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Sodium nitrilotris(methylenephosphonate), Na,[ (HO,PCH,),
NH]1.5H,0, has been synthesized as single crystals and as bulk
polycrystalline single phase. This compound is triclinic, space
group P1, a=7.398(1) A, b =8.446(1) A, ¢ =10.086(1) A, a =
81.39(1)°, p=89.29(1)°, y = 81.18(1)°, Z=2 and the structure
was solved from single-crystal data. The crystal structure was
used to refine the powder diffraction data by the Rietveld method.
The structure contains Na,O,, tetramers, with the sodiums
cations in distorted oxygen octahedral environments, and mo-
lecular units of the acid triphosphonate with protonated
nitrogen atom. The framework is three-dimensional with small
channels where two types of water molecules are located. This
material has also been characterized by thermal analysis,
including a thermodiffractometric study, and infrared spectro-
SCOPY. © 2000 Academic Press
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INTRODUCTION

Metal phosphonate chemistry has attracted a lot of inter-
est in the past two decades (1-3). A main reason for the
growth of research in metal organo-phosphonates is the
wide variety of structures that these materials can present:
one-dimensional chains, layered structures, and three-di-
mensional microporous frameworks (1). Furthermore, a
very attractive feature is that they allow us to have a certain
control over the dimensionality of the metal phosphonates
by the suitable choice of the phosphonic acid used in the
synthesis. So, pillared layered phosphonates (PLSs) can be
synthesised by using, for example, diphosphonic acids
H,O;P-R-PO3H, as pillaring agent (4), or by the choice of
the functional end Z of the phosphonic acid, H,O3;P-R-Z
(Z = CO,H, NH,) (5). The use of functionalized phos-
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phonic acids allows us to study not only how the functional-
ized end may dictate the dimensionality of the solid, but also
the reactivity that these organic functions may show. Conse-
quently, these materials can find a great number of practical
applications as catalysts, hosts in intercalation compounds,
sorbents, ion exchangers, protonic conductors, and com-
ponents in the preparation of films possessing optical, non-
linear optical, or electronic properties (6).

Although the main research effort in the metal phosphon-
ates field was initially directed toward tetravalent cation
phosphonates (for instance Zr, Ti, Sn, Ce), many other
works have been reported about the synthesis, crystal struc-
tures, and properties of divalent, trivalent, and even pen-
tavalent metal phosphonates. However, very little research
has been carried out on monovalent phosphonates. In fact,
to the best of our knowledge, no alkaline phosphonate has
been reported so far. There are reports of phosphonates
containing alkaline cations but in addition to other
transition metals, like in Cs[ VO(HO;P-CH,-PO3)] (7).

We have recently reported the preparation and struc-
tures of two divalent lead-functionalized triphosphon-
ates, Pb[(HO;PCH,);NH] and Pb,[(OsPCH,),NH
(CH,POs;H)]'H,O (8). As part of our research effort in
functionalized phosphonates, in this paper, we describe the
synthesis and characterization of the first alkaline triphos-
phonate, Na,[(HO;PCH,);NH]1.5H,0.

EXPERIMENTAL

The tested sources of nitrilotris(methylene)triphosphonic
acid (TPA) were 50 wt% solution from Aldrich (Aldrich-
TPA) and 97 wt% pure solid from Fluka (Fluka-TPA).
Solid NaOH (98%, Prolabo) was used as a source of sodium
and to regulate the pH. These reactants were used without
purification.

Elemental analysis. Carbon, nitrogen, and hydrogen
contents were determined by elemental chemical analysis on
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a Perkin-Elmer 240 analyzer. Na content was determined
by atomic emission spectroscopy in a Perkin-Elmer 3100
spectrophotometer.

TGA and DTA data were collected on
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Thermal analysis.
a Rigaku Thermoflex apparatus at heating rate 10 K min~
in air with calcined Al,Oj as internal reference standard in
air.

Infrared study. Infrared spectra were recorded on
a Perkin Elmer 883 spectrometer in the spectral range
4000-200 cm ~ !, by using dry KBr pellets containing 2% of
the sample.

X-Ray powder diffraction. Room temperature X-ray
powder diffraction patterns were collected on a Siemens
D-5000 automated diffractometer using graphite-mono-
chromated CuKo radiation. The powder thermodiffrac-
tometric study was carried out in air with the same
diffractometer but in a second goniometer permanently
equipped with an HTK 10 heating chamber. The samples
were packed over the Pt foil that is both the heating system
and the holder. The thermodiffractometric patterns were
scanned over the angular range 6-30° (20), with a step size of
0.04° and counting for 5 s per step. The appropriate heating
and cooling temperatures were selected by using the Diffract
AT software. The samples were held at each temperature for
10 min, before recording of any pattern, to ensure that any
transformations that may take place were allowed time to
do so. The powder patterns of the sample display a strong
preferred orientation that was minimized prior to data col-
lection as explained latter.

X-ray crystallographic procedures. A colorless crystal
was mounted in a Nonius CAD4 single-crystal diffrac-
tometer. Unit cell dimensions were determined from the
angular settings of 25 reflections with 10 < 6 < 15°. Some
data collection details are given in Table 1. A total of 2562
reflections were measured by using the w-20 scan technique
with a variable scan rate and a maximum counting time of
60 s per reflection. Intensity was checked throughout the
data collection by monitoring three standard reflections
every 60 min. Final drift corrections were between 0.93 and
1.03. Profile analysis was performed on all reflections (9, 10).
Some double measured reflections were averaged, R;, =
0.076, yielding 2415 unique reflections and 1597 “observed”
with I > 2¢(I). Lorentz and polarization corrections were
applied and the data were reduced to F3 values. The struc-
ture was solved by direct methods using the program
SHELXS90 (11) and expanded with DIRDIF (12). Isotropic
least-squares refinement, using SHELX1.93 (13), converged
to R1 = 0.088. Positional parameters and anisotropic ther-
mal parameters of the nonhydrogen atoms were refined on
F2. All hydrogen atoms were isotropically refined with
a common thermal parameter. Because of the compositional
disorder found, the O-H bonds of the water molecules
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TABLE 1

Single-Crystal Crystallographic Data for
Naz[(HO‘;PCHz)gNH] 1.5H20

Empirical formula

Na,NP30;0.5C3H;3

Formula mass/g mol ! 370.03

Dimensions/mm 0.13x0.10 x 0.07

Temperature/K 200(2)

Wavelength//‘)\ 0.71073

Space group P1

a/A 7.3982(14)

b/A 8.4457(12)

c/A 10.0864(12)

o)° 81.394(12)

B/° 89.285(11)

9/ 81.179(11)

V/A3 615.73(16)

VA 2

D /g cm™3 1.996

w/mm~! 0.606

F(000) 378

0 range for data collection (°) 2.04-26.03

Index ranges —9<h<9 —10<k<10,
0<i<12

Reflections collected 2562

Independent reflections
Refinement method
Data/parameters/restraints (A)

2415 [R(int) = 0.076]
Full-matrix least-squares on F>
2415/214/5

O(W1)-H(W1) 0.95(5)
O(W1)-H(W2) 0.95(5)
H(W1)-H(W2) 1.55(5)
O(W2)-H(W3) 0.95(5)
O(W2)-H(W4) 0.95(5)
1.005

R1 =0.071, wR2 = 0.196
R1=0.118, wR2 = 0.237
1.05and —1.13e¢ A3

Goodness-of-fit on F?, y
R indices [ > 20(I)]

R indices [all data]
Largest diff. peak and hole

needed the use of geometrical restraints. The final conven-
tional agreement factors and pertinent crystallographic de-
tails are given in Table 1. The maximum shift over the error
ratio in the last full-matrix least-squares cycle was less than
0.020. Atomic scattering factors were taken from the Inter-
national Tables of X-ray Crystallography (14). Geometrical
calculations were made with PARST (15). All single-crystal
data calculations were made at the University of Oviedo on
the Scientific Computer Center and X-ray Group AXP
computers.

Synthesis of Na,[(HO;PCH,);NH]nH,O (1.5 <n < 2),
Na-TPA

(I) Na-TPA was prepared as a polycrystalline solid by
addition of 423 g of NaOH to 24.3 ml of a solution of
Aldrich TPA at room temperature. Under these conditions
the pH was 1.68 and a white solid started to appear. Then,
the mixture was refluxed for 8 days and the resulting white
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FIG. 1. TGA-DTA curves for Na,[(HO;PCH,);NH]1.5H,0.

solid was filtered off, washed with distilled water at ~0°C,
and dried at 60°C.

(IT) Polycrystalline Na-TPA was also prepared from
Fluka TPA. First, a solution of 2.3544 g of solid TPA in 6 ml
of water was prepared. Then, 0.8444 g of NaOH was slowly
added to the former solution which resulted in a suspension
of pH 2.08. This mixture was refluxed for 1 day and the
resulting white solid was treated as in method L

(IT) Single crystals of Na-TPA were prepared hydroter-
mally as follows: 24.3 ml of a solution of Aldrich TPA was
diluted with 3 ml of H,O. Then, 4.23 g of NaOH was added
which resulted in the starting of the precipitation of the
white solid. This saturated mixture was hydrothermally
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heated in a Teflon-lined autoclave at 130°C for 4 days,
and cooled to room temperature slowly over 3 days. A solu-
tion with small transparent crystals was obtained in this
way. The crystals were treated as in method I but dried
at 40°C.

Analytical data: Na, 13.7%; C, 9.90%; N, 3.36%; H,
3.73%. Calculated data for Na,[(HO;PCH,);NH]1.5H,O:
Na, 12.43%; C, 9.72%; N, 3.51%; H, 3.78%.

RESULTS AND DISCUSSION

We have described here three of our several synthetic
ways to obtain single-phase Na-TPA. Aldrich-TPA is much
cheaper than Fluka-TPA but the solution contains many
impurities like less substituted phosphonic acids (e.g.,
(H,O3PCH,),NH), and other acids like phosphoric and
hydrochloric. So, we have conducted tests to verify that the
preparations from both starting materials lead to the same
solid. In any case, the precipitation of Na-TPA starts at
quite low values of pH (< 2.0), suggesting that the solid has
many protons in the structure as was verified by IR and
structural studies. It is worth emphasizing that this sodium
phosphonate is very soluble and can be used as a starting
compound for the synthesis of metal phosphonates when
low pH’s are undesirable. The attempts to grow single
crystals at room temperature by slow addition, diffusion,
and crystallization from solution were unsuccessful. The
resulting crystals under these conditions presented many
defects and very small sizes. Good crystals could be ob-
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FIG. 2. X-ray thermodiffractometric patterns for Na,[(HO;PCH,);NH]1.5H,0.
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tained only at higher temperatures by using hydrothermal
conditions and with slow cooling rates.

Thermal Study

TGA-DTA curves for Na,[(HO;PCH,);NH]1.5H,0
(III) are shown in Fig. 1. The DTA curve shows several
endothermic effects and one exothermic effect. The sharp
exothermic effect observed at 300°C is due to the combus-
tion of the organic nitrogenated fraction of the sample with
the release of NO,, CO,, and H,O gases. The first broad
endothermic effect is centered below 200°C and it is due to
the loss of part of the hydration water (approximately 0.5
water molecule per chemical formula). The second sharp
endotherm is also due to the water loss although these losses
are overlapped and it is difficult to determine the exact
amount of water loss of each step. Furthermore, different
syntheses at room temperature led to compounds with
similar X-ray powder patterns but slightly different water
contents although never higher than 2 water molecules per
chemical formula. A set of weak endotherms are located
between 400 and 600°C. The overall weight loss at 600°C is
24.5% and it agrees fairly well with the calculated water loss
of 24.43% for the release of the volatiles leading to a residue
of composition Na,O - 1.5P,05. The powder pattern of the
heating decomposition product (between 650 and 850°C) is
amorphous, which is a characteristic of alkaline glassy phos-
phates. This solid is unstable above 900°C and a loss of
P,0O5 is observed.

A thermodiffractometric study (Fig. 2) was undertaken to
characterize the water loss in the temperature range be-
tween 25 and 250°C. The first slight modification of the
powder pattern is observed between 100 and 125°C (static)
which is very likely due to the loss of 0.5H,O molecule per
chemical formula. As we will show, the structure of this
compound is not layered and there is no modification in the
value of the large d-spacing peaks. The monohydrate com-
pound, Na,[(HO;PCH,);NH]H,O0, is stable over a large
temperature range up to 225°C. Above this temperature,
a large modification of the powder pattern is observed
which is due to the decomposition of the sample. To avoid
the preferred orientation effects of the sample packed over
the Pt foil we proceeded as previously reported (16). We
diluted and blended the sample with spherical nanoparticles
(i.e., finely ground amorphous silica gel), in this case Cab-O-
Sil from Fluka. After we checked that the mixture displayed
little preferred orientation, we packed this mixture over the
Pt holder.

IR Spectroscopic Study

The IR spectrum of Na,[(HO;PCH,);NH]1.5H,0O was
recorded between 4000 and 800 cm ™' and it is shown in
Fig. 3. The position of the bands and the relative transmit-
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FIG. 3. IR spectrum for Na,[(HO;PCH,);NH]1.5H,O0.

tances are given in the auxiliary material (Table 4, available
from the authors). The region between 4000 and 1500 cm !
can be selected to study in detail the hydration water and
the protonated groups. Two bands are observed at 3630 and
3556 cm ™ !. The first band is sharp and it is probably due to
the stretching vibration of an O-H of a water molecule that
it does not interact through H-bonding by the hydrogen.
The second band is much broader and it is likely due to the
stretching of an O-H group when the water molecule is
interacting by H-bonding through the hydrogen. The pres-
ence of two water molecule types evident in the thermal
study and in this spectroscopic study was confirmed by the
structural study (see next section). A shoulder is observed at
~3400 cm ™~ ! which is probably due to the stretching vibra-
tion of the N-H group. The C-H stretching vibration is
observed at 3042 cm~'. Two bands are observed at 2861
and 2333 cm ™! and they are likely due to v PO-H and the
overtone 20 P-O-H, respectively. These bands are typical
of hydrogen phosphonates (8). The bending H-O-H vibra-
tion of the hydration water is located at ~1630cm ™!, as an
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intense broad band. In fact, the band presents another close
maximum at 1695 cm ™! which is usually assigned to the
bending vibrations of species containing highly mobile pro-
tons, typical of good protonic conductors. Other bands
typical of phosphonates are given in Table 4 (auxiliary
material, available from the authors).

Structural Study

The X-ray laboratory powder pattern of Na,[(HO;PCH,);
NH]1.5H,0 was autoindexed using the TREOR90 pro-
gram (17) giving a triclinic unit cell with a =7.303(4) A,
b=8482(7)A, ¢=10.1195)A, o =82.21(1)°, p=89.41(1)°,
1=99.25(1)°, V =0612.8 A3, Z=2, V, (non-H atom) =
1532 A3/at, M,o =22 (18), and F,, = 45 (0.012, 38). We
tried to solve the crystal structure ab initio from powder
diffraction data. However, although the cell volume is not
very big our attempts were unsuccessful. This was mainly
due to broad peaks present in the powder pattern and to the
absence of heavy cations that makes the ab inito procedure
in powder diffraction less straightforward.

Due to the high solubility of this compound and the mild
conditions needed to synthesize it we came back to chem-
istry to grow single crystals. After some attempts, we suc-
ceeded in growing them hydrothermally as explained above.
The structure was solved as indicated in the experimental

TABLE 2
Atomic Coordinates (X 10*) and Equivalent Isotropic Displace-
ment Parameters (A2 X 10%) for Na,[(HO,PCH,);NH]1.5H,0

Atom x y z U,
Na(1) 8854(3) 3264(3) 5619(2) 13(1)
Na(2) 8184(4) 5296(3) 12150(3) 17(1)
P(1) 6079(2) 7222(2) 4501(2) 8(1)
o(1) 6438(6) 8995(5) 3983(5) 14(1)
0(2) 4358(7) 6929(6) 3856(5) 17(1)
O(3) 7800(6) 6044(6) 4419(5) 14(1)
C(1) 5466(8) 7218(7) 6257(6) 8(1)
P(2) 7387(2) 4457(2) 8813(2) 12(1)
O(4) 7891(8) 3975(6) 10264(5) 22(1)
O(5) 8816(6) 4173(6) 7765(4) 14(1)
O(6) 5667(7) 3697(6) 8518(5) 22(1)
C(2) 6719(10) 6642(8) 8583(6) 14(1)
P(3) 9969(2) 8935(2) 7165(2) 9(1)
o(7) 10821(6) 7449(5) 6612(4) 12(1)
O(8) 10393(8) 8768(7) 8692(6) 29(1)
0(©9) 10328(6) 10577(6) 6517(5) 18(1)
C@3) 7501(9) 9041(8) 7015(7) 11(1)
oW1 2152(9) 1897(8) 8815(6) 38(2)
Oow2* 4610(3) 9650(2) 200(3) 79(6)
N(1) 7029(7) 7338(6) 7146(5) 8(1)

Note. U, is defined as one-third of the trace of the orthogonalized U;
tensor. Refined hydrogen positions are given in auxiliary material (avail-
able from the authors).

“Occupation factor = 0.50.

MARTINEZ-TAPIA ET AL.

_TABLE 3
Selected Bond Lengths (A) for Na,[(HO;PCH,);NH]1.5H,O

Na(1)-O(5) 2401(5) Na@2-0(5) 2336(5 O@3)-H(l) 0.98(9)
Na(1)-O(9) 2410(5) Na(2)-O@) 2372(5) O(6)-H(2) 0.89(9)
Na(1)-O(7) 2415(5) Na(2-OW1 2.401(7) O(3)-H3)  0.84(9)
Na(1)-O(2) 2453(5) Na(2)-O(3) 2466(5 N(1)-H@) 0.92(9)
Na(1)-O(3) 2489(5) Na(2)-O(7) 2.472(5)

Na(1)-O(3) 2.628(5) Na(2)-0(6) 2.903(6)

P(1)-0(3) 1501(5) P2)-0@) 14965 P(3)-O(7)  1.497(5)
P(1)-0Q2) 1.507(5 P()-O(5) 1.504(5 P(3)-0(9)  1.504(5)
P(1)-O(1) 1.572(5) P2)-0(©6) 1.561(5 P(3)-0@B) 1.557(6)
P(1)-C(1)  1.822(6) P2)-C2) 1816(7) P3)-C3)  1.821(7)
C()-N(1)  1497(8) C(@)-N(1)  15098) C@3)-N(1)  1518(8)
C()-H(11) 1118)  C@Q)-H(12) 10509)  C@3)-H(13) 0.98(8)
C(1)-H(21) 1.048) C(2)-H(22) 1.038)  C(3)-H(23) 091(9)

part and pertinent crystallographic data are shown in Table
1. Atomic parameters are given in Table 2 and selected bond
distances are given in Table 3. Hydrogen positions and
anisotropic thermal parameters are given as auxiliary ma-
terial in Tables 5 and 6, respectively (available from the
authors).

FIG. 4. Na,O,¢ tetramer present in Na,[(HO;PCH,);NH]1.5H,0.
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The crystal structure contains two types of NaOg oc-
tahedra (bond distances given in Table 3) which form cen-
trosymmetric tetramers NayO; ¢ by sharing edges as shown
in Figure 4. The other structural unit is the nitrilotris
(methylenephosphonic) group which displays a geometry as
expected—seven tetrahedral groups: three phosphonates
CPO3, three methylenes PCH,N, and an HNC; group. The
hydrogen phosphonate oxygens (O1, O6, O8) present P-O
bond lengths larger than those of the ionic phosphonate
oxygens P-O groups as also expected. The isolated tetra-
mers are linked by the nitrilotris(methylene)triphosphonate
groups to generate a three-dimensional framework. The
structure of the organic acid is similar to those found in
divalent triphosphonates (8) but the inorganic coordination
polyhedra are very different, which reflects the flexibility of
the hybrid organo-inorganic composite materials.

One water molecule is directly bonded to Na2 (OW1)
while the other water molecule, OW2, with an occupation
factor 0.5, is only retained by H-bonding interactions and is
located close to the center of the channel formed by the
above-described framework, Fig. 5. The loss of this second
water molecule is observed in the thermodiffractometric
study at 125°C and when it is released, it causes little
modification in the structure as evidenced in the thermo-
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diffractometric study. However, when the OW1 is lost, the
structure collapses as it is necessary to satisfy the coordina-
tion requirements of the sodium cations.

The small channels with the water molecules and the
presence of many protons of the hydrogen phosphonate
groups make this structure suitable for an ionic conductivity
study to check for possible proton ionic conductivity. Fur-
thermore, the strong IR band centered approximately at
1700 cm ! also suggests mobile protons which could lead
to proton conductivity. Unfortunately, it is very difficult to
make a good pellet of this compound as it cannot be heated.
Preliminary ionic conductivity studies in a low-quality pel-
let suggest very small conductivity. However, an ionic con-
ductivity study in a large single crystal is planned to
properly assess the protonic conductivity of this material.

Finally, a powder diffraction Rietveld study (19, 20) of the
room temperature Na-TPA powders was carried out to
verify that the structure is similar to that determined from
a single crystal of hydrothermally synthesized Na-TPA.
This was done as some small deviations in the unit cells were
observed in the samples. To avoid/minimize the strong
preferred orientation observed along the c-axis, the powder
pattern was collected in a sample disordered in the tubular
aerosol suspension chamber (TASC) as previously reported

FIG. 5. [100] View of the crystal structure of Na,[(HO;PCH,);NH]1.5H,0 with Na,O, polyhedra.
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angles for Bragg peaks.

(16). The scan conditions were angular range 8-70° (20), step
size 0.02°, and counting for 17 s per step. The last refinement
converged to R,p =11.5%, Rp = 8.8%, and Rp = 3.3%.
The atomic positions and the temperature factors needed to
be refined to get the best possible agreement. The deviations
with respect to the single-crystal structure were very small
and hence, the atomic parameters (with larger errors) are
not reported. The low-angle region of the refined powder
pattern is shown in Fig. 6. It is worth emphasizing that the
March-Dollase correction of the preferred orientation con-
verged to a value that was 1.0 inside four times its standard
deviation. So, the TASC method is very powerful to avoid
the preferred orientation. Second, a very strong anisotropic
peak broadening is observed along the [100] direction. This
can be seen in the enlarged view of the refined powder
diffraction pattern, Fig. 6. The anisotropic broadening is
mainly Lorentzian and d* dependent which means that
broadening due to microstrains is prominent in the sample.
This explains the difficulties in growing single crystals close
to room temperature as these observed defects (probably
due to slightly different water contents in the coherent
diffraction domains) yield very poor quality and small single
crystals at room temperature.
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