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The stoichiometry of the interaction of Ca2* with sodium triphosphate was 
determined using a Ca2+ sensitive electrode, divaIent ion sensitive eiectrode, a glass 
electrode and by titration calorimetry_ A 21 and I:1 complex of Cat’ and P,O:, is 
found when titrating caicium chloride with sodium triphosphate by the ;aIcium ion 
sensitive electrode and t&ration calorimetry_ However, only by titration calorimetry 
is the 21 and 13 compkx found when titrating sodium triphosphate with calcium 

chloride. Thermodynamic values (log K, AH and AS) are reported for the formation 

of CaPsO;: and Ca,P,O~, in aqueous solution. 

The development of the cakium and divaient ion selective ekctrodesr offers the 
possibility of their use in calcium binding studies in biological and detcrgcnt systems. 
Problems associated with adsorption of muhicharged macromolecuks such as 

proteins or surfactants on the ekctrode membrane often complicate the use of 
electrodes for the study of biological systems, Titration calorimetry may be more 
a&active for the study of such systems since the reponse of the sensing device, the 

thermistor, is una&cted by such interactions with the probe. For example, it has been 

recently shown that calorimetry may be used to study the interaction of proteins with 
erytbrocyte membranes2, of surfactants with proteins3, and of alkali earth metal ions 
with proteins4_ In addition, information on both the equihbrium constants and 
enthalpy changes associated with the reactions are often obtained in a calorimetric 
study. The purpose of this study his to evaluate potentiometric and- calorimetric 
methods using as a model system the.interaction of calcium chloride with sodium 

triphosphate- 
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MpERI#ENTAL PROCEIWRE 

Reagent grade NasP,O,o (AIfa Inorganics) and a standard aqueous CaCIz 
solution (Orion Researc h, Inc.) were used in this investigation. The Na5P,0i0 was 

further purikd by repeated crystallizations from aqueous solutions of ethyl alcohol. 

Fresh& distikd water was used in the preparation of aII solutions. After preparation 

ail solutions were stored under nitrogen. 

Uecfrodes 

An Orion calcium ion sensitive ekctrodc (Model No. 92-20), an Orion divalent 
ion sensitive ekctrode (Model No. 93-32) and a Fischer combination glass electrode 
were used in this study. A singie junction reference electrode (Orion Model No. 

WOO-OI) and a Coming Calomel efectrode (fibre type No. 476WO) were used as the 
refknce e-odes, The cakium ion sensitive and divaknt ion sensitive electrodes 

behaved in a compkteIy Nernstien manner over the range of IO-’ to IO-’ M Ca’* 

ion. However, the intercepts were not reproducibie, in a_erecment with results 
previousIy reported by Rechnitz and Lin s. Thus, when using these dectrodes, the 

response must be chccktxi before and after each titration. 

AII runs uere made on a Tronac Model 1000 isoperibol titration calorimeter 
simii to that previously described6. The method of operation and data evahration 
have been previously described ‘-‘. Runs were made at 25°C by titrating a 0.02 M 

GKI, solution with NasPxOIo and by titrating a 0.02 M Na,P,O,, solution with 
CKI,. Heats of dilution in both cases were determined by titration into distilled 
wakr. 

calcium ion sendire eIectro& 

T&c calcium ion sekctive dectrode response to the titration of a 0.02oo M C&I, 
solution with 0.0308 M NasP 0 3 ,e solution is shown in Pig. II At very small 
Na,P,0,&aC12 ratios an initial rise in potential was observed. This rise in potential 

was mproduciile, however, no exphutation can be given at this times for this unusual 
response. Two infktion points are observed in this titration curve at Ca’+:P,Oz; 

ratios of I:1 and ZI, rqxctiveIy_ However, the reverse titration curve could not be 
obtained using this e&c&ode when the Na,PSOt ,, solution was titrated with CaCIz _ 

. 
Dmxknt cation ion sm*tie elecbod 

K-ion of a 0.02 M CaQ, solution with 0_03Og M NqP,OKO solution using 
the divaknt cation ektrode gave oniy one infiection point at a Ca2*:P,0:, ratio of 

231 as shown in Fig. 2 The response of the divaknt cation sensitive ekctrode to the 
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Fig- 1, Potentiometric titration curve for the titration of an aqueous solution of C&l2 with Na5P,010 
at 25% using a calcium ion selective dectrodt. 

Fig- 2. Potentiometric tibation amu for the titration of aqueous scdutions of: (I) Cat& with 

NasP,O10 ; and (Ir) NasP,Olo with Cat& at 2S’C using a d&dent ion selective electrode. 

0 

2 

4 ! I 

Fig. 3. The pH titration curves fur the titration of aqueous soIutions of: (l) C&Cl2 with NasPsOxo ; 
and (ll) Na5P,010 with CaClt at 25°C using a glan electrode. 

Filp 4. The calorimebic titration curves for the titration of aqueous soIutions c;fi (l) CaCIZ with 
NaAOto ; and (l-i) Na5P,0,0 with CaCl, at 25’C 
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titration of Na,P,O, e with CaCi, is also shcwn in Fig_ 2 Again, only one inff edion 
point is observed, but this time at a Ca**:P,O~g ratio of l:I_ 

Ghzss cornbikafion elerjrrod 

li&r2tkn Of an aqueous solution of &Cl, with Na,P,O, 0 using a ghss corn- 

bination electrode gave only one infkction point at a Ca’*:P,O:, ratio of 2:I as 
shown in Fig_ 3. Titian of NasP-;Or,, with CaCl, sohrtion again gives only one 
inflection poin& however, in this case it occurs at a Ca*‘:P,O:; ratio of isI_ These 
infkction points are the same as those reported for the divaknt cation ion sensitive 
eJectrode_ 

Ca~orihem~c m&es 
The iMon of Na5P30, o with CaCiz in aqueous solution was studied 

calorimetricalIy using both CaCi, and Na,P,O,, as t&ants_ The heat Iiberated is 
shown in Fig_ 4 for the titration of CaC12 with NasP30,e (curve I) and NaSP,O,e 
with C&l, (eunre II) at 2!VC 

The calorimetric data show the existence of the two compIexes containing Ca” 
and P,O;; ions in the ratios I:1 and 21 in both curve I and curve II_ The titration 
data are best fitted assuming that the principal reactions occurriiig are: 

CaZ+ + P,OzG = CaPXOzo ; K,. AH; (I) 

ca’*+caP,o~~+ca,P,o~e; K,, AH; (2) 

Ca,PBOF,+Na+ = NaCarP3010 (ppt); K,, AH; (3 

A precipitate is formed in the titration given by curve I in the region from 
~a,P,O,,16[cacII] = 0.0 to 0.5 and dissolves in the region from O-5 to 1.0, The 
break in the titration curves at R = 05 corresponds uractly with the infiection points 

obscrva3 in the EMF titrations on the same systems_ Ibis indicates that the precipitate 
observed at Iow P30gJcaz+ ratios contains 2Ca*+ for every P,O:,‘, and is therefore 
either NaCa,P,O, ,, or HCalOSP, 0 _ Previous literature resuItsxo report pK, and pKs 

- values for HsP,O, e to be 6_2 and S-9, respe&veIy_ Using these pK values we calculate 
about 98% of the tripolyphosphate species present before reacting with the Ca*+ 
ion exists as P,Ot< ion under the conditions of the present study_ The pH titration 
data given iu Fig_ 3 are consistent with this degree of hydroIysis_ Also, previous 
stud&I’.” have indicated that Nai interacts with P,Oz; ion and the equihbrium 
constant for formation of the NaP,O:& compfexr * may be as huge as 370 I mol- ‘_ 
If the equilibrium constant for the NaPSOT; species is this large then over 80% of the 
P,Ozg not compkxed with CatC will exist as the NaP,Oz; ion_ Other Na* com- 
plexes would aLso be expected_ We therefore conclude that the precipitate is most 
probably NatizPSOr e _ This resuIt is consistent with reported conductivity measure- 
maltsr3. 
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Precipitate is present at the end of the titration given by curve II and the break 
in the titration curve at a Cat+- .P,Q:,’ ratio of 21 again indicates the formation of 
a complex ,iontaining two Cat* ions for every P,O:, ion. The fact that there is 

considrrdble curvature in the regions where [NasP301 ,y[caC12] = 0.5 and I_0 in 
curve I and where [CaQ~a,P,O,,] = LO and 20 in curve II indicates that the 

precipitate is not stoichiometrically formed in either case and that the equilibrium 

constants for the various reactions occurring in solution are such that all the species 
may be present in the solution concurrently- 

The existence of appreciable Ca2P,0;0 ion in equilibria with the precipitate is 

suggested by curve II. The heat produced in the region where the Cazc:P,O:, ratio 
is less that I.0 is more exothermic than would be predicted if onIy CaPSO:, and 
NaCa,P@, o @pt) were present in appreciable concentrations_ Assuming these are the 
only two species present in the titration, AH” values calculated from the inital slope 
and fina Q values of curve I wouId predict that at least 3.7 cal of heat should be 
produced in this region, whereas only 2-8 cal are observed_ We, therefore, conclude 
that reaction 2 contributes significantly to the titrations and that AH, is exothermic- 

Log K and AH” values for reactions (2) and (3) have been calculated by a least 
squares technique ‘-’ from the thermometric titration data. The value for log K, was 
taken from the literature ‘O-’ ‘- * 6 and a AH; vaIue was caiculated from the final Q 
value in curve I, at which point the only appreciable Ca2* complex is the CaPSO:, 
ion_ Well-defined minima in the error square sum7-9 were found for each titration 
curve; however, the K2 and K,, vahes at the minima are different for the two curves_ 

The values obtained for log Kz and log Kp are 4.2 and 4.5 for curve I and I-8 and 3-6 
for curve II. Furthermore, the values of the error square sum at the minima are 0.4 

and 3-8 d2 for curves I and II, respectively_ If the log K and AH vahes described 

the titration curves within the accuracy of the calorimetric data, the magnitude of the 
error square sum at the minima would be less than 0.01 ca12. The large difference in 

the log K values calculated from the two curves and the poor fit of the data in both 
cases indicates there are other reactions occurring in the calorimeter which conhibute 

significantly to the species present and the heat produced. Most probably this involves 

interaction of Nai ion with the various negative ions present. 
interaction of Na+ - Ion with the various species could be studied using a 

tetraalkyl ammonium tripolyphosphate, The K,, value is also small enough that the 

TABLE 1 

LOG K, AH AND AS VALUES FOR -l-HE IKl-ERACllON OF 
Ca*+ AND P 05- , xo IN AQUEOUS SOLUTION AT 25°C 

Rcnction L4gK AH (kcat mot- ‘) AS (Gibbs mot- ‘) 

‘Taken from rcfs- IO, 15. and 16, 
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interactions could be studied in the abserxz of precipitate by using more dilute 

solutions, 

The thermodymume values which are prcstntly considered to best describe the 
Ca’+ ion and P,Ozg interactions are given in Table I_ It should be remembered that 
in the cakt&tion of these values both hydrolysis of the various aqueous species and 

any interaction of Na* ion with the tripolyphosphate species have been neglected- 
Iherefore, the resuhs should be considered as provisional values only, 

A comparison of the species found in solution using each of the methods studied 

is given in Table 2. While species with Caz+:P30;,’ ratios of I_0 and 20 were found 
by alX techniques, only titration calorimetry dearly identified both species in titrations 

RATIO OF CkCI, TO t&P~O,, AT 1NFLECTION OR END POINTS WHEN 
-mmmx~ AQUEOUS CaClr ~oLurfo~s wmi AQUEOUS N2sP,o10; AND. 
WHEN TITRATING AQUEOUS Na5P,0,i SOLU77ON wl-IH AQUEOUS ChCi,. 
AT 25% 

where Na#,O, c and CM& were t&ants. This undoubtedly reflects the fact that the 
sensor used in calorimetry (i-e_, the thermistor) does not employ a membrane sensing 
device and thus is not strongly affected by interactions at the detector +&ace_ It can 
be expected that surface interaction problems with eIectrodes wiII become more 
serious in biological fluids and results obtained by such techniques should probably 
be verified by other analysis where possrble_ 

The two species reported in this study have not been identified in potentio- 
metric’ 5-x ‘, conductivity’ 3, solubility I *‘O, nephelometry l 4, or n.m_r_* * studies, 
Reported log K values for the formation of the CaPSO:, complex’“~1C20 vary from 
l-7 to 6% The majority of the values~ however, fall in the range from 5-O to 6% The 
enthalpy change for formation of this complex (3-4 kcal mol- ‘) determined calori- 
metricahy in this study does not agree with those reported from the temperature 
dependence of the equilibrium constant (-3214 and -6.6” kcal mol-‘) but is in 
good agracmmt with a reported ' ' calorimetric study (33 kcal mol 7 ‘). These carlicr 
studies do not take into account formation of the 25 I complex_ Possibly -much of the 
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discrepancy in existing data would be improved if all species in solution were taken 
into account in the analysis of the data_ 
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