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ABSTRACT 

By using the relations~p between the standard enthalpies of formation (- A&*) and the 
mean Sanderson electronegativity 3 of polyphosphate alkali salts M,+z_XH,P,003,+1 for 
n = 1, 2, 3 and 4, it is possible to predict the corresponding values of ( - A&* ) for the higher 
members of the series with n = 5, 6, 7, etc. This becomes feasible by exploring the additive 
regularities observed for each homologous series. RelatioRs~ps are proposed which can be 
used to calculate enthdpy values for a particular cation within l-258 accuracy limits. 

INTRODUCTION 

The standard enthalpies of formation ( - AHt*) of the first members 
(n = 1, 2, 3 and 4) of the alkali substituted polyphosphate salts 

M,+5-,~XRz%+i~ where M = Li, Na, K, Rb, and Cs, have been sum- 
marized in a monograph [l]. Wowever, for the higher members of the series 
(n 3 4) there is a lack of data, apparently due to the complexity of the 
molecules. In searching for a way to estimate those unknown values, we 
observed that, for constant n, substitution of x alkali metals by hydrogen 
affects the molecular weight W as well as the mean electronegativity $ of the 
molecule. This last quantity was introduced by Sanderson [2], and for a 
polyatomic molecule is given by 

$;; [l-J$#@+ (1) 

where Si is the electronegativity of element i participating in the compound 
under a stoichiometric coefficient ui. Many authors have successfully corre- 
lated !? with different experimental results for aluminosilicates, such as their 
acidic properties and the shift of frequencies of vibration of species ad- 
sorbed on them [3-S]. Regularities in patterns of the form ( -AHf*) = 
f(molecular weight) have been used by Woolf (51 to estimate heats of 
formation for inorganic fluorine compounds. Both these methods, i.e. based 
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on molecular weight or mean electronegativity, appear very promising in 
describing some fundamental properties of compounds forming homologous 
series by using a very limited input, namely the atomic weights or elemental 
electronegati~ties. As will be seen in the next section, both methods give 
similar results for (-AH;“) values of compounds of the Mn+Z_XHxPnOZo+, 
series. Further, the mean electronegativity values, s, can probably be used 
in estimating the proton activity of such compounds [7], according to the 
suggestion of Sanderson 121, via the well-known equation qn = (5 
- S’,)/(2.08 Sg,/“), which provides an estimate of the average partial charge 
on hydrogen atoms. This possibility becomes particularly promising in the 
light of SAP0 compounds, i.e. molecular sieves consisting of Si, Al, P and 0 
atoms, prepared recently by the Union Carbide group [8] and used subse- 
quently as catalysts by many workers in the field [9]. We shall not discuss 
this matter further for the moment, turning our attention instead to the 
calculation of enthalpies of formation of polyphosphate compounds. 

DISCUSSION 

Graphs of ( - A Hf”) versus !? and versus IV for Cs polyphosphates are 
shown as an example in Fig. 1, although similar graphs can be drawn for 
any other alkali salt. From this figure it is observed that for a certain n, say 
4 or 3, the corresponding members of the series fall on a straight line within 
a reasonable deviation. Secondly, from the data of ref. 1, as shown in Table 
1, it may be seen that the differences ( - AHf*) between the acid H, +zP,,OSn+ 1 

and the fully substituted form M,+2Pn03n+, of the phosphates for n = i and 
n = i + 1 tend to the values of ( - AHr*) for HPO, or MPO, shown in the 
same table. In other words, for the higher members of the phosphate series, 
it seems that the heat of reaction for the additions 

M,+iP,-&z--2 + MPO, --+ M,&%Z+, 12) 

H,+X?-103n-2 + HP% --$ I%?+*P&L+i (3) 

tends to zero. Therefore the enthalpy of the compounds M,+2Pn03n+, and 
H n+2Pn%+* can easily be found by successive additions of ( - A Hr” ) MPo3 

and ( - AK+ ) HP@ to ( - AH,* ) M,P,c& and f - A&* ) H6P40,3’ correspond- 
ingly, which are the highest experimentally known values for the series. In 
other words 

(-AH$)M=k-AH?)M3~04+ tn-l)(_AH?)~PO, (4 

and 

(-A&% = (-AK%$o~+ (n - l)(-AH~~~~o~ (5) 

This result is actually not strange, as similar behaviour has been observed in 
other series-forming compounds, such as n-alkanes, for which 
(-AH~)C,,HZ,+,=(-AHft,)C~,+20.5 (n-1). 
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TABLE 1 

Differences 6( - AHt*), between the standard enthalpies of formation of two successive 
members of the series of phosphate salts: (- AHf*)Mn+SPn+,oSn+~ -(- A~~*)~“+*~“~~~+~ 

Substances S value 

M,P20, -M,PO, 
M,P30,0 - MP@, 

M6P4013 - M,P,O,o 

Na K Li Rb Cs H 

300.8 304 316 305 305 230 
297 299 310 300 299 220 = 
286 294 301 290 289 240 a 

(- A&*) for MPO, 286.6 297 b; 294 

a Estimated. 
b Two values calculated from different sources. 

302 298 300 233 

In this way it is possible to define the two extreme lines of the graphs, i.e. 
for the free acid and the fully substituted form. Then the intermediate 
members for any particular n fall on the straight line joining the two 
extreme forms. As a result, the corresponding ( -ANf*) values can be 
defined as the point. of intersection of those straight lines with the corre- 
sponding values of S or IV, which are easily found. In this way we obtain 
the ‘trees’ shown in Fig. 1 for Cs-substituted phosphoric salts. Similar ‘trees’ 

are easily obtained for the other alkalis, Rb, K, Na and Li. 
Now, every point shown in the tree of any particular alkali metal can be 

described by an algebraic equation, which can be easily derived by using the 
above noted regularities exploited for its development. These regularities in 
algebraic form, and for the electronegati~ty-based calculation, are 

where the subscripts H, M and M - H correspond to the acid and to the 
fully and partially substituted form of the phosphoric salts. 

Similarly, for the molecular weight-based calculations we have 

Now, according to eqn. (l), the value of s for any salt of the form 

Mn+Z-XHXPnO3n+* is given by the equation 
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whereas the molecular weight W of the same compound 

~=(n+2_x)w,+xw,+nw,+(3nc1)wo 

will be 

(11) 

where wi is the atomic weight of the element i. Then from eqns. (6), (7) and 
(10) we obtain 

(-AHf”),_n=(-AH?),+[(-AH?),---(-AN;B)n] 

XS 
(n + 2)/(5n + 3) _ sg -t 2x)/(5n + 3)ppn + 3) 
H 

$n+2)/‘15n+3) _ $n+21/(5~+3) 
H M 

and cqns. (8), (9) and (11) yield 

(12) 

(-AH?),_,= (-AH?),,+ [(-AH?),- (-A%?H] w;-:-;H 
M H 

(13) 

Equation (121, with the help of eqns. (4) and (S), as well as the ( - AHf*) 
values for HPO, and MPO, shown in Table 1 and the relevant Sanderson 
eleetronegativities [2] (S, = 3.55, S, = 3.43, So = 5.21, SLi = 0.74, S,, = 
0.70, S, = 0.42, S,, = 0.36 and Sc, = 0.28), can be obtained in the follow- 
ing form 

where the constants A, B and C have the following values for the particular 
alkalis. For Li: A = 171, B = 69, C = 0.208; for Na: A = 150, B = 53, 
C= 0.197; for K: A = 160, B = 63, C= 0.118; for Rb: A = 161, B = 65, 
C = 0.101; for Cs: A = 162, B = 67, C = 0.079. 

In a similar fashion, from eqn. (13), by using eqns. (4) and (5) and the 
values of Table 1 for ( - AHr*)uPO, and (- AH,e),,3, one obtains 

(-AH?) = 310 -I- (r,r - 1)233 + [A + (B - l)B] ‘“(in :1;’ (15) 

where the values of A and B are as above. 
The values of ( - A Hfe ) calculated from eqns. (14) and (15) are given in 

Table 2 for n = 1 to 4. In the same table the experimental values of 
(- AHf*), when known, are given in parentheses for comparison. 

It seems that the error which may be introduced by this method in the 
calculation of the enthalpies of formation of phosphate salts, especially the 
higher homologues, should be less than l-2%, which is within the usual 
experimental error. In comparing the two sets of results, we observe that the 
second approach, based on the molecular weights, underestimates the ex- 
perimental results slightly as compared with the calculation based on 
electronegativities. This underestimation is of the order of - 1%; it appears 
quite systematically, but in any case is within the experimental error. 
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Finally, both such methodolo~es seem promising in calculating similar 
properties for other compounds which form homologous series. 
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