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The framework gallium diphosphonates Ga2[O3PC2H4PO3](H2O)2F2‚2H2O (1) (triclinic, P1h,
a ) 5.0432(2) Å, b ) 7.2468(3) Å, c ) 8.3499(4) Å, R ) 107.489(2)°, â ) 92.444(2)°, γ )
109.338(2)°, Z ) 1) and Ga2[O3PCH2(C6H4)CH2PO3](H2O)2F2 (2) (triclinic, P1h, a ) 4. 9673(1)
Å, b ) 7. 0898(2) Å, c ) 10. 1220(3) Å, R ) 92. 698(2)°, â ) 93.153(2)°, γ ) 109. 122(2)°, Z
) 1) and the solid-solution series Ga2{[O3PCH2(C6H4)CH2PO3]1-x(HPO3)2x}(H2O)2F2 (0 e x
e 0.146) x ) 0.541 (3) and x ) 0.144 Ga2{[O3PCH2(C6H4)CH2PO3]0.853(6)(HPO3)0.29(1)}(H2O)2F2
(4) (triclinic, P1h, a ) 4.959(2) Å, b ) 7.078(2) Å, c ) 10.024(3) Å, R ) 92.404(5)°, â )
92.955(5)°, γ ) 109.187(5)°, Z ) 1) have been synthesized by solvothermal methods and
their structures determined using X-ray diffraction data. All the materials contain linear
chains of corner-sharing GaO4F2 octahedra that are linked by the diphosphonate groups to
form framework structures. The channels of 1 are found to contain two water molecules per
unit cell while those in 2 are too narrow to contain extraframework species. The apertures
created in the phosphite-substituted derivatives of 2 (3 and 4) are shown, by crystallographic
methods, to be considerably larger than those in 2 and, by thermogravimetric methods, to
create more open structures. The synthetic conditions or form of the diphosphonate group
are found to play a defining role in the adoption of this particular configuration of the
inorganic component in the reported compounds and provide an additional strategy for the
rational design of framework hybrid organic-inorganic solids.

Introduction

The area of organic-inorganic hybrid materials is a
rapidly expanding field of materials chemistry due to
their novel properties and the potential for the rational
design of their functionality and structure. One such
group of hybrid materials that has received considerable
interest is the metal phosphonate/diphosphonate family
that has exhibited great possibilities for application in
the areas of sorption,1 ion exchange,2,3 sensing,4,5 charge
storage,6 and catalysis.7,8

The majority of work that has focused on the rational
design of hybrid metal phosphonate materials has
concentrated on controlling the form of the organic

portion of the materials. This approach has included
forming materials with progressively longer organic
chains to increase the pore size of the resultant materi-
als, for example, in the series of copper diphospho-
nates,9-11 Cu2[(O3P(CH2)2PO3)(H2O)2], Cu2[(O3P(CH2)3-
PO3)(H2O)2]‚H2O, Cu2[(O3P(CH2)4PO3)(H2O)2]‚2H2O, Cu2-
[(O3P(CH2)5PO3)(H2O)2]‚2.8H2O, and Cu2[(O3PCH2(C6H4)-
CH2PO3)(H2O)2], titanium diphosphonates Ti(O3P(CH2)n-
PO3) (n ) 2, 3),12 and rare-earth diphosphonates LnH-
[O3P(CH2)nPO3] (n ) 1, 2, 3),13 or materials containing
functionalizable groups, such as the zirconium 4,4′-
biphenyl and 4,4′-terphenylbisphosphonates whose
phenylene groups can be sulfonated to produce mi-
croporous materials containing strong Bronsted acid
groups.14

Not only is it beneficial to control the size of pores
through the length of the organic spacer but it is also
desirable, particularly in framework pillared materials,
to direct the interpillar spacing to produce materials
with easy access to their internal volume. Thus, meth-
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ods to increase, and control, the distance between the
diphosphonate pillars and the porosity of the material
have been pursued vigorously. Three methods to in-
crease the interpillar separation have been reported.
The first method involves pillaring the host material
with a phosphate ester and a diphosphonic acid of
similar dimensions and rendering the resultant material
porous through hydrolysis of the phosphate ester to
yield smaller P-OH groups.15 The second method
involves the controlled topotactic substitution of a
fraction of the diphosphonate groups within a layered
host, by smaller anions, for example, H2PO4

- ions.16 The
final common method involves the formation of the
porous material by coprecipitation of a metal species
with the diphosphonic acid and a smaller spacer sub-
stituent X-PO(OH)2, such as phosphorous acid (X ) H).
This methodology has been used to form several more
open diphosphonate materials, including the solid solu-
tion aluminum phosphite/ethylenediphosphonate series,
Al2[(O3PC2H4PO3)1-x(HPO3)2x](H2O)2F2‚H2O (0 e x e
0.32)17 and Zr(HPO3)1.2(O3PRPO3)0.4 (R ) 3,3′,5,5′-
tetramethylbiphenyl).18,19 The latter is a particularly
noticeable example as the size of the base of the organic
spacer directs the arrangement of the diphosphonate
and phosphite groups.

All the aformentioned methods of increasing the pore
size in these hybrid materials involve altering the form
to the organic spacer or the density of organic pillars
while keeping the inorganic component constant. How-
ever, controlling the structure of the inorganic portion
of these hybrid materials is another route through which
their pore architecture may be rationally designed. A
simple way through which this type of control can be
achieved is by preparing isostructural compounds with
differently sized metal cations; for example, the pore size
of the material, M2[O3PC2H4PO3](H2O)2F2‚H2O, is in-
creased by replacing the Al3+ cations for the larger Ga3+

cations and results in a noticeable effect on the revers-
ible re-adsorption properties of the extraframework
water in the system.20,21 Another potential method to
control the pore architecture in these materials is to
alter the connectivity within the inorganic sections of
the composite material to produce isomeric inorganic
sections of different configuration but the same chemical
formula.

In our continuing investigation of group 13 metal
diphosphonate materials we have synthesized and
structurally characterized the new materials Ga2[O3-
PC2H4PO3](H2O)2F2‚2H2O (1) and Ga2[O3PCH2(C6H4)-
CH2PO3](H2O)2F2 (2) that contain the same general
framework structure Ga2[O3PRPO3](H2O)2F2. The frame-
work of 1 is an isomeric form of the framework found
in Ga2[O3PC2H4PO3](H2O)2F2‚H2O,20,21 but has a larger

pore volume arising from the arrangement of the corner-
sharing Ga-centered octahedra in the constituent inor-
ganic chains in 1. This connectivity of the Ga-centered
octahedra is found to be controllable by modification of
the synthetic conditions or the form of the diphosphonic
acid molecules. By combining several of the techniques
described above, we have synthesized directly and
characterized the novel solid-solution series Ga2{[O3-
PCH2(C6H4)CH2PO3]1-x(HPO3)2x}(H2O)2F2 (0 e x e
0.146) whose members contain potentially functional-
izable groups and the largest aperture size within the
family of group 13 metal diphosphonate materials. The
structure of the x ) 0.147 member (4) of this series,
reported herein, represents the first structure determi-
nation using microcrystal X-ray crystallography of a
member of a metal phosphite/diphosphonate solid-
solution series.

Experimental Section

Materials and Methods. The reagents used to synthesize
all the materials were Ga2(SO4)3‚18H2O (Alfa Aesar), ethyl-
enediphosphonic acid (Lancaster), phosphorous acid (Lan-
caster), HF/pyridine (70 wt %, Aldrich), pyridine (Aldrich) and
1,3-diaminopropane (Aldrich or BDH). [1,4-phenylenebis(m-
ethylene)]diphosphonic acid [H2O3PCH2(C6H4)CH2PO3H2] was
prepared by formation of tetraethylene [1,4-phenylenebis-
(methylene)]diphosphonate [(C2H5)2O3PCH2(C6H4)CH2PO3-
(C2H5)2], using the method of Böhmer et al.,22 and subsequent
hydrolysis following the procedure of Ganguly et al.23 All the
reagents used to synthesize [1,4-phenylenebis(methylene)]-
diphosphonic acid were obtained from Aldrich and, like the
aforementioned reagents, were used without further purifica-
tion.

Microprobe, EDXA, measurements were used to determine
the Ga:P ratio in compound 1. Measurements were made in
separate regions of the as-synthesized sample using an Oxford
Instrument ISIS system (EDS) fitted with a JEOL 773 Super-
probe operating with an accelerating voltage of 15 kV and a
beam diameter of 2 µm, under a vacuum of 10-12 Torr.

The magic angle spinning solid-state nuclear magnetic
resonance (MAS SSNMR) 31P spectrum was recorded using a
Bruker MSL 300 spectrometer for sample 2. An 85% solution
of H3PO4 was used as the reference with the spectrometer
operating at a frequency of 121.50 MHz, a sample spinning
speed of 20 kHz, and recycle delays of 30 s. The 19F MAS NMR
spectrum for 2 was recorded using a Bruker MSL 300
spectrometer operating at a frequency of 282.4 MHz and a
sample spinning speed of 20 kHz, with recycle delays of 5 s
and use of CFCl3 as a reference. The 31P MAS NMR spectra of
the phosphite-substituted samples of 2 were collected using a
Varian Unity Inova spectrometer operating at a frequency of
121.37 MHz and a sample spinning speed of 15 kHz, with
recycle delays of 120 s and use of an 85% solution of H3PO4 as
a reference.

Thermogravimetric analysis (TGA) data were collected using
a Shimadzu TGA 50 thermogravimetric analyzer with the
samples heated in open alumina crucibles under flowing
nitrogen from 25 to 900 °C at a heating rate of 5 °C min-1.

Room-temperature X-ray diffraction patterns were collected
using a Siemens D500 diffractometer employing Ge-mono-
chromated Cu KR1 radiation or a Phillips X’Pert diffractometer
employing Cu KR1+2 radiation and a RTMS X’Celerator detec-
tor.

Sample Preparation. The sample of Ga2[O3PC2H4PO3]-
(H2O)2F2‚2H2O (1) used for structure determination was
synthesized by mixing together Ga2(SO4)3‚18H2O, ethylene-
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diphosphonic acid, HF, pyridine, 1,3-diaminopropane, and
deionized water to form a synthesis gel of molar ratio
1:2.44:9.8:61.6:15.1:162, which after stirring had an initial pH
of 9.45. The reagent mixture was loaded in a 23 mL Teflon-
lined steel autoclave and heated for 4 days at 200 °C. The
crystalline product was washed and separated by suction
filtration to reveal single crystals of several morphologies.
EDXA analysis on the product showed that the different single-
crystal morphologies had similar compositions, containing
Ga:P in the ratio 1:1. The powder X-ray diffraction pattern of
the bulk sample indicated that 1 was a minor phase formed
in the presence of a, as yet unidentified, major phase. Repeti-
tion of the above synthesis for 11 d resulted in the formation
of the unidentified phase. Repetition of the described synthesis
in the absence of the 1,3-diaminopropane resulted in the
formation of pure Ga2[O3PC2H4PO3](H2O)2F2‚H2O.20,21

A polycrystalline sample of Ga2[O3PCH2(C6H4)CH2PO3]-
(H2O)2F2 (2) was prepared in a 23 mL Teflon-lined steel
autoclave using the initial synthesis gel composition and
reaction conditions outlined in Table 1. The [1,4-phenylenebis-
(methylene)]diphosphonic acid was found to be only partially
soluble in water; however, a clear gel was formed after the
addition of pyridine and HF which, after stirring, had an initial
pH of 6.65. The product was washed and separated by suction
filtration to reveal a white powdered solid.

The solid-solution series of materials Ga2[(O3PCH2(C6H4)-
CH2PO3)1-x(HPO3)2x](H2O)2F2 (3, 4) was prepared in 23 mL
Teflon-lined steel autoclaves using the initial synthesis gel
compositions and reaction conditions outlined in Table 1. The
ratio of phosphorous acid to diphosphonic acid in the synthesis
gel was adjusted to 2:3 (3) and 2:1 (4) while keeping the total
molar amount of phosphorus constant. The products were
formed as a polycrystalline material (3) and as microcrystals
(4) that were filtered and washed with distilled water and then
acetone and dried at room temperature.

Single-Crystal Structure Determination of Ga2[O3-
PC2H4PO3](H2O)2F2‚2H2O (1). A suitable crystal of compound
1 was mounted on a Nonius Kappa CCD diffractometer fitted
with a Nonius FR591 rotating anode generator at the EPSRC
National Crystallography Service, Southampton, U.K., and
data were collected from it. The structure was solved by direct
methods and refined by full-matrix least squares on F2 using
the SHELXS-97 and SHELXL-97 programs, respectively.24,25

One of the electron density peaks within the framework
structure, initially assigned as an oxygen atom, was reassigned
as a fluorine atom to yield physically reasonable anisotropic
atomic displacement parameters and to improve the final
residual values. The occurrence of F atoms in the frameworks
of these materials, and gallium fluorophosphates is common
using this type of synthetic procedure.17,20,21,26,27 The atomic
displacement parameters of the non-hydrogen atoms were
refined anisotropically. The hydrogen atoms of the ethyl groups
and the bound water molecule were found from difference
Fourier maps and were refined in riding mode. The hydrogen
atoms of the extraframework water molecule were geometri-
cally placed using the method of Nardelli and refined in riding
mode.28 The isotropic atomic displacement parameters of the

hydrogen atoms were all restrained to have the same value
during refinement. The crystallographic data and structure
refinement parameters are summarized in the footnote,29

atomic coordinates and equivalent isotropic and anisotropic
atomic displacement factors are provided in the Supporting
Information, and selected bond distances and angles are
presented in Tables 3-5.

The void volume and solvent-accessible volume within 1 and
Ga2[O3PC2H4PO3](H2O)2F2‚H2O20,21 were calculated using the
algorithm by Sluis and Spek30 contained within the PLATON
suite of programs31 using the experimental structures from
which the hydrogen atoms and extraframework water mol-
ecules were removed. This methodology has the effect of
biasing the calculated void and solvent-accessible volumes
toward higher values, but allows comparison of the values for
the two different structures.

Ab Initio Powder X-ray Structure Determination of
Ga2[O3PCH2(C6H4)CH2PO3](H2O)2F2 (2). The X-ray data
used to determine the unit cell parameters of 2 were collected
during a 12 h scan on a Siemens D500 X-ray diffractometer
using Cu KR1 radiation (λ ) 1.54056 Å). The first 20 low-angle
Bragg reflections were used to determine the triclinic unit cell
parameters using the auto-indexing programs KOHL32 and
LZON33 contained within the CRYSFIRE suite of programs.34

Synchrotron X-ray data were collected on a sample contained
in a 0.5 mm diameter Lindemann glass capillary tube mounted
on the high-resolution X-ray powder diffractometer at station
2.3, Daresbury, SRS, U.K. The incident X-ray wavelength was
1.25042 Å, selected using a Si(111) monochromator, and the
capillary tube was spun during data collection to minimize
preferred orientation and sampling effects. Data were collected
with a step size of 0.01° 2θ for 3 s per step between 5 and 25°
2θ, 6 s per step between 25 and 50° 2θ, and 10 s per step
between 50 and 90° 2θ. Corrections were made for synchrotron
beam intensity decay through comparison with a beam flux
monitor.

Structure factors were extracted from this diffraction data
by the Le Bail method35 as implemented in the GSAS suite of
programs.36 The background of the diffraction profile was fitted
by a linear interpolation function fitted with 36 terms. The
peak profiles were described by a pseudo-Voigt function with
additional terms used to account for peak broadening effects.
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Table 1. Initial Synthesis Gel Compositions, Reaction Conditions, and Product Formulas of
Ga2{[O3PCH2(C6H4)CH2PO3]1-x(HPO3)2x}(H2O)2F2

H3PO3:H2O3PCH2(C6H4)CH2PO3H2:Ga2(SO4)3‚18H2O:HF:pyridinea:H2O:
temperature (°C):time (d) Ga2[(O3PCH2(C6H4)CH2PO3)1-x(HPO3)2x](H2O)2F2

b

0:2.25:1:17.3:109.4:288.6:150:4 x ) 0 (2)
1.08:1.60:1:16.6:108.6:286:160:7 x ) 0.054(5) (3)
2.19:1.08:1:17.1:109.3:287:160:4 x ) 0.144(5) (4)

a Includes pyridine from HF/pyridine. b Formulas obtained from 31P MAS SS NMR data.
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The extracted structure factors were used in the direct
methods program SIRPOW97,37 via the EXPO interface,38 to
provide the Ga, P, and some of the O atoms of the structure.
Although the E-statistics given from the EXPO package
suggested that the material possessed a center of symmetry,
the space group P1 was used to generate the starting model.
This model was used for the Rietveld refinement, again using
the GSAS suite of programs.36 The remaining atoms were
located from difference Fourier maps with the aid of a series
of heavily weighted soft constraints for the C-C bond distances
of the phenyl ring. Inspection of the structure using the
ADDSYM program, within the PLATON suite of programs,31

revealed that the structure had the higher symmetry of P1h
and this symmetry was used to allow a final structure
refinement with fewer refineable parameters.

During the initial cycles of Rietveld refinement soft con-
straints were applied to all the Ga-O, P-O/C, and C-C
distances within the structure with the soft constraint weight-
ing factor fixed at a high value. As the refinement proceeded,
the soft constraint weighting factor was reduced to a final
value of 5 for the latter cycles of the refinement. The final cycle
of least-squares refinement included the histogram scale
factor, zero point error, lattice parameters, background coef-
ficients, peak profile parameters, and positional and isotropic
atomic displacement parameters for all atoms in the structure.
The isotropic atomic displacement parameters of all the atoms
were restrained to have the same value during refinement.
The final residuals and crystallographic data are given in
Table 2, atomic coordinates and isotropic atomic displacement
parameters are provided in the Supporting Information, and
selected bond distances and angles are presented in Tables 3
and 4, respectively. The final observed, calculated, and differ-
ence profiles are shown in Figure 1.

Single-Crystal Structure Determination of Ga2{[O3-
PCH2(C6H4)CH2PO3]0.853(6)(HPO3)0.29(1)}(H2O)2F2 (4). Single-
crystal X-ray data were collected from a colorless, platelike
single microcrystal of compound 4 mounted on a Bruker AXS
SMART CCD diffractometer at the high-flux single-crystal
diffraction station 9.8 at CCLRC, Daresbury Laboratory
Synchrotron Radiation Source, U.K. The structure was solved
in space group P1h (in agreement with compound 2) by direct
methods and refined by full-matrix least squares using the
SHELX programs.24,25 All the hydrogen atoms of the water
molecules and diphosphonate group were found from difference

Fourier maps and refined in riding mode with all their atomic
displacement parameters refined isotropically and restrained
to have the same value during refinement. The atomic
displacement parameters of all of the non-hydrogen atoms
were refined anisotropically.

The incorporated phosphite groups possess the same geom-
etry as the PO3 groups of the diphosphonate linkages, making
the presence of additional atomic sites due to the phosphite
PO3 species unlikely. This was found to be the case as no
indication of split atomic sites or excessive residual electron
density was found in the difference Fourier maps at the
conclusion of the refinement. The incorporation of the phos-
phite group into the material may manifest itself in the
structure refinement through both the location of the partially
occupied site for the hydrogen atom of the phosphite moiety
and a decrease in occupancy of the C atoms of the diphospho-
nate pillar. As previously stated, no residual electron density
assignable to the hydrogen atom of the phosphite group was
found in the difference Fourier maps at the conclusion of the
refinement and so refinement of the occupancies of the C atoms
of the diphosphonate group provide the correct final crystal
structure and a method to determine the degree of phosphite
substitution in the material. Initial free refinement of the
occupancies of the C atoms together with their anisotropic
atomic displacement parameters yielded values for the oc-
cupancies of the four crystallographically independent C atoms
in the diphosphonate group of 0.78(2), 0.84(1), 0.86(1), and
0.87(1) and reasonable values for their anisotropic atomic
displacement parameters. The C atom occupancies are of
similar value, but must be equal in the real material, so in
the final cycles of refinement the fractional occupancies of the
C atoms, and the H atoms they are directly bound to, were
restrained to have the same value during refinement. The
crystallographic data and structure refinement parameters for
compound 4 are given the footnote 39, atomic coordinates,
equivalent isotropic, and anisotropic atomic displacement
parameters are given in the Supporting Information, and
selected bond distances and angles are presented in Tables
3-5.

Results and Discussion

Synthesis, Structure, and Pore Architecture of
Ga2[O3PC2H4PO3](H2O)2F2‚2H2O (1). Currently, com-
pound 1 has only been synthesized, in the presence of
1,3-diaminopropane over a relatively short reaction
period of 4 d, as the minor phase in the presence of a,
as yet unidentified, major phase. Repetition of the above
synthesis for a longer reaction time (11 d) resulted in
the formation of the unidentified phase or, in the
absence of 1,3-diaminopropane, resulted in the forma-
tion of pure Ga2[O3PC2H4PO3](H2O)2F2‚H2O.20,21 This
indicates that the formation of compound 1 is favored
in conditions of high pH (∼9.45) that result from the
addition of 1,3-diaminopropane. The organic amine is
not found within the final structure of 1 so presumably
does not have a direct structure-directing effect in the
formation of 1. The fact that compound 1 is only present
after relatively short reaction periods indicates that it
is a kinetic product and that the unidentified phase,
which results after a longer reaction period, is the
thermodynamically favored product.

(37) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. SIRPOW97; Istituto di Ricerca per lo Sviluppo di Metodologie
Cristallografiche (IRMEC): Bari, Italy, 1997.

(38) Altomare, A.; Burla, M. C.; Camalli, M.; Carrozzini, B.;
Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.;
Polidori, G.; Rizzi, R. J. Appl. Crystallogr. 1999, 32, 339.

(39) Ga2P2F2O8C6.8H10.8 (4), MW ) 460.25, crystal dimensions 0.06
× 0.05 × 0.04 mm, triclinic, space group P1h, a ) 4.959(2) Å, b )
7.078(2) Å, c ) 10.024(3) Å, R ) 92.404(5)°, â ) 92.955(5)°, γ )
109.187(5)°, V ) 331.2(2) Å3, Z ) 1, Fcalc ) 2.308 g cm-3, µ ) 4.373
mm-1, 2θmax ) 59.06°, synchrotron radiation λ ) 0.6889 Å, ω scans, T
) 150 K, measured reflections 3478, independent reflections 1782,
reflections included in refinement 1782, SORTAV absorption correction
Tmax ) 1.00, Tmin ) 0.89, parameters refined ) 105, R1 [I > 4σ(I)] )
0.0281, R1 (all data) ) 0.0324, wR2 [I > 4σ(I)] ) 0.0736, wR2 (all data)
) 0.0758, ∆Fmax/min 0.721 and -1.117 e Å-3.

Table 2. Crystal Data and Structure Refinement
Parameters for 2

formula GaPO4FC4H6
formula weight 237.73
temperature (K) 298
wavelength (Å) 1.25042
crystal system triclinic
space group P1h
a (Å) 4.9673(1)
b (Å) 7.0898(2)
c (Å) 10.1220(3)
R (deg) 92.698(2)
â (deg) 93.153(2)
γ (deg) 109.122(2)
V (Å3) 335.5(1)
Z 2
Fcalc (g cm-3) 2.264
no. of reflections 1019
no. of fitted parameters 81
Rp 0.0784
Rwp 0.1066
RF 0.0320
ø2 11.28
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The structure of Ga2[O3PC2H4PO3](H2O)2F2‚2H2O (1)
is shown in Figure 2a and b. The structure consists of
chains of corner-sharing GaO4F2 octahedra with bridg-
ing fluorine atoms (F1) linking the octahedra as shown
in Figures 2a and 3. These chains consist of two types
of GaO4F2 octahedra that both contain gallium atoms

coordinated to two fluorine atoms in a trans configura-
tion. The remaining corners of one of the gallium-
centered octahedra (Ga1) are occupied by four oxygen
atoms (O2 and O3) from four different diphosphonate
groups, while the remaining apexes of the other gallium-
centered octahedra (Ga2) are occupied by two oxygen

Table 3. Selected Bond Distances (Å) for Compounds 1, 2, and 4

1a 2b 4c

2 × Ga1-O3#4,#5 1.936(3) 2 × Ga1-O1#1,#2 1.969(7) 2 × Ga1-O1#2,#3 1.945(2)
2 × Ga1-F1#6 1.941(2) 2 × Ga1-F1#1,#2 1.891(5) 2 × Ga1-F1#1 1.931(2)
2 × Ga1-O2#6 1.953(3) 2 × Ga1-O4#3 1.954(6) 2 × Ga1-O4#1 1.930(2)
2 × Ga2-F1#7 1.942(2) 2 × Ga2-F1#4 1.916(6) 2 × Ga2-F1#4 1.880(1)
2 × Ga2-O1#7 1.958(3) 2 × Ga2-O2#4 2.041(7) 2 × Ga2-O2#4 2.031(2)
2 × Ga2-O4#7 2.022(4) 2 × Ga2-O3#4 1.906(7) 2 × Ga2-O3#2,#5 1.894(2)
P1-O2#1 1.526(3) P1-O1 1.536(7) P1-O1 1.533(2)
P1-O1#2 1.526(3) P1-O3 1.524(7) P1-O3 1.531(2)
P1-O3 1.534(3) P1-O4 1.596(7) P1-O4 1.521(2)
P1-C1#3 1.801(4) P1-C1 1.80(1) P1-C1 1.784(3)
C1-C1#8 1.522(8) C1-C2 1.52(1) C1-C2 1.510(4)

C2-C3 1.35(1) C2-C3 1.400(4)
C2-C4 1.39(1) C2-C4 1.385(4)
C3-C4#5 1.39(1) C3-C4#6 1.386(4)

a For 1: #1x - 1, y - 1, z. #2-x - 1, -y + 1, -z. #3x, y - 1, z. #4-x, -y + 2, -z, #5x, y +1, z. #6-x, -y + 3, -z. #7-x - 1, -y + 2, -z. #8-x
- 1, -y + 3, -z + 1. b For 2: #1x - 1, y, z. #2-x - 1, -y - 1, -z - 1. #3-x, -y + 1, -z + 1. #4-x + 1, -y, -z + 1. #5-x, -y, -z. c For 4:
#1-x, -y + 2, -z + 2. #2-x + 1, -y + 2, -z + 2. #3x - 1, y, z. #4-x + 1, -y + 3, -z + 2. #5x, y + 1, z. #6-x, -y + 1, -z + 1.

Table 4. Selected Bond Angles (deg) for Compounds 1, 2, and 4

1a 2b 4c

O3#4-Ga1-O3#5 180.0 O1#1-Ga1-O1#2 180.0 O1#3-Ga1-O1#2 180.0
O3#4-Ga1-F1#6 93.6(1) O1#1-Ga1-F1#1 94.0(3) O1#3-Ga1-F1#1 94.86(7)
O3#5-Ga1-F1#6 86.4(1) O1#1-Ga1-F1#2 86.0(3) O1#3-Ga1-F1 85.14(7)
O3#4-Ga1-F1 86.4(1) O1#1-Ga1-O4 85.9(3) O1#3-Ga1-O4 87.36(7)
O3#5-Ga1-F1 93.6(1) O1#1-Ga1-O4#3 94.1(3) O1#3-Ga1-O4#1 92.64(7)
F1#6-Ga1-O1 180.0 O1#2-Ga1-F1#1 86.0(3) O1#2-Ga1-F1#1 85.14(7)
O3#4-Ga1-O2#6 88.1(1) O1#2-Ga1-F1#2 94.0(3) O1#2-Ga1-F1 94.86(7)
O3#5-Ga1-O2#6 92.0(1) O1#2-Ga1-O4 94.1(3) O1#2-Ga1-O4 92.64(7)
F1#6-Ga1-O2#6 92.0(1) O1#2-Ga1-O4#3 85.9(3) O1#2-Ga1-O4#1 87.36(7)
F1-Ga1-O2#6 89.0(1) F1#1-Ga1-F1#2 180.0 F1#1-Ga1-F1 180.0
O3#4-Ga1-O2 92.0(1) F1#1-Ga1-O4 94.1(3) F1#1-Ga1-O4 91.33(7)
O3#5-Ga1-O2 88.1(1) F1#1-Ga1-O4#3 85.9(3) F1#1-Ga1-O4#1 88.67(7)
F1#6-Ga1-O2 89.0(1) F1#2-Ga1-O4 85.9(3) F1-Ga1-O4 88.67(7)
F1-Ga1-O2 91.1(1) F1#2-Ga1-O4#3 94.1(3) F1-Ga1-O4#1 91.33(7)
O2#6-Ga1-O2 180.0 O4-Ga1-O4#3 180.0 O4-Ga1-O4#1 180.0
F1-Ga2-F1#7 180.0 F1-Ga2-F1#4 180.0 F1-Ga2-F1#4 180.0
F1-Ga2-O1 88.3(1) F1-Ga2-O2 87.7(3) F1#4-Ga2-O2#4 90.08(7)
F1#7-Ga2-O1 91.7(1) F1-Ga2-O2#4 92.3(3) F1-Ga2-O2#4 89.92(7)
F1-Ga2-O1#7 91.7(1) F1-Ga2-O3 91.1(3) F1#4-Ga2-O3#2 87.77(7)
F1#7-Ga2-O1#7 88.3(1) F1-Ga2-O3#4 89.0(3) F1-Ga2-O3#2 92.23(7)
O1-Ga2-O1#7 180.0 F1#4-Ga2-O2 92.3(3) F1-Ga2-O2 90.08(7)
F1-Ga2-O4#7 89.9(1) F1#4-Ga2-O2#4 87.7(3) F1#4-Ga2-O2 89.92(7)
F1#7-Ga2-O4#7 90.1(1) F1#4-Ga2-O3 89.0(3) F1-Ga2-O3#5 87.77(7)
O1-Ga2-O4#7 90.2(1) F1#4-Ga2-O3#4 91.1(3) F1#4-Ga2-O3#5 92.23(7)
O1#7-Ga2-O4#7 89.8(1) O2-Ga2-O2#4 180.0 O2-Ga2-O2#4 180.0
F1-Ga2-O4 90.1(1) O2-Ga2-O3 90.0(4) O2-Ga2-O3#2 91.14(8)
F1#7-Ga2-O4 89.9(1) O2-Ga2-O3#4 90.0(4) O2-Ga2-O3#5 88.86(8)
O1-Ga2-O4 89.8(1) O2#4-Ga2-O3 90.0(4) O2#4-Ga2-O3#2 88.86(8)
O1#7-Ga2-O4 90.2(1) O2#4-Ga2-O3#4 90.0(4) O2#4-Ga2-O3#5 91.14(8)
O4#7-Ga2-O4 180.0 O3-Ga2-O3#4 180.0 O3#2-Ga2-O3#5 180.0
O2#1-P1-O1#2 110.6(2) O1-P1-O3 113.6(6) O1-P1-O3 113.7(1)
O2#1-P1-O3 111.7(2) O1-P1-O4 108.5(5) O1-P1-O4 111.6(1)
O1#2-P1-O3 114.0(2) O1-P1-C1 109.2(5) O1-P1-C1 106.9(1)
O2#1-P1-C1#3 106.0(2) O3-P1-O4 109.8(6) O3-P1-O4 109.7(1)
O1#2-P1-C1#3 107.4(2) O3-P1-C1 106.3(6) O3-P1-C1 106.1(1)
O3-P1-C1#3 106.7(2) O4-P1-C1 109.3(6) O4-P1-C1 108.5(1)
C1#8-C1-P1#5 114.0(4) P1-C1-C2 115(1) P1-C1-C2 114.9(2)

C1-C2-C3 120(2) C1-C2-C3 120.7(3)
C1-C2-C4 118(1) C1-C2-C4 121.1(3)
C3-C2-C4 122(1) C3-C2-C4 118.2(3)
C2-C3-C4#5 119(1) C2-C3-C4#6 120.2(3)
C2-C4-C3#5 119(1) C2-C4-C3#6 121.6(3)

a For 1: #1x - 1, y - 1, z. #2-x - 1, -y + 1, -z. #3x, y - 1, z. #4-x, -y + 2, -z. #5x, y + 1, z. #6-x, -y + 3, -z. #7-x - 1, -y + 2, -z. #8-x
- 1, -y + 3, -z + 1. b For 2: #1x + 1, y, z. #2-x - 1, -y - 1, -z - 1. #3-x, -y - 1, -z - 1. #4-x - 1, -y, -z - 1. #5-x, -y, -z. c For 4:
#1-x, -y + 2, -z + 2. #2-x + 1, -y + 2, -z + 2. #3x - 1, y, z. #4-x + 1, -y + 3, -z + 2. #5x, y + 1, z. #6-x, -y + 1, -z + 1.
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atoms (O1) from two different diphosphonate groups and
by two water molecules (O4). These coordinated waters
are involved in hydrogen bonding to the oxygen atoms
(O1 and O3) of adjacent phosphonate groups. The
ethylenediphosphonate groups link the chains of octa-
hedra in the [-110] and the [001] directions, as shown
in Figures 2a and 2b, to form a framework structure
with a one-dimensional channel system. The channels
of this framework structure run along the [100] direction
and are large enough (5.66 Å [O4-O4] × 6.20 Å [C1-
C1]) to locate two extraframework water molecules, O5,
per unit cell. The structure and form of the chains of
GaO4F2 octahedra linked by the tetrahedral PCO3
moieties of the diphosphonate groups in 1 are analogous
to those found in the mineral Laueite [MnFe2(PO4)2-
(OH)2(H2O)2(H2O)6] that contains chains of FeO4(OH)2
octahedra linked by the tetrahedral PO4 moieties.40

The framework structure of 1, Ga2[O3PC2H4PO3]-
(H2O)2F2, is isomeric with that found in Ga2[O3PC2H4-
PO3](H2O)2F2‚H2O and shown in Figure 4a.20,21 The
structures of both materials are similar as they both
contain chains of corner-sharing GaO4F2 octahedra
linked via ethylenediphosphonate groups to form frame-
work structures containing one-dimensional channel
systems. However, the GaO4F2 octahedra in each mate-
rial are linked in a different manner, resulting in
different framework structures being formed. The bridg-
ing F apexes of each GaO4F2 octahedra in 1 are
arranged in a trans configuration about the Ga atom,
as shown in Figure 3, while the bridging F apexes of

(40) Moore, P. B. Am. Mineral. 1965, 50, 1884.

Figure 1. The final observed (crosses) calculated (lines) and difference profiles (lines) for 2. Tick marks show reflection positions.

Table 5. Selected Hydrogen Bond Distance (Å) and
Angles (deg) for 1 and 4

donor-H..acceptor D-H H...A D...A D-H...A

1
O4-H3..O3 1.055 2.071 3.024(5) 148.93
O4-H4..O1 1.012 2.086 3.083(6) 167.95
O5-H5..O4 0.850 2.198 2.977(8) 152.41
O5-H6..O2 0.850 2.070 2.915(8) 172.58

4
O2-H1..O3 0.850 2.178 3.008(3) 165.36
O2-H2..O1 0.890 1.957 2.841(3) 172.02

Figure 2. The structure of 1 viewed along (a) the [100] and
(b) the [110] directions with thermal ellipsoids shown at 50%
probability and hydrogen atoms omitted for clarity.
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alternate GaO4F2 octahedra in Ga2[O3PC2H4PO3]-
(H2O)2F2‚H2O are arranged in a trans and cis configu-
ration about the Ga atom, as shown in Figure 4b. The
former arrangement of GaO4F2 octahedra results in a
relatively linear chain of octahedra, see Figure 3, while
the latter arrangement forms a corrugated chain of
octahedra, see Figure 4b.20,21 The aforementioned ar-
rangements of the GaO4F2 octahedra result in a greater
separation of the diphosphonate units along the direc-
tion of the chains of octahedra in 1 than in Ga2[O3-
PC2H4PO3](H2O)2F2‚H2O and so the pore size in the
former is larger than the latter. The values of the void
volume as a percentage of the total volume and solvent-
accessible volume are 30.7% and 30.8 Å3 and 35.1% and
47.0 Å3 for Ga2[O3PC2H4PO3](H2O)2F2‚H2O and 1, re-
spectively, reflecting the more open structure of 1 in
comparison to Ga2[O3PC2H4PO3](H2O)2F2‚H2O.

Structure of Ga2[O3PCH2(C6H4)CH2PO3](H2O)2F2
(2). The structure of Ga2[O3PCH2(C6H4)CH2PO3](H2O)2F2
is shown in Figure 5 and has a similar structure to 1.
The structure consists of chains of corner-sharing
GaO4F2 octahedra with bridging fluorine atoms (F1)
linking the octahedral, as shown in Figure 5a. These
chains consist of two types of GaO4F2 octahedra that
both contain gallium atoms coordinated to two fluorine
atoms in a trans configuration. The remaining corners
of one of the gallium-centered octahedra (Ga1) are

occupied by four oxygen atoms (O4 and O1) from four
different diphosphonate groups, while the remaining
apexes of the other gallium-centered octahedra (Ga2)
are occupied by two oxygen atoms (O3) from two
different diphosphonate groups and by two water mol-
ecules (O2). The phenylenebis(methylene)diphosphonate
groups link the chains of octahedra in the [-110]
direction, as shown in Figure 5b, and the [001] direction,
as shown in Figure 5a, to form a framework structure
containing a one-dimensional channel system. The
channels (8.74 Å [O2-O2] × 4.01 Å [C1-C1]) of this
framework are lopsided, compared to those in structure
1, and are too narrow, or too hydrophobic, to contain
extraframework water molecules. The relative arrange-
ment of the phenyl rings of the diphosphonate pillars
within the structure result in insignificant overlap of
the π systems of adjacent rings and negligible π-π
interactions in this system.

The 31P and 19F MAS SSNMR spectra of 2 (see
Supporting Information) both contain one peak each
centered at 16.33 and -134.53 ppm, respectively, sug-
gesting the presence of one crystallographically inde-
pendent phosphorus and fluorine site only. This is
consistent with the experimentally determined crystal
structure refinement using P1h symmetry, but would be
inconsistent with refinement using P1 symmetry. The
chemical shifts of the two species are consistent with
previously observed phosphonate groups and that ob-
served for bridging fluorine atoms.20,26

The structures of 1 and 2 are closely related as both
contain identical chains of corner-sharing GaO4F2 oc-
tahedra. The configuration of the chain of octahedra
adopted in compound 2, as opposed to the configuration
adopted in Ga2[O3PC2H4PO3](H2O)2F2‚H2O, arises from
the inclusion of the phenylene ring in the pillaring
diphosphonate group. A structure, such as that shown
in Figure 4a, in which the chain of octahedra adopt the
configuration in Ga2[O3PC2H4PO3](H2O)2F2‚H2O, re-
quires alternate PO3C tetrahedra along one side of any
particular chain of octahedra to point in opposite
directions, i.e., left or right as shown in Figure 4a. This
structural necessity makes the adoption of the type of
chain of octahedra found in Ga2[O3PC2H4PO3](H2O)2F2‚
H2O unlikely when the greater sized [1,4-phenylenebis-
(methylene)]diphosphonate group is incorporated as it
would presumably require the diphosphonate group to
adopt a more energetically unfavorable configuration
than the one it adopts to form structure 2. Structures 1
and 2 both contain chains of octahedra in which
alternate PO3C tetrahedra along one side of any par-
ticular chain of octahedra point in the same direction,
as shown in Figure 5a. This particular configuration of
the chain of octahedra will allow more freedom for the
[1,4-phenylenebis(methylene)]diphosphonate groups to
form a structure with a more energetically favorable
configuration.

Synthesis and Characterization of the Solid-
Solution Gallium Phosphite/[1,4-Phenylenebis-
(methylene)]diphosphonate Series: Ga2{[O3-
PCH2(C6H4)CH2PO3]1-x(HPO3)2x}(H2O)2F2 (x ) 0.054
(3), x ) 0.144 (4) (0 e x e 0.146). The incorporation of
phosphorous acid (H3PO3) into the initial synthesis gel
in varying quantities at the expense of [1,4-phen-
ylenebis(methylene)]diphosphonic acid led to the forma-

Figure 3. A ball-and-stick and polyhedral representation of
the type of chain of corner-sharing Ga-centered octahedra
found in the structure of compounds 1, 2, and 4. Atom
representation: gray balls (Ga), white balls (F), black balls
(O), and small white balls (H).

Figure 4. A polyhedral representation of the framework
structure (a) and a ball-and-stick and polyhedral representa-
tion of the chain of corner-sharing Ga-centered octahedra (b)
of Ga2[O3PC2H4PO3](H2O)2F2‚H2O. Atom representation: gray
balls (Ga), white balls (F), and black balls (O).
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tion of crystalline powder and microcrystal materials.
The ratio of the initial synthesis mixtures used are given
in Table 1 and when compared to the resultant formulas
obtained using other techniques indicate that approxi-
mately one-quarter of the desired substitution of the
diphosphonic acid was actually achieved in the resulting
solid material.

31P MAS SS NMR was used to show the presence of
the phosphite group in the substituted materials and
to obtain a more quantative estimate of the phosphite
content by comparing the ratio of the intensities of the
peak, with associated spinning sidebands, of the P nuclei
of the phosphite and diphosphonate groups. Figure 6
shows the 31P MAS SS NMR spectra for the two
phosphite-substituted materials. The spectra of the
phosphite-substituted materials are identical in terms
of chemical shifts and number of environments present,
again indicating that the materials are monophasic. The
presence of only one resonance for the diphosphonate
group suggests that there is only one crystallographi-
cally independent phosphorus site in the structure of
the materials. The resonance due to the 31P nuclei of
the diphosphonate group are centered at 16.29 ppm and
that due to the 31P nuclei of the phosphite group are
centered at -2.92 ppm as found in other phosphite/
diphosphonate solid-solution series.17,41 The formulas of
the materials derived from these ratios are given in
Table 1.

The powder X-ray diffraction patterns of the materials
are shown in Figure 7 and show that the substituted

materials are highly crystalline, pure phase samples
and their structures are based upon that of the parent
framework structure. The materials are all of similar
crystallinity.

The growth of microcrystals of the x ) 0.144 phos-
phite-substituted sample 4 allowed the structure to be
determined by single-crystal X-ray crystallographic
methods. Such an accurate structure solution/refine-
ment using single-crystal X-ray diffraction data has not
been performed on any other substituted diphosphonate
framework of this kind. The structure of 4 is shown in
Figures 8a and 8b, where it is seen that it adopts
essentially the same framework structure as that
described previously for 2. The refinement of the
crystallographic occupancy of the carbon atoms in the
diphosphonate linker gave a value of 0.853(6), giving
a composition of Ga2{[O3PCH2(C6H4)CH2PO3]0.853(6)-
(HPO3)0.29(1)}(H2O)2F2, x ) 0.147(6), for this phosphite-
substituted phase. This value of x is in excellent
agreement with the value obtained from the 31P MAS
SS NMR data, x ) 0.144(5). The major difference
between the structures of 2 and 4 is that phosphite
groups substitute 14.7% of the diphosphonate pillars,
each diphosphonate group being replaced by two phos-
phite groups as seen in Figures 8a and 8b. The distance
between adjacent diphosphonate groups where the
diphosphonate pillars are replaced is 14.16 Å in the
[001] direction (C4-C4 11.43 Å for the closest points of
the pillars), as seen in Figure 8a, and 9.92 Å in the
[-110] direction, as seen in Figure 8b. As the substitu-
tion of the diphosphonate groups is random, the forma-
tion of a larger pore running throughout the whole
structure is unlikely as this would require the phosphite

(41) Scott, K. J.; Zhang, Y.; Wang, R. C.; Clearfield, A. Chem. Mater.
1995, 7, 1095.

Figure 5. A ball-and-stick representation of the structure of 2 viewed along (a) the [100] and (b) the [110] directions. Hydrogen
atoms omitted for clarity.
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groups to be incorporated into the material in an
ordered manner. However, the structure now contains
larger apertures randomly arranged throughout the
structure, making it more open. These crystallographic
results indicate that the phosphite substitution leads
to an increase in the overall porosity, or openness, of

the material. The size of the apertures is the largest
observed in this family of group 13 metal diphospho-
nates.

The TGA traces of (x ) 0) 2, (x ) 0.541) 3, and (x )
0.144) 4 are shown in Figure 9. Four main mass loss
stages are observed in the TGA trace of the decomposi-

Figure 6. The 31P MAS SSNMR spectra of Ga2[(O3PCH2(C6H4)CH2PO3)1-x(HPO3)2x](H2O)2F2: x ) 0.054 (3) (top) and x ) 0.144
(4) (bottom).

Figure 7. The normalized powder X-ray diffraction patterns of Ga2[(O3PCH2(C6H4)CH2PO3)1-x(HPO3)2x](H2O)2F2: x ) 0 (2) (bottom),
x ) 0.054 (3) (middle), and x ) 0.144 (4) (top).
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tion of Ga2[O3PCH2(C6H4)CH2PO3](H2O)2F2 (2). The
first mass loss occurs over the temperature range from
30 to 80 °C and has a magnitude of 1.66%. This loss is
attributed to the removal of surface water. The second
mass loss occurs between 80 and 200 °C and has a
magnitude of 2.29% and the third, most rapid, mass loss
occurs between 200 and 317 °C and has a magnitude of
11.37%. These two mass losses are attributed to the loss
of the coordinated water molecules and fluorine atoms
(calculated 15.96%). The fourth mass loss occurs slowly
over the temperature range 317-850 °C and has a
magnitude of 8.58%. This loss is assigned to the
decomposition of the [1,4-phenylenebis(methylene)]-
diphosphonate linkage (calculated 22.8%). The magni-
tude of this loss is less than expected for full decompo-
sition of the [1,4-phenylenebis(methylene)]diphosphonate
linkages, indicating that the organic component is not
fully oxidized and removed in the experiment.

The mass change curves for (x ) 0.541) 3 and (x )
0.144) 4 show the same main mass losses as sample
(x ) 0) 2, except that they show no trace of any surface
water loss. However, comparison of the three mass loss
traces indicates that the temperature at which the

framework water and fluorine atoms are removed
decreases and the degree of mass loss attributed to the
removal of the organic portion of the diphosphonate
groups increases in the order of increasing phosphite
substitution in the samples. Both these observations are
accounted for by considering the increase in porosity of
the material upon increasing the degree of phosphite
substitution. As more diphosphonate pillars are replaced
by phosphite groups, the internal volume of the material
will become more open, allowing for easier diffusion
throughout the solid of the framework species being
removed, resulting in desorption and decomposition at
lower temperatures and to a greater degree.

Conclusions

In this work we have shown that the configuration
adopted by the constituent inorganic chains within the
framework materials of general formula Ga2[O3PRPO3]-
(H2O)2F2 can be directed by control of the reaction
conditions or the form of the organic constituent. When
R ) the ethylene group, control of the pH and duration
of the reaction lead to formation of Ga2[O3PC2H4PO3]-
(H2O)2F2‚2H2O (1) that contains linear chains of corner-
sharing GaO4F2 octahedra and has a more open frame-
work structure than the related phase, Ga2[O3PC2-
H4PO3](H2O)2F2‚H2O, which contains corrugated chains
of corner-sharing GaO4F2 octahedra. When R ) the 1,
4-phenylenebis(methylene) group, the framework mate-
rial Ga2[O3PCH2(C6H4)CH2PO3](H2O)2F2 is formed in
which the large, potentially functionalizable, phenylene
groups cause the linear arrangement of the corner-
sharing GaO4F2 octahedra in the chains to be adopted.
This framework material is nonporous in its pure form
but substitution of some of the diphosphonate groups
for phosphite groups in the initial preparation of the
materials leads to the formation of members of the solid-
solution series Ga2{[O3PCH2(C6H4)CH2PO3]1-x(HPO3)2x}-
(H2O)2F2 (0 e x e 0.146) that have more open structures
and contain the largest apertures reported in the family
of group 13 metal diphosphonate materials. The forma-

Figure 8. The structure of 4 viewed along (a) the [100] and (b) the [110] directions with thermal ellipsoids shown at 50% probability
and hydrogen atoms omitted for clarity.

Figure 9. The TGA trace of the mass loss of Ga2[(O3PCH2-
(C6H4)CH2PO3)1-x(HPO3)2x](H2O)2F2: x ) 0 (2) (top, thin line),
x ) 0.054 (3) (middle, thick line), and x ) 0.144 (4) (bottom,
thin line).
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tion of these materials exemplify how this type of
approach to control the form of the inorganic component
in the resultant material, in combination with the
control of the organic component, provides a potent
methodology for the full rational design of the structure
and functionality of organic-inorganic hybrid materials.
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