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USE OF THERMAL ANALYSIS IN THE SYNTHESIS OF
VINYLIDENEDIPHOSPHONIC ACID

J. Surowiec

TECHNOLOGICAL INSTITUTE OF CHEMICAL AND FOOD INDUSTRY, A. E.,, KOMANDORSKA
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Simultaneous TG-~DTA was applied to establish the optimum conditions for the synthesis of
vinylidenediphosphonates via the intramolecular dehydration of |-hydroxyethylidenediphos-
phonate salts (Li, Na, K, Rb, NH4, Ca and Ba). The tested salts underwent water elimination at
different temperatures. Consequently, they are of different values for the synthesis of vinylidenedi
phosphonates. The dibarium salt proved to be the best for this purpose, whereas the tetrrammo-
nium salt can not be used because of its uncontrolled thermal decomposition. The kinetic pa-
rameters do not reveal any influence of the metal cation on the intramolecular dehydration
process.

Vinylidenediphosphonic acid (VDPA) and its derivatives, especially its
salts and esters, have found use as sequestering agents [1, 2], in the develop-
ment of polymeric flame retardants [3, 4], and in certain pharmaceutical
applications [5, 6]. Moreover, this acid may be conveniently used as a
monomer to obtain cation-exchange resins with —PO;H, groups. These
phosphonic cation-exchangers owe their importance in analytical and
technological applications to their high selectivity [7].

Though a few methods of preparation of VDPA (I) have been described
[1-6,8], VDPA is currently prepared via the thermal dehydration of tetra-
sodium 1-hydroxiethylidenediphosphonate (II) at high temperature accord-
ing to Eq. (1):

~POsNa; ¢ 400°,_H,0 PO H,
CH; —C—OH ——2"25 CH,=C (1)
NPO,Na, 2 H \ PO, H,
(1) )

Our initial attempt to apply the above method directly for the conversion
of various neutral salts (Li, Na, K, Rb, NH,, Ca and Ba) of 1-hydroxyethy-
lidenediphosphonic acid (HEDPA) to vinylidendiphosphonates presented
many practical problems. This disadvantages of this procedure include the
need for precise temperature control during the dehydration step, and
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lengthy and time-consuming separation and purification processes. Thus, it is
impossible to obtain the final product in a good yield because the post-
reaction- mixture contains unreacted HEDPA salt and some thermal de-
composition products. .

The purpose of our investigations was to apply thermal analysis to the
process of intramolecular dehydration of neutral salts of HEDPA. In order to
establish the optimum dehydration temperatures for these seven salts,
preliminary thermogravimetric runs were made. Since these gave interesting
results, and a literature search showed that no work had so far been
published on the thermal analysis of these compunds, simultaneous
thermogravimetric (TG) and differential thermal analysis (DTA) studies were
carried out. The TG traces were also subjected to mathematical treatment
and kinetic parameters for the intramolecular dehydration of the HEDPA
salts were evaluated.

Experimental

Preparation of the samples

The tetrasubstituted salts (Li, Na, K, Rb, NH,, Ca and Ba) of HEDPA
were prepared by direct total neutralization of HEDPA, obtained according
to [9], with equivalent amounts of the appropriate hydroxides. Methanol
was added to the aqueous solution to precipitate the salt. After crystal-
lization, products were filtered off by suction, washed with methanol and
dried in vacuum 60° for 24 h. All salts were white crystalline solids and no
additional purification process was required. The purities and degrees of
substitution of the salts were checked by elemental analysis for P and by
atomic absorption spectrophotometry for metals. In the case of the am-
monium salt, the nitrogen content was determined by means of the Kjeldahl
method.

Thermal analysis of HEDPA salts

An OD—-102 MOM derivatograph (Budapest) was used, and TG, DTG
and DTA curves were recorded simultaneously. Thermal analysis was per-
formed over the temperature range 20—1000°. Powdered samples (200 mg)
were heated in a ceramic crucible at a rate of 10 deg'min~!. A controlled
dynamic atmosphere of air (20 1'h~!) was used in the furnace.
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Synthesis of VDPA

To obtain the VDPA salts, and then free VDPA, samples (1 g) of HEDPA
salts were heated in a controlled-temperature furnace. Each salt was de-
hydrated at the appropriate temperature assigned earlier on the basis of the
TG-DTG-DTA results.

For determination of the degree of conversion, the thermally treated
products were analysed by bromometry. In the same way, the time depend-
ence of the dehydration process was established. Detailed results in this
respect will be published elsewhere.

Treatment of thermoanalytical data

From the TG and DTA curves, the following data were determined:
T;, Try and Ty (the initial, maximum and final temperatures of the TG-DTG
peak of the dehydration reaction). The order of reaction » and the activation
energy E were evaluated according to the Horowitz—Metzger [10] and
Coats-Redfern [11] methods.

Results and discussion

DTG and DTA curves for these HEDPA salts are presented in Fig. 1. It
can be seen that several thermal effects could be observed for all salts. These
effects correspond to the following transformations:

— the loss of crystallization water,

— intramolecular dehydration, combined with formation of the carbon
double bonds,

— thermal decomposition of the VDPA salts formed.

The endothermic transformations in the temperature range 80—300° are
connected with the loss of crystallization water. Depending on the nature of
the salt, this process occurs in one or more stages. This conforms with the
number of hydrate water molecules in the given HEDPA salt. The degree
of hydration of each salt was earlier established via chemical analysis.

The endothermic processes in the range up to 380° correspond to the loss
of intramolecular water when the formation of VDPA salts takes place.
In the case of the sodium and rubidium salts, the DTG and DTA peaks cor-
responding to the crystallization and intramolecular water loss overlap. This
resulted in unfavourable values of the equilibrium constants for synthesis

of the VDPA salts.
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Fig. 1 DTG curves (A) and DTA curves (B) of 1-hydroxyethylidenediphosphonic acid salts: 1-Li, 2-Na,
3-K, 4-Rb, 5-Ca, 6-Ba.

Above 380° the VDPA salts display different behaviour: the Li, Ca and
Ba salts are thermally stable up to ca. 530°, while a strong exothermic peak
is seen for the other salts. This is connected with the uncontrolled oxidative
destruction of the VDPA salt formed.

The kinetic parameters were calculated for the intramolecular dehydration
stage. When the Horowitz—Metzger and Coats-Redfern equations were used,
typical plots were obtained. From the slopes of the straight lines, the values
of E were calculated (Table 1).

It is seen from Table 1 that the activation energy of the main transform-
ation is practically independent of the nature of the cation, while the reaction
order is # = 1 for monovalent cation salts and # = 3/2 for divalent cations.
The values of F determined with the Horowitz—Metzger method are in all
cases higher than those obtained with the Coats-Redfern method, but the
results agree within the limits of error.

J. Thermal Anal. 33, 1988



SUROWIEC: USE OF THERMAL ANALYSIS 1095

Table 1 Thermal data and kinetic parameters for the stage of VDPA salt formation

. Intermolecular dehydration Temp. range Order of E, kI mol™!
Cation of VDPA salt reaction
in salt temp. range DTG peak, stability n H-M C-R

°C

Li 280-370 327 370-555 1 177 169
Na 285-325 313 - 1 172 157
K 270330 300 330-355 1 169 154
Rb 320-380 350 - 1 189 181
Ca 280-370 317 370 550 32 175 167
Ba 285-365 330 365-530 3/2 180 171
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Zusammenfassung — Simultane TG-DTA wurde eingesetzt, um die optimalen Bedingungen fiir die
Synthese der Vinidylidendiphosphonate durch intramolekulare Wasserabspaltung aus den 1-Hydroxi-
ethylidendiphosphaten des Li, Na, K, Rb. NH,, Ca und Ba zu ermitteln. Aus den untersuchten Salzen
wurde das Wasser bei verschiedenen Temperaturen abgespalten, sie sind daher unterschiedlich brauchbar
zur Synthese der Vinylidenphosphonate. Das Bariumsalz erwies sich am geeignetsten, withrend das Tetra-
ammoniumsalz wegen seiner unkontrollierten thermischen Zersetzung ungeeignet ist. Die kinetischen
Parameter der intramolekularen Wasserabspaltung zeigen keinen Einfluss des vorhandenen Metallkations.

PE3IOME —~ Cosmewennbit meton TT' 1 [ITA 6bin HCHIOMb30BaH A71A ONpPeeeHUA OITMMANBHBIX YCITO-
Buil CHHTE3a BUHHWIMZEHIU(OC(HOHATOB uepe3s CTafMi0 BHYTPHMOJIEKYIADHON AErNIPaTaliH 1-OKCH-
sTWwuaeHan$oCHOHATOB JIMTHA, HATPHUA, KAIUA, DyOUHA, SMMOHMA, KanbUuA U Gapus. Beinenenue
BOZJbI 1A BCEX COJeH NMPOHCXOMMT NPU Pa3MuHBIX TemMileparypax. ClemoBaTeNbHO, OHH 1O PasHOMY
MOryT OBITE MCIONB30BAaHbI A CHHTE3a BHHANULeHNUGochOoHaToR. Bapuesas coib HAUNYUIIMM 06-
PasoM ITONXOONT WA 3TOH UesiH, TOra Kak aMMOHHEBast COMlb, BOOGLIIe, He MOXET ObITL HCNOIb30BaHa
IUIA CHHTE3d, BCAEACTBUM ee HEKOHTPONHPYEMOro TepMHUYecKOro pasfnoseHHA. KuHermueckHe mapa-
MeTpbl MOKA32J1H, YTO IPOLecC BHYTPHMONIEKYIAPHOM JeTHAPATALMM He 3aTParMBaeTCs [TPUPOAOH Ka-
THOHA MeTaI/Ia.
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