The titanium(1v) salt of N, N-(diphosphonomethyl )glycine: synthesis,
characterisation, porosity and proton conduction
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A new diphosphonic acid, N,N-(diphosphonomethyl) glycine, has been prepared. The titanium (1v) salt [ Ti(dpmg)] of this acid has
been characterised by X-ray powder diffraction, thermogravimetry, *'P MAS NMR spectroscopy, isothermal N, adsorption—
desorption and ac conductivity measurements. Phosphorus is present in a mixture of bonded phosphonate and free phosphonic
acid groups. The material is both amorphous and porous (BET specific surface area= 119 m? g~ '), and its water content is relative
humidity (RH)-dependent. Ti(dpmg) is a protonic conductor (at 90% RH and 90 °C, 6 =3 x 1072 S cm ~!), with conductivity
exhibiting Arrhenius-type behaviour at constant RH. Conductivity and Arrhenius parameters are strongly dependent on the water

content.

Several recent studies have focused on the synthesis and crystal
structure determination of layered phosphonates of di-, tri-
and tetra-valent metals, e.g. ref. 1-3. In the case of tetravalent
metals, the phosphonates usually have a layered structure,
similar to that of their purely inorganic analogue o-zirconium
phosphate [Zr(HPO,),-H,0],* but with pendant organic
groups (R) replacing the -OH groups in the interlayer region.
Such solids can be synthesised with a wide range of R,> and
combinations of two or more phosphonic acids may also be
used.®® These synthetic aspects can be exploited in designing
new materials with potential applications such as sorption, ion
exchange, chromatography, chiral molecular recognition,
photochemistry, catalysis and ionic conduction,’'> and the
reactivities of the pendant organic functions have also been
studied.'71° In a recent review Kreuer highlighted the proton
conductivities of layered acidic phosphates and phosphonates
of zirconium(1v) in their hydrated and dry forms.?° Layered
phosphonates containing sulfonic acid groups in the organic
moiety have conductivities approaching that of the sulfonated
fluorocarbon polymer Nafion,?!*?> which is the electrolyte
membrane commonly used in developing solid polymer fuel
cell technology.

An important problem in the synthesis of such phosphonates
is the limited commercial availability of phosphonic acids with
suitable functional groups. It is, therefore, necessary to prepare
phosphonic acids as the first step in the preparation of a new
proton-conducting phosphonate. In this paper, we report syn-
thesis and characterisation of (i) the new diphosphonic acid
N,N-(diphosphonomethyl)glycine (such a compound offers the
prospect of chiral phosphonates, e.g. for use as chiral stationary
phases in chromatography); and (ii) the Ti'"V salt of the new
acid. This acidic material is a porous proton conductor.

Experimental
Synthesis

N,N-(Diphosphonomethyl)glycine, 1. Phosphorus trichloride
(13.1 cm®, BDH Laboratory Reagent) was added dropwise to
a stirred, ice-cold solution of phosphorous acid (12.3 g, Fluka)
in 25 cm® of deionized water. To this was added a solution
containing a stoichiometric equivalent of glycine (Aldrich). The
resulting solution was heated to 90 °C and maintained at this
temperature during slow addition of paraformaldehyde (9.9 g,
Fisons) over a period of 3 h. The resultant solution was then
heated at reflux for 1h, after which the volume of solution
was reduced by a factor of 3 by vacuum distillation and an

equal volume of ethanol was then added. After crystallisation
for 1 day the product was removed by filtration and washed
with ethanol prior to drying/storage over saturated NaCl(aq)
(relative humidity, RH=75%).

Elemental microanalysis results obtained for 1 are in excel-
lent agreement with the formulation (HOOCCH,)N-
(CH,PO;H,), (calc. C, 18.25; H, 4.22; N, 5.32; P, 23.55%:; obs.
C, 18.22; H, 4.12; N, 5.51; P, 23.47%); thermogravimetry
showed no evidence of hydration. Mass spectrometry showed
the molecular ion at m/z=265, and intense peaks at m/z=_81
(PO;H,) and 96 (CH,PO;H,), fully consistent with the molecu-
lar formula.

Titanium(1v) derivative of N,N-(diphosphonomethyl)glycine,
Ti(dpmg) 2. The synthesis of phosphonates of tetravalent
metals shows kinetic control.”-® The precipitation of phosphon-
ates usually occurs immediately, generating very small particles.
This suggests a high nucleation rate and high insolubility. The
use of diphosphonic acids further increases the rate of precipi-
tation, yielding materials of very low crystallinity.

The synthetic method used a reaction mixture containing
Ti™ which was oxidised slowly to Ti'"V by contact with air (this
method has been used in the synthesis of crystalline titanium
phosphonates with other phosphonic acids).!**® N, N-
(Diphosphonomethyl)glycine (1, 1 g) was dissolved in 75 cm?®
of deionized water. The solution was mixed with an aqueous
solution of TiCly (2.3 mol dm ™2 in 20 mass% HCI, 0.8 cm?,
Aldrich) using a phosphorus to titanium ratio of 4 (phosphonic
acid in excess of the stoichiometric requirement). The white
solid precipitate formed immediately was heated in contact
with the mother liquor for 10 days at 90°C under reflux
conditions, and then recovered by filtration and washed thor-
oughly with deionized water.

Instrumental

Samples were characterised by thermogravimetry (TG) and
differential thermal analysis (DTA) in the range 25-900°C
(heating rate 10°C min~!) in air using a Stanton Redcroft
STA 781 instrument. Elemental microanalysis (C, H, N) used
a Perkin-Elmer 240 elemental analyser. IR spectra were
recorded as KBr disks on a Nicolet Magna 550 FTIR spec-
trometer. 'H and 3'P solution-state NMR spectra (D,O sol-
vent) were obtained on a Bruker DRX 400 spectrometer. X-
Ray powder diffraction (Philips PW 1050 instrument, modified
for computer-driven step-scanning and data acquisition; Ni
filtered Cu-Ka radiation, A=1.54178 A) revealed Ti(dpmg) 2
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to be amorphous to X-rays. Proton-decoupled 3'P MAS NMR
spectra of solids were recorded on a Varian Unity 300 instru-
ment at a frequency of 121 MHz and employing cross-polaris-
ation with flip-back; chemical shifts are reported with respect
to analytical grade 85% H;PO,. Solid samples were spun at
2.5 kHz and 3.5 kHz to identify spinning satellites. N, adsorp-
tion—desorption isotherms were measured volumetrically at
77 K using a Micromeritics Gemini 2375 instrument equipped
with a computer-controlled measurement system.

Electrical impedance measurements utilised a Hewlett
Packard 4192A LF impedance analyser programmed via an
IBM-compatible computer for data collection and analysis
(using a program embedding EQUIVCRT modelling
software?#). Impedance spectra were recorded at 10 °C intervals
in the range 20<T7/°C<90, using frequencies of 5Hz to
13 MHz and an oscillating voltage of 300 mV. Pellets (13 mm
diameter, 0.7-1.2 mm thickness) were prepared by pressing ca.
200 mg of material at 40 kN cm 2 in a pellet die. The two flat
surfaces were painted with conductive silver paint (Electrodag
915, Acheson Colloids) to give blocking electrodes. The pellet
was placed between two copper foils and the sample was
spring-loaded to ensure good electrode—electrolyte contact.
This assembly was placed inside a cell and maintained at
controlled relative humidity [ RH: 0% above anhydrous CaCl,,
100% above H,O(1)]. Prior to measurements, the cell was
equilibrated for 1 h at each temperature (this time being found
by experience to be twice the minimum necessary for temporal
stability in impedance spectra). Experiments were repeated at
least three times to ensure reproducible conductivity values
and averages are given.

Results and Discussion
Spectra

Fig. 1 shows the IR spectra of N,N-di(phosphonomethyl)gly-
cine 1 and its Ti'"V derivative, Ti(dpmg) 2. The spectra are seen
to have similarities: a strong signal due to the C=0 stretching
vibration of the carbonyl group of COOH at 1733 cm ™! (as
in a-amino acids), a doublet in the region 1230-1030 cm !
due to the C—N stretching vibration of the tertiary amine
(signals for protonated amine are not detected), a medium
intensity signal due to the CH, deformation mode of the PCH,
group at 1421 cm~' and bands at 3000-2800 and
1400-1300 cm ™! arising from C—H stretching and defor-
mation modes respectively. In addition to these bands, the
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Fig. 1 FTIR spectra of (@) N,N-(diphosphonomethyl)glycine 1 and
(b) Ti(dpmg) 2
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spectrum of 1 exhibits a very strong doublet due to the
stretching vibration of P=O (hydrogen bonded) at
1244-1150cm ™! and a broad, medium intensity band
at 933 cm ™! arising from the P—O stretching vibration. The
phosphonate Ti(dpmg) 2 shows features typical of such mate-
rials: a broad band located at 3500 cm ~! associated with the
OH bond vibration of interlayer water, a very intense band
centred at 1050 cm ™! and another at 1615 cm™!, the latter
two associated with the P—O bond.*

The structure of 1 in solution was confirmed by NMR
spectroscopy: oy (400 MHz, D,0): 3.5 (4 H, s, NCH,PO;H,),
40 (2 H, s, NCH,COOH) (COOH and PO;H, are not
observable owing to chemical exchange); dp (161 MHz, D,O):
9.1 (one phosphorus environment in solution). The *'P MAS
NMR spectrum of solid 1 (Fig. 2) showed two peaks (Jp 13.6,
15.5) with equal intensities (taking account of spinning side-
bands). Two phosphorus environments in the solid-state struc-
ture might be explained in terms of intramolecular
condensation (Scheme 1). The observed peaks correspond,
however, to similar chemical shifts and are therefore likely to
arise from crystallographically inequivalent phosphonic acid
groups. The absence of condensation is consistent with elemen-
tal analysis (see earlier).
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Scheme 1

The possibility of Ti-O-Ti-type aggregates in 2 was exam-
ined by calcination (6 h at 900°C in air); the X-ray diffraction
profile for the resulting solid corresponded to that of
titanium(1v) pyrophosphate, with no evidence for any form of
titanium oxide. Compound 2, therefore, results from reactions
between the diphosphonic acid and the tetravalent metal, with
no side reactions resulting in the generation of impurity phases.

Fig. 3 shows the 3'P MAS NMR spectrum of Ti(dpmg) 2.
A single broad feature with a shoulder was observed, which
can be resolved into two peaks (dp 8.9, —1.2) and their spinning
sidebands. These peaks do not correspond to signals typical
oflayered titanium (1v) phosphate (TiP) phases (a-TiP, 6 —18.4;
v-TiP, 6 —10.9, —32.8; titanium(1v) dihydroxyphosphate, ¢
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Fig.2 *P MAS NMR spectra for N,N-(diphosphonomethyl)glycine
1, presented as (top-to-bottom) experimental spectrum, fitted spectrum,
Gaussian components and difference plot
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Fig. 3 P MAS NMR spectra for Ti(dpmg) 2, presented as (top-to-
bottom) experimental spectrum, fitted spectrum, Gaussian components
and difference plot

—6.4).>5 The solid does not contain significant aggregations
of titanium phosphate (hydrolysis of 1 would yield phosphoric
acid in solution; the degree of hydrolysis at the working pH is
shown to be negligible). The synthesis used an excess of
diphosphonic acid (see earlier) and, owing to the fast reaction
rate, the Ti" reacts predominantly with only one of the
phosphonic acid groups of diphosphonic acid. This is in good
agreement with two peaks in the 3'P spectrum; a high-field
signal for the ‘free’ phosphonic acid group (dp —1.2), and a
low-field signal (dp 8.9) for the phosphonate group bonded to
Ti'"V. The peak assigned to the phosphonate site is, however,
more intense than that assigned to the phosphonic acid site
(integral ratio 1.4:1.0, including sidebands), which points to a
small fraction of diphosphonate bridging.

Thermal properties

Thermal analyses of Ti(dpmg) 2 showed the water content to
depend on the drying and storage conditions. Fig. 4 shows the
equilibrated water content as a function of relative humidity
(RH) for a sample pre-dried at 50 °C for 2 days.

45

H,O:Ti molar ratio

2.0 E— T A T Em— T S | — T E— T R
0 20 40 60 80 100
relative humidity (%)

Fig. 4 Equilibrium water content at 25 °C of as-prepared Ti(dpmg) 2
as a function of relative humidity (RH) (analytical chemical formu-
lation as presented in the text refers to material dried at 50 °C)

Fig. 5 shows TG and DTA traces for a sample dried at 50 °C
for 2 days and stored over anhydrous CaCl,. The TG trace
shows no mass change between 20 and 80 °C, indicating the
absence of adsorbed water. The endotherm in the DTA trace
at 80-160 °C is assigned to dehydration. The TG trace in the
range 80-650°C indicates a complex dehydration and
decomposition sequence (several processes overlap), including
the loss of interlayer water, oxidation of the organic portion
and condensation of phosphoric groups. The DTA trace shows
two exothermic process, assigned as arising from the oxidation
of the organic moiety and the phosphate-to-pyrophosphate
transformation. The ‘free’ (non-layer) phosphonic acid groups
are transformed in air to water, carbon dioxide and phosphorus
pentoxide. The final mass loss takes place at 750 °C and is
marked by a sharp peak in the DTA trace, corresponding to
a final transformation to cubic pyrophosphate.®®

On the basis of the total mass loss occurring up to 900 °C
(final product TiP,0,) and elemental microanalysis, Ti(dpmg)
2 (dried at 50°C for 2 days, stored over anhydrous CaCl,) can
be formulated as

Ti[HO,CCH,N(CH,PO3), Jo.2s
[HO,CCH,N(CH,PO,H,)CH,PO,7, 4;0.6H,0

[calc. C, 16.27; H, 3.17; N, 4.74%; obs. C, 16.05; H, 3.32; N,
5.11%; TG loss (calc.)=55.1, TG loss (obs.)=54.2%]. The
ratio of P(phosphonate): P(phosphonic acid) in this formu-
lation is 1.39:1, in good agreement with the NMR result of
the previous section.

Porosity

The nitrogen adsorption—desorption isotherm of Ti(dpmg) 2
at 77 K (Fig. 6) corresponds to type IV of the BDDT classifi-
cation,?’ the form usually associated with titanium(1rv) phos-
phonates.?® The material has a BET specific surface area of
119m? g~', a value ten times greater than that typical of
layered phosphates. The isotherm has a narrow hysteresis loop
of the H3 type, characteristic of aggregates of plate-like par-
ticles giving rise to slit-shaped pores.?®

Fig. 7 shows the cumulative and differential pore volume
curves for Ti(dpmg). In the analysis of the desorption isotherm
at a relative pressure of ca. 0.42 a strong N, desorption is
observed which gives rise to a peak in the pore radius
distribution. The presence of such a peak in a porosity distri-
bution has been considered by the TUPAC Commission,*® who
consider that this effect, typical of many materials, is illusory.?®
The analysis of the desorption isotherm by the slit-shape model
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Fig.5 TG and DTA traces for Ti(dpmg) 2 dried at 50 °C and stored
over CaCl,(s)
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Fig. 6 N, adsorption—desorption isotherm at 77 K for Ti(dpmg) 2
degassed at 100°C
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Fig. 7 Cumulative and differential pore volume curves for Ti(dpmg) 2

gives a porosity distribution with a maximum at 160 A (Dp is
the distance between slit walls).

Impedance spectra and proton conductivity

Characterisation of the electrical conductivity of the phosphon-
ate 2 was carried out by ac impedance measurements. In all
cases, the impedance plane plots obtained consisted of a single
depressed semicircle (due to the bulk electrolyte resistance)
with a low-frequency tail (due to electrode—pellet interfacial
impedance); an example is shown in Fig. 8. Such impedance
spectra are typical of studies of solid electrolytes with electrodes
blocking the ionic charge carriers. The sample resistance was
calculated by extrapolation of the high-frequency arc to the
real axis. Application of a dc voltage to the sample cell led to
very rapid exponential decay in the consequent dc current,
this behaviour also being fully consistent with ionic, rather
than electronic, conduction in Ti(dpmg).

In the temperature range 20-90 °C the plots log;o(cT) vs.
1/T are linear and can be modelled with an Arrhenius-type
equation [¢T=A exp(E,/RT)]. The Arrhenius plots for 2 at
0% and 100% RH are shown in Fig. 9. E, and A values are
listed in Table 1; errors in these parameters assume an average
relative error of 3% on the pellet resistance (justified by the
reproducibility of experimental values). E, increases with
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Fig.8 Impedance spectrum obtained for Ti(dpmg) 2 at 50°C and
RH=100%
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Fig.9 Temperature dependence of conductivity, o, for Ti(dpmg) 2 at
RH =0 (a) and 100% (b)

Table 1 Room-temperature conductivities and Arrhenius parameters
for Ti(dpmg) 2 at RH=0 and 100%

RH (%) ¢/Scm™! E,/kJ mol ! logo (4/S cm ™! K)
0 1.9x1077 85 (1) 24.5 (0.3)
100 37x1074 63 (2) 227 (02)

decreasing RH (and level of hydration). At constant tempera-
ture, observed values of ¢ are 2—-3 orders of magnitude greater
when measurements are carried out at 100% RH atmosphere
than those under 0% RH conditions. Water molecules clearly
play an important réle in the conduction process. Conductivity
increases by two orders of magnitude temperature is increased
[at 0% RH ¢(25°C)=19x10"7Sem™! and ¢(90°C)=
6.9%x107°Scm™?!; at 100% RH ¢(25°C)=3.7x10"*Scm™*
and ¢(90°C)=3.5x10"2Scm™'].

The strong dependence of conductivity on the water content
indicates a vehicular mechanism, where protons are carried by
pore water (at low relative humidities loss of water reduces
the number of vehicles present and thus conductivity is lower).
We could not detect protonic conductivity at T>130°C, and
a water-free mechanism involving proton jumps between layer
sites or between pendant groups is, therefore, not involved.

The observed conductivities at room temperature are com-
parable to that of amorphous zirconium phosphate.®’ The



values at elevated temperature are, however, higher than
anticipated by that comparison. This increase in conductivity
arises from two sources: (1) proton transport in layered
phosphates is dominated by surface transport; surfaces
areas>10-20m? g~ ! have not previously been obtained, and
only moderate proton conductivities have hitherto been
reported at elevated temperatures;**** (2) the phosphonate
contains both free carboxylic and free phosphonic acid groups,
hence creating a high density of charge carriers for the conduc-
tion process.

Conclusions

Ti(dpmg)is a porous proton-conducting material, with conduc-
tivity strongly dependent on relative humidity and temperature.
At elevated temperature and high relative humidity, conduc-
tivities are comparable to that of Nafion under similar
conditions [¢(90°C)=3.5x10"2Scem™! for RH=100%].
Conductivities are, however, much lower at near-ambient
temperatures.

The porosity of Ti(dpmg) rules out its use in an electrolyte
separator (e.g. in a fuel cell). The strong dependence of ¢ on
relative humidity does, however, point to potential use in a
conductimetric humidity sensor.
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