in the
asymmetric unit. The potassium atoms are confined ap-
proximately to the xz planes at y = % and % and coordi-
nated dodecahedrally to oxygen atoms O(1)-O(6) of the di-
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phosphonate, with the maximum value of the K-O bond
length being 3.073(2) A. Each KOs dodecahedron shares
two O(1)-O(4) edges with two such polyhedra to form
“KOg” chains parallel to the c-axis (Figure 3). These chains
are linked to one another three-dimensionally by diphos-
phonate moieties through the O(5) atoms. Thus, this com-
pound is three-dimensional in nature. The diphosphonate is
coordinated to five potassium atoms. Similarly, each potas-
sium atom is bonded to five phosphonate moieties of dif-
ferent diphosphonates: three of them are bonded in a biden-
tate fashion and other two in a monodentate fashion. O(3)-
H(3) and O(6)-H(6) form hydrogen bonds with O(1) and
0O(4), respectively. H(2) and H(5), at two inversion centers,
represent two disordered positions of the other acidic hy-
drogen atom and are located, respectively, between the O(2)
and O(5) atoms. These structural features are present in the
similar three-dimensional rubidium (4), cesium (5), and
thallium (6) compounds as well.

Figure 3. Polyhedral representation of the unit cell of
[K{HO3P(CH,),PO3H-}] (3) viewed along the a-axis (top) and the
c-axis (bottom).

The rubidium (4) and cesium (5) compounds have the
same positional parameters and contain half a formula unit
in their asymmetric units. The metal atoms sit on twofold
axes and are dodecahedrally coordinated to the O(1)-O(3)
atoms of a diphosphonate moiety. The maximum values of
the Rb-O and Cs-O bond lengths are 3.199(3) and
3.431(3) A, respectively. Each AOg dodecahedron shares
two O(1)-O(1)" edges with two such polyhedra to form
“AOg¢” chains parallel to [101]. These chains are linked to
one another three-dimensionally, by diphosphonate moie-
ties, through the O(1) atoms. Unlike cesium, which is
bonded to eight diphosphonates in a monodentate fashion,
rubidium is bonded to two diphosphonates in a bidentate
fashion and another four in a monodentate mode. The hy-
drogen bonding is the same in both compounds: O(3)-H(3)
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forms a hydrogen bond with O(2) and the other acidic hy-
drogen atom, H(2), at the inversion center is between two
O(2) atoms.

There are two distinct diphosphonates, which sit on in-
version centers 2b and 2d, in the wunit cell of
[TI{HO3P(CH,),POsH>5}] (6). The thallium atoms are con-
fined approximately to the yz planes at x = 0.27 and 0.77
and are coordinated dodecahedrally to oxygen atoms O(1)-
0O(6) of both diphosphonates, with the maximum value of
the TI-O bond length being as high as 3.47(3) A. TIOg do-
decahedra, similar to those in the potassium compound,
share O(1)-O(1) and O(6)-O(6) edges to form “TlO4”
chains parallel to the a-axis; these chains are linked to one
another through the O(4) atoms. The diphosphonate is
bonded, in a monodentate fashion, to six thallium atoms.
Similarly, the thallium atom is bonded to six phosphonate
moieties of different diphosphonates. Both O(3)-H(3) and
0O(6)-H(6) form hydrogen bonds with O(5). H(2) and H(5),
with half site-occupancies, represent two disordered posi-
tions of the other acidic hydrogen atom and are bonded,
respectively, to the O(2) and O(5) atoms. O(2)-H(2) and
O(5)-H(5) form hydrogen bonds with O(4) and O(3),
respectively.

The nitrogen atoms in [NH4{HO;P(CH,),POs;H,}] (7)
are confined approximately to the ab planes and are tetra-
hedrally hydrogen-bonded to oxygen atoms of the diphos-
phonates (Figure 4). The two crystallographically distinct
ethylene diphosphonates sit on inversion centers 1h and 1b.
All the six oxygen atoms, represented by O(4)-O(6), of one
diphosphonate and only two oxygen atoms, O(1) and O(1)’,
of another diphosphonate are hydrogen-bonded to nitro-
gen. The connectivity pattern of NO, tetrahedra and
“PO3;C” phosphonate moieties results in ladder-like chains
parallel to the g-axis (Figure 4), with porous regions be-
tween them. Such a pattern is also observed®” in
[NH4(HO3PCHs)(H,O3PC¢Hs5)]. These chains in the adja-

Figure 4. Polyhedral unit cell of

representation of the
[NH4{HOsP(CH,),POsH,}] (7) viewed along the a-axis (top) and
the c-axis (bottom).
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cent layers are connected three-dimensionally through the
C-C bonds of the PO;C phosphonate moieties. O(3)-H(3)
and O(6)-H(6) form hydrogen bonds with O(4) and O(1),
respectively, and O(2)-H(2) is strongly hydrogen bonded to
O(5).

In the five compounds 1, 3, 4, 5, and 7, the values of the
P-O, P-C, and C-C bond lengths vary in the ranges
1.493(3)-1.575(2),  1.790(4)-1.795(3), and  1.522(5)-
1.542(7) A, respectively. These values compare with the
1.501(1)-1.553(2) A range of P-O bond lengths, the
1.786(2) A P-C bond length, and the 1.544(4) A C-C bond
length reported!®? for ethylenediphosphonic acid. The cor-
responding bond-length ranges of 1.48(2)-1.590(7),
1.74(3)-1.89(1), and 1.45(2)-1.55(2) A in compounds 2 and
6 are a bit wider.

Spectroscopic Studies

All seven compounds, as illustrated for 1 in Figure 5,
have the following common infrared spectral features: (i)
the C-H stretching vibrations!'’! of the ethylenediphos-
phonate group are observed around 2970 and 2924 cm™!,
whereas their bending vibrations are seen at 1380 cm™'; (ii)
the peaks in the region 1200-1000 cm™' are due to P-O
stretching vibrations and the O-P-O bending vibrations!!7]
are found in the region 540-410 cm™'. The infrared spec-
trum of the ammonium compound shows two additional
peaks at 3240 and 1401 cm ! corresponding to the stretch-
ing and bending vibrations of the ammonium ion.?%
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Figure 5. Infrared spectra of [Li{HOs;P(CH,),POs;H,}] (1) (a), its
intercalate 1<(NHj3), 5 (b) and deintercalate (c).

Thermal Analysis

Thermogravimetric analysis of all the seven compounds
was carried out. The thermogravimetric curves of com-
pounds 1, 2, and 7 are presented in Figure 6. No efforts
have been made to identify the composition of the interme-
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diate, residual solid products of decomposition and, there-
fore, only a factual description of these thermogravimetric
curves is given. All these compounds are stable up to about
170-200 °C. Compounds 1-6 undergo total weight losses of
22.5-30% in the temperature range 200-800 °C, whereas
the ammonium compound 7 has a maximum weight loss of
75%. These weight losses occur in two steps, with the sec-
ond one at 460 °C being the major one.
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Figure 6. Thermogravimetric curves of compounds [A{HO;P-
(CH,),PO3H,}] [A = Li (1), Na (2), and NH, (7)] and ammonia
intercalates 1<(NH3); 5 and 2+(NH3)g 0.

Intercalation and Deintercalation Reactions

All these ethylenediphosphonates are solid Bronsted ac-
ids. For example, the pH values of 1 M solutions of pure
ligand and the sodium compound 2 are 2 and 3, respec-
tively. Therefore, they were examined from the point of view
of acid-base intercalation reactions with ammonia. These
reactions, as determined from chemical analysis and spec-
troscopic and thermal studies, turned out to be successful.
The success and extent of ammonia intercalation in the in-
tercalates (1-7)-(NHs), were determined from the IR spec-
tra and elemental analysis. The IR spectra (Figure 5) of
compounds, (1-6)-(NHj3), contain two additional peaks at
3240 and 1450 cm™!' corresponding to the stretching and
bending vibrations of the ammonium ion.?4 The x values
of (1-7)«(NH;), are 1.5, 0.9, 0.7, 0.5, 0.4, 1.0, and 1.6
respectively, and indicate partial intercalation and no sys-
tematic variation with the size and nature of A. The large
value of x for the lithium and ammonium compounds
corroborates their large porosity and greater access to the
porous regions. The differences in the powder XRD pat-
terns of the parent diphosphonate and its ammonium in-
tercalate are significant in the case of 1, 3, 6, and 7, which
is indicative of intercalation of ammonia into the porous
regions of the structure. However, the overall crystallinity
decreases, as shown for 1:(NH3), 5 in Figure 7. Unlike the
parent phases, the intercalates undergo a greater percentage
of weight loss and begin to decompose at lower tempera-

Eur. J. Inorg. Chem. 2006, 813-819



Three-Dimensional Ethylenediphosphonates

FULL PAPER

tures. This is illustrated by the thermogravimetric curves of
1:(NHs3); 5 and 2:(NHj3)y in Figure 6. We also carried out
ammonia deintercalation for a few selected intercalates, na-
mely those of 1, 2, and 7. They undergo deintercalation
upon heating in the air-oven at about 170 °C for about 12
hours. The IR spectra (Figure 6), elemental analysis, and
powder XRD patterns (Figure 7) of the deintercalated
products, as illustrated in the case of 1:(NHj3); 5, confirm
that the deintercalation is complete and topotactic. To the
best of our knowledge, this is the first time that such a re-
versible intercalation of ammonia in hybrid materials has
been demonstrated.
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Figure 7. Powder X-ray diffraction patterns of [Li{HOsP-
(CH,),PO3H,}] (1) (a), its intercalate 1:(NHj3); 5 (b) and deinter-
calate (c).

[Zn(O5;PPh)] and [UO,(HO;PPh),(H,0)],:8H,O have
been reported®>>! to be sensors and proton conductors due
to their intercalation and Bronsted-acidic properties,
respectively. Compounds 1-7 exhibit both these properties
and could be potentially useful as sensors and proton con-
ductors.

Concluding Remarks

A series of seven, new ethylenediphosphonates,
[A{HOs;P(CH,),POsH,}] (A = alkali metal, T1 and NH,),
have four types of three-dimensional porous structures.
They are solid Bronsted acids and undergo room-tempera-
ture intercalation reactions with ammonia. These interca-
lates can be deintercalated topotactically.

Experimental Section

Synthesis: The high purity chemicals A,CO; [A = Li, Na, K, NHy
(SD Fine, India), Rb, Cs and TI (Aldrich)] and 1,2-ethylenediphos-
phonic acid (H,O;PCH,CH,PO3H,, Lancaster) were used as pur-
chased. The compounds [A{HOs;P(CH,),POsH,}] [A = Li (1), Na
(2), K (3), Rb (4), Cs (5), Tl (6), and NH, (7)] were synthesized,
on a 0.5-1.0-g scale, by evaporating aqueous solutions of stoichio-
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metric reactant mixtures of ethylenediphosphonic acid and the ap-
propriate carbonate. Slow evaporation, at room temperature, led to
the formation of compounds as colorless, block-shaped or flaky
crystals. However, evaporation in a steam bath yielded products
in a polycrystalline form. In all the cases the yields were almost
quantitative. These seven compounds were ascertained to be pure
by elemental analysis with a Perkin—Elmer series 11 Model ana-
lyzer. C,H;LiOgP, (195.96): caled. C 12.25, H 3.60; found C 12.42,
H 3.67. C,H;NaO4P, (212.01): caled. C 11.33, H 3.33; found C
11.80, H 3.38. C,H,KO¢xP, (228.12): caled. C 10.53, H 3.09; found
C 10.61, H 3.00. C,H,06P,Rb (274.49): caled. C 8.75, H 2.57;
found C 8.62, H 2.67. C,H,CsO4P, (321.93): calcd. C 7.46, H 2.19;
found C 7.68, H, 2.23. C,H;0¢P,TI1 (393.39): caled. C 6.11, H 1.79;
found C 6.15, H 1.79. C,H;;NO4P, (207.06): caled. C 11.60, H
5.35, N 6.76; found C 11.62, H 5.22, N 6.50.

Ammonia Intercalation and Deintercalation Reactions: Intercalation
of ammonia was achieved by passing ammonia gas over solid sam-
ples of ethylenediphosphonates 1-7 for 2 h. The amount (x) of in-
tercalated ammonia was determined by analysis of the CHN con-
tent of the solid intercalates (1-7)(NHj3),. Ammonia deintercal-
ation was carried out by heating a sample of the intercalate in an
oven at 170 °C for 12 h.

X-ray Diffraction and Crystal Structure: The powder X-ray diffrac-
tion (XRD) patterns of the seven ethylenediphosphontes 1-7 and
their ammonia-intercalation products were recorded on a Shim-
adzu XD-D1 X-ray diffractometer using Cu-K, (1 = 1.5406 A) ra-
diation. Single crystals of compounds 1-7 suitable for X-ray dif-
fraction were selected and mounted with glue on thin glass fibers.
Crystals of compound 7 were found to be twinned. The X-ray data
were gathered successfully at 25°C, on an ENRAF-NONIUS
CAD4 automated four-circle diffractometer, by standard pro-
cedures involving w26 techniques. These data sets were reduced
by routine computational procedures. The program SHELXL-97[2¢]
(Wingx) was employed for the structure solution and refinements
and the graphic program DIAMONDP”! was used to draw the
structures. The structure solutions were obtained by Patterson’s
method for compound 6 and by direct methods for the others.
0O(10) of 2 and O(1) of 6 were refined isotropically, whereas all
other non-hydrogen atoms of these seven compounds were refined
anisotropically. In each phosphonate moiety of compounds 1-7 the
three oxygen atoms were labeled in increasing order of P-O bond
lengths as they are different from one another. The oxygen atoms
with short P-O bonds were considered to be formally double
bonded to phosphorus atoms. The non-hydrogen-atom contents do
not account for charge neutrality, thus indicating the presence of
three acidic protons of diphosphonic acid moieties. These acidic
hydrogen atoms, for all compounds except 2, were located in the
difference Fourier maps and refined with riding model restraints.
Two of the three acidic hydrogen atoms of diphosphonate are
bonded to the two oxygen atoms with long P-O bonds, whereas
the third hydrogen atom is bonded to, or located between, those
oxygen atoms with intermediate P-O bond lengths.[®! The ethylene
hydrogen atoms were refined for all the seven compounds. For the
ammonium compound 7, the ammonium hydrogen atoms were lo-
cated in the difference Fourier map and included in the final refine-
ment. The structure refinement proceeded smoothly for all com-
pounds but 2 and 6. For compound 2, the R value was 10.5%
and therefore an additional absorption correction, based on the
isotropically refined model, was applied to the X-ray data using the
program DIFABS.?! The final difference Fourier map showed no
residual peak with electron density of >1e¢A3 and the final R
value improved to around 7.8%. The C(2)-C(2)" and C(4)-C(4)’
bond lengths in 2 were constrained to be 1.55 A. For the thallium
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Table 1. Pertinent crystallographic data for [AH{HOs;P(CH,),POsH}] [A = Li (1), Na (2), K (3), Rb (4), Cs (5), Tl (6), and NH, (7)].

Compound 1 2 3 4 5 6 7
Formula LiP206C2H7 NaP206C2H7 KP206C2H7 RbP206C2H7 CSP206C2H7 T1P206C2H7 NP206C2H11
Formula weight 195.96 212.01 228.12 274.49 321.93 393.39 207.06
Crystal system monoclinic triclinic monoclinic monoclinic monoclinic monoclinic triclinic
a[A] 16.188(2) 5.727(8) 9.237(1) 10.980(3) 11.472(7) 8.589(3) 6.176(1)

b [A] 8.503(2) 7.957(4) 8.909(2) 9.490(4) 11.030(4) 8.930(4) 7.723(3)
c[A] 5.381(2) 16.52(2) 9.484(2) 9.222(2) 8.443(3) 10.094(3) 9.183(2)
a[°] 90 101.5(1) 90 90 90 90 66.70(2)
A1 107.92(1) 97.82(9) 92.60(2) 120.91(2) 127.90(4) 90.05(5) 85.78(2)

7 [°] 90 98.8(1) 90 90 90 90 85.57(3)
VA3 704.7(3) 718.4(12) 779.6(3) 824.5(4) 843.0(6) 774.2(5) 400.6(2)
Space group C2/c¢ (no. 15) Pl (no. 2) P2i/c (no. 14) C2/¢ (no. 15)  C2/c¢ (no. 15)  P2,/c (no. 14) P1 (no. 2)
Z 4 4 4 4 4 4 2

Pealed. [gem 3] 1.847 1.960 1.944 2.211 2.537 3.375 1.716
u(Mo-K,) [mm1] 0.593 0.645 1.074 6.376 4.756 21.256 0.531
Total reflections 631 2799 1455 765 783 2880 1436
Independent reflections 614 2523 1372 724 745 1348 1415

RIE 0.0309 0.0775 0.0241 0.0237 0.0253 0.0800 0.0291
R, 0.0864 0.2373 0.0699 0.0663 0.0677 0.1882 0.0814

[a] R = X|[Fo| — |FVEIF,|. [b] R, = [Ew(IFo* — [FP)Ew(Fo)] .

compound 6, refinement with correction for twin crystal-data was
carried out. The final R value was about 8% and the final differ-
ence Fourier map showed twenty ghost residual peaks with electron
density greater than 1 eA3. No additional absorption correction
was applied to the X-ray data, as it could not improve the R value.
The R, values for 2 and 6 are a bit high and the desired improvis-
ation of crystal structure refinement, for lower values, was not pos-
sible. However, the qualitative picture of these structures is totally
correct and the quantitative details are, to a large extent, also cor-
rect. The pertinent crystallographic data of all these seven ethylen-
ediphosphonates are presented in Table 1.

CCDC-281082, -281083, -281084, -281085, -281086, -281087 and
-281088 (for 1-7) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Infrared Spectroscopic and Thermogravimetric Studies: The infrared
spectra in the range 400 to 4000 cm !, were measured on a Bruker
IFS 66V FT-IR spectrometer. The samples were ground with dry
KBr and pressed into transparent discs. Thermogravimetric analyt-
ical data were collected on a Netzsch STA 409C instrument. The
samples were heated to 1000 °C at a rate of 10 °C per minute under
flowing nitrogen gas.

Supporting Information Available (see footnote on the first page of
this article): Color figures showing the polyhedral representation
of the unit cells of compounds 1-7.
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