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This paper is the first in a series of three written to acquaint the reader with the 
general usefulness of titration calorimetry for the determination of equilibrium 
constants (K) for reactions in solution. A general view of the method and theory 

involved in the determination of K values by titration calorimetry is presented in this 
paper together with advantages and disadvantages of the method. In the following 
two papers data reduction and calculation techniques (Part If, see p. 219) and the 

appIication of the method to typical systems (Part III, see p. 233) are presented and 

discussed. 

General 

In many instances, titration calorimetric data can provide sufficient information 
to calculate K values for proton ionization’ --s and metal complex formation’-‘_ in 
addition to Kvalues, enthalpy change (4H”) and entropy change (4s’) values can also 

be obtained from the calorimetric data. Titration calorimetry is often useful for the 
determination of K values for systems whose study is difficult by other methods, i.e., 
non-aqueous systems, highly acidic or basic systems, and weak metal-&and complexes. 

Description of technique 

Titration calorimetry is a technique where one reactant is titrated into another 
and the temperature of the system is measured as a function of added titrant. The 
temperature change may be produced by a chemical reaction or by physical inter- 
action between the material titrated and the titrant. The resulting data in the form of 
temperature rs_ volume (moles) of titrant added can be analyzed to give information 
on types and numbers of reactions taking place in the reaction vessel as we11 as to 
calculate the 4H and (for incomplete reactions) K values. Titrations are usually 
carried out under conditions which are as nearly adiabatic as pcssible, the exact con- 
ditions and equipment depending on the type of information desired. 

The main components of a titration calorimeter apparatus are indicated in the 
block diagram shown in Fig. 1. The titrant containing one of the reactants is intro- 
duced from the buret into the reaction vessel. The resulting temperature change of the 
reaction is sensed by the temperature sensor T, and converted to a corresponding 

*Contribution from the Departments of Chemical En$xcring and Chemistry. and No. 18 from 
Center for Thermochemical Studies. 
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Fig_ !. Schematic of titration catorimctcr apparatus: X. reaction vessel with temperature sensor; 
B. burct (constant rate or incrcmcntai): C. temperature measuring circuit; D. amplifier; E, data 
output M~own hcrc 2-s strip chart rccordsr): G. environmcntai control circuit. 

vooItage in a wheatstone bridge circuit. This voitage is amplified in the amplifying 
circait and recorded on a strip chart recorder_ The temperatures of the reaction vessel 
and the buret are measured by the sensor S, and controhed by the temperature 
controller. The temperatures of the titrant and titrate must be equal or their difference 
known very precisely. 

There are two types of titration calorimeters - incremental and continuous. In 
the first type the titrant is added incrementahy and the temperature recorded after 
each titrant addition. The temperature is usually readjusted to the initial temperature 
before each additional increment of titrant is added_ ihis procedure has the advantage 
that the over;lll temperature change is sIight for a given incremental addition of titrant 
and. consequently, temperature dependent corrections, e.g., solution heat capacity 
change, etc., and heat leak corrections are kept small. Errors are introduced, however, 
in that a separate run has to be made for each data point obtained. Also, the number 
of data points obtained for the overall run is Iimited to the number of increments of 
titrant added. In continuous titration calorimetry the ritrant is introduced at a 
constant rate during a run, and the temperature is continuousI_ recorded. The 
advantage of adding the titrant continuously rather than incrementally is that a 
complete record is produced of the heat effects during a reaction, allowing one to 
choose any number of data points for calculation purposes. Calorimeters based on the 
continuous addition of titrant must have quick response times to temperature changes. 
and the systems which can be studied are limited to those where the reactions involved 
are rapid. One might suppose that in the continuous titration procedure Iarger errors 
wouId be introduced than in the incremental titration method due to (u) the necessity 
of measuring the instantaneous temperature in the reaction vessel and (b) the greater 
over311 temperature changes and the resulting effects on the thermodynamic quantities 
being measured_ This is not the case. however, if the reaction vessel and components 

are designed to give rapid equilibration and temperature sensing and if the esperiments 
are designed so that the temperature change over an entire run does not exceed O_ I ‘C. 
Errors which arise for the above reasons in continuous titration calorimetry have 
their counterpart in the random errors of the individual runs in incremental titration 

calorimetry. 
The means of recording the progress of the reaction is largely a matter of 
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preference. The temperature change is usuahy sensed by a thermistor in a wheatstone 
bridge circuit. The unbalance of the bridge is fed into some type of indicating record- 
ing apparatus such as a strip chart recorder o_ r into a digital voltmeter which is in 
turn connected to a paper tape punch or printer, a card punch, or a direct computer 
couphng. Both the tape punch or printer and the card punch give digital read-out 
which in most cases can be fed directly into a computer. Direct computer coupIing 
eliminates much unnecessary and potentially error-producing handiing of the data 
(i.e., chart analysis. card or tape punching, etc.). The digital read-out methods and 
direct computer coup& m are the preferred recording methods of those who are 
concerned with rapid data processing. The strip chart, however, suppIies a readily 
discernable picture of the heat effects taking pIace in the reaction vesseI and com- 
parison of these heat changes with species distribution plots is easily accomplished. 
The strip chart recorder is less expensive and is the choice of those who require less 
exotic, classroom-type, apparatus. 

Calorimeters which ciosely approximate isothermal conditions have recently 
been adapted to titration techniques”. Such calorimeters have the advantage that 
neither heat IfJk corrections nor heat capacity measurements need to be made. 

A thermogram for a titration calorimetric run is a plot of temperature or heat L’S_ 
moles of titrant added or time of titrant delivery. The thermogram from a single 
continuous titration is equivalent to that constructed from data obtained from a large 
number of incremental titrations. For the sake of simplicity. the remainer of this 
paper will refer to continuous titrations unless the incrementai method is specificahy 
mentioned. It should be remembered, however, that whatever applies to the one 
usually appIies equally to the other, with the exception that more time is required by 
the incremental method to get the same amount of data. 

A typica thermogram for a continuous titration run for an exothermic reaction 
involving only one reaction is shown in Fig. 2. Region ‘a’ indicates the net heat gain 

b d 
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Fig. 2. Typical thermogram obtained from a continuous titration calorimeter. 
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of the reaction vesse1 and contents before the titration begins. The slope of the line is a 

Function of heating by stirring, of resistance heating across the thermistor, and of heat 

Leaks (heat Iosses by conduction, radiation, convection, and evaporation). Region ‘b 

indicates the heat rise due to the reaction taking place in the reaction vessel plus the 

heat efTects resulting from (a) the diiution of titrant and titrate, (b) the temperature 

differential between the titrant and titrate, and (c) those effects mentioned for Region 

‘a*. Region ‘c’ is not represented in Fig. 2. This region wouId represent the portion 

of the curve in which the titration continues but the reaction is compIete. This 

portion of the curve e.tists only for those systems in which K is too Jarge to be deter- 

mined by calorimetry. Region ‘d’ is generated after the titration is completed and the 

sIope is a function of the same effects as mentioned for region ‘a’. Regions ‘a’ and ‘d’ 

are used to make corrections for the heat loss or gain for the reaction vessel before, 
during, and after the titration. Other corrections must be made to allow for the effects 
of dilution, temperature difference of titrant and titrate, and heat capacity changes due 

to the addition of Want. Methods of making the necessary heat corrections have been 

developed and are presented in the second paper of this series. 

Analysis of a thermogram invoIves takin g temperature readings at strategic 

points along the curve. The greater the compIexity of the system, the greater the num- 

ber of data points required. As an infinite number of points are represented on a strip 

chart recording, the investigator may choose as many points as the complexity of the 

system dictates. The temperature readings are converted into heat quantities in 

caIories or jouIes and the appropriate corrections for heats of diIution, stirring, etc., 

*are made so that each point represents the heat derived from the reaction from the 

beginning of the titration up to that point 

Bzfzge of applicability 
The equiiibrium constant for a given reaction can be determined by titration 

calorimetry if the magnitudes of K and AH for the overall reaction taking place in the 

reaction vessel are within certain Iimits. The family of curves presented in Fig. 3 

shows that increased overall curvature of the thermogram is obtained with decreasing 

ualues of K (AH is assumed to be constant), or in other words, the shape of a given 
curve is a function of the K vaiue. The curves for systems with K values greater than 

approximately IO& differ oniy slightly from one another; hence it is difficult to make 
accurate caIculations of K in this rigion. For reactions with K values Iess than 0, 
very Iittle reaction takes place and hence very little heat is evoIved. The dependence 
upon AN is obvious in that if AH is small the heat change in the calorimeter is cor- 

respondingIy small. It foIIows that in order to obtain functional thermograms the 

Iower the K vaIue is, the higher the AH must be. Fig_ 4 shows a family of curves in 

which K is held constant and the AH value is varied. 

The successfui application of the calorimetric method of determining equilib- 
rium constants to a given system therefore depends on a (a) the equilibrium constant 
being small enough (0 c log K c 4) to yield a sufficientiy curved thermogram and (b) 
the AH being concurrently Iarge enough tiat a temperature change of at least 0.01” 
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AH = Constant 
Koveroll 

Moles Titron? Added 

Fig. 3. Thermogram for the reaction A + B = AB, showing the etkt that the value of the equilibrium 
constant has on the shape of the thermogram. 

Mofes Titront Added 
w 

Fig. 4. Thermogram for the reaction A+ B = AB, showing the effect that the VAUC of the enthdpy 

K = Constant ~Hovcroll 

has on the shape of the thermogram. 

is generated by the reaction (0.01’ approaches the lower limit of temperature change 
necessary to generate thermograms reproducible to 0.2%). These restrictions may 
seem severe, but they are not as limiting as they seem. It has been shown that by use of 
selective titrants the method can be extended to the determination of equilibrium 
constants for proton ionization2 and metal-&and interaction” of almost any 
magnitude. Further explanation of the procedures involved is given in the following 
sections on Proton ionization: Extension to intermediate regions: and Metal ion- 
ligand interaction in aqueous solution: Strong interactions. 

It should be pointed out that precise evaluation of K and AH usually requires 
sophisticated titration equipment and complex analysis methods. It is possible, 
however, to construct simple titration calorimeters’2*‘3, to simplify the cakulation 
procedures and to obtain moderately accurate rzsuk. 

Cakdatiiin of equilibriunr constants 

The following section describes how the equilibrium constant for a simple pH 
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independent reaction can be calculated using titration calorimetric data. Assume the 
reaction producin, = the thermobqam in Fig. 2 is for the association of A with E? to 
j.ield AS_ Th e h eat corrected for all extraneous heat effects due to the reaction from 
the start of the titration to any point. pt on the thermogram will be Qr_p_ 

Oc+ = A HCAnJ (1) 

where AN is the change in enthalpy for the reaction and An, is the number of moles 
of AB formed from the start of the titration to point p. An, is derived from an 
anaIysis of the concentration of each species present in the reaction vessel at point p 
which necessitates knowing the value of the equilibrium constant for the reaction_ 
In this case, however. the K for the formation of AB is not known and, therefore, 
An, is not know-_ if one were to approximate a value for K, a corresponding value of 
An, can be derived. A value for AH can then be obtained at a given point p from 
Eqn. (1). This operation is carried out for each of the chosen points of the thermo- 

gram: OC.I. OC.z. Or.3 --- OF&, using the same approximated value of K. Because AH 

is cons-tant as is K* for a given reaction at a constant ionic strength (IL) and tempera- 
ture (T) (p and Ovary only sIightI_v during the course of reaction), it is to ~CZ expected 
that the calculated AH will be the same for each point. If such is not the case. new 
\-alues of K are chosen and AH values are caIculated until a K value is found which 
yields the same AH vaIue at each point p throughout the run. When this occurs. the 
proper value for K and AH will have been determined_ Thus both AH and K are 
determined by iterative convergence. The change in free enerm (AG) is then deter- 
mined by the relationship AG= --RTInK and the change in entropy (AS) by the 
relationship AS = (AH-AG)/T_ 

To iIIustrate the above procedure, the foIIowing experimental conditions and 
concentrations have been assumed for the reaction A-!-B = AB. 

A is the titrant, B is the titrate and four data points at four-minute intervals are 
used in the caicuiations. The titrant. 0.2OOM A. is titrated into 100.0 m1 of 0.0100.11 B 
at a constant rate of 0.600 mI/min giving a total of 2.40. 4.80. 7.20, and 9.60 ml of 
titrant delivered respectively at the end of each interval_ After analysis of the thermo- 
gram and the appropriate heat corrections are made. it is determined that the total 
heat of reaction at the end of each time interval is, respectively: QC,r = 1.04 cal, 
0 _r.Z = I-S1 Cal, QCV3 = 2.37 cal, QCss = 2.77 cal. The concentration of the various 
species in the calorimeter at the end of the time intervals can be caIcuIated by using 
Eqns. (2-6) 

A’ = IABJJAI, EBl, (2) 

[A& = IAI,+[ABl, (3) 
Prl, = EBl, f lABI, (4) 
~=~~~l,,ItI~~l~-~~~lp~~~~~lg-I~~Jp~ (3 
K[AB];-~(KfBJ,+ K[A&i I)[AB]+K[A,]JB& = 0 (6) 

l K is defined ;1s the equilibrium constant for the reaction in question at ZI given ionic strength. At 
zero ionic strength K becomes the thermodynamic equilibrium constant. 
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where [A] = concentration of component A, [B] = concentration of component B, 
[AB] = concentration of component AB, [ATJ = total concentration of A in the reac- 
tion vessel. and [Br.! = total concentration of B in the reaction vessel The initial 
concentrations of Ar and Br are known and as the titration proceeds [A&, and 
[BJ, can be caIcuIated at the end of each time interval. For exampIe, at the end of the 
first time interval 2.40 ml of titrant has been added to the reaction vessel and [AT], = 
2.40 ml x 0.200M,!102.40 ml=469 x 10-3L11 and [B,], =0.0100~21 x 100.0 ml.!l02.40 ml 
= 9.76x IOS3M. To calcuIate the concentrations of the other species at the end of 
each time interval, a value of K is assumed and using the appropriate values of 
[A& and [B&, the values of [AB],, [A], and [B], are calculated from Eqns. (6), (3) 
and (4), respectively_ in our example only the concentration of [AB], is necessary to 
complete the calculations. The moles of AB formed, An,, can be calculated from the 
relation &I, = [AB], VP where V, is the volume of solution in the reaction vessel at 
the end of the time interval in question. dH is then calculated using Eqn l_ In our 
esample two values of K were chosen , 2x 10’ and 1 x 10’ and the resulting species 
concentrations and AH values at the end of each time interval are reported in Table I. 
Values of AH were constant when K was chosen to be 1 x lo’, but not when K was 

TABLE I 

CALCULATIOS OF EQUILIBRIUM CONSTASTS FROM TlTRXTIOS CALORIME7RIC DATA USISG EQSS. (l)-(6) 

Quunrir_v Time (min) 

[AT]. mo1cs.U 

w-r]. rnOles!l 
[AB]. moIes/l 
[AB], moles~l 
hzAB, motes 
hrxa, moies 

Qc. cal 
Air, cal!mole 
AH. cai~mo!c 

4.69 x IO- 3 
9.76 x lo- 3 

(K = 2 x 102) 2.74x 10-3 
(K= 1 x 102) 2.04 x 10-S 
(K= 2x 102) 2.so x lo-’ 
!K = I x 102) 2.09 x 10-J 

1.04 
=2x 102) 

::= I x IO’) 
3729 
5000 

9.16x lO-3 
?).5JX lo-’ 
457 x IO--’ 
3-46X 10-3 
4.79 x lo-& 
3.63 LX IO-i 
l.Sl 
3790 
5000 

1.34x 10-z 
9.33 x 10-3 
5.67 x lO-3 
4.42~ 1O-3 
6.08 x 10-i 
4-74 x io-* 
2.37 
3897 
5ooo 

1.75 % 10-Z 
9.12 x IO-3 
6.31 x IO- 3 
5.06~ 1O-3 
6.92 x IO-’ 
5.55 x lo-” 
2.77 
4011 
5000 

Correct values of K and dN are 1 x 10’ and 5000, respectively. 

taken to be 2 x IO’. Therefore for this hypothetical case, K = 1 x IO2 and AH = 5.0 kcalj 
mole. An actual determination would require that activity coeffxcients be determined 
and incorporated into the calculations, that many more data points be taken from the 
curve, and that smaller increments be used in estimating K. [Incidentally, if K is 
accurately known, the AH of a reaction is readily determined by solving Eqn. (6) for 
[AB], converting [AB] to Art, and calculating AH from Eqn. (l)]. 

The above procedure can be simplified if only approximate values of K and AH 
are desired. Combining Eqn. (5) with Eqn. (1) and using the relation An,=[AB], VP 
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gives Eqn. (7)_ 

which further reduces to Eqn_ (S) 

4H 
K = &(4H+YY,4H+Zp (8) 

Since 4H and K do not change for a given reaction at constant temperature and p, 

dH/K is the same for every point on the thermogram and can be eliminated from 
Eqn. (8) by combining any two data points to give Eqn. (9) 

(XP2-Xpl)(4H)Z-(YP2-Yp,)4Hi-(Z,,--Z,,) = 0 (9) 

4Hcan then be obtained from Eqn. (9) and Kcalculated from Eqn. (8). The values of 
K and 4H calculated by this method can be further refined by taking various com- 
binations of data points and averaging the resultant values. Table II gives values 

TABLE II 

CALCULATIOX OF EQbIL:BRXLJM COSSTAh~ FROM TITRATIOS CALORIMETRIC DATA USING EQSS. [f)-(g) 

Qmnrir_v Time (min) 

16 

(P = 4 

4.482 x 1O-6 

I.445 x 10-z 
10.213 

1.834~ 1O-6 
1.219 x Io-z 

15.093 
5000 cal 
1 x IO’ 

6.316~ 1O-6 

2.664 x iO-2 
25.306 

obtained for the solution of the former example by use of this non-iterative approach 
using points p, = I (time = 4 min) and pz = 4 (time = 16 min). Although the same 
vaIues for K and 4H were obtained in this caIcuIation as in the preceeding example, 
in general this will not be the case as small random errors in the values of each data 
point will give rise to slightly different values of K and 4H depending on the data 
points used in the calculations. 

It should be stressed that the non-iterative method is good only for the deter- 
mination of approximate values of 4N and K_ A comprehensive review of iterative and 
non-iterative methods for ca!cuIating K will be given in the second paper of this series. 
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Ilhsiratiw studies 

213 

Tables III, IV, V, and VI are included to illustrate the use of the titration 

calorimetric method in the determination of pK (-log K) values for proton ionization 

and log K vaiues for metal ion-ligand interactions in both aqueous and mixed 

solvents. A brief description of each category follows. 

TABLE V 

K ASD AH VALUES DETER.HISED BY TITRATION CALORIMETRY FOR THE STEPWISE IXI-ERACTIOS OF 

Cu(II) WITH I,IO-PHENAZTTHROLISE IN AQUEOUS SOLUTION AT 25% AND p =O 

Reaction Titration caiorimetr>@ 

b3K AH 

Typical cakes using orher methods” 

LogK AH 

cuz+ f P = c”pz+ 
cup2+ f-P = cupz+ 
CuPf’tP = cup;+ 

9.14-r-0.06 - 11.03+0.1 9.0%9.16 - 

6.87 iO.08 -5_42*0.1 6.42-6.96 - 

5.32 IO. I -5.1 f0.3 5.14-5.50 - 

‘Data taken from Ref. 11. P = l.lO-Phenanthroline 

TABLE VI 

K ASD AH VALUES DETERHISED BY TITRATIOS CALORIMETRY FOR THE STEPWISE IXI-ERACTIONS OF 

THIOUREA wiTH Hg(CFui2 IS H20-EtOH SOLl-E?GT MI?ZlXRES AT 25 ‘C ASD p = p 

Weighf 

% EtOH 
log K, log Kz AH, (kcoI!moIej 

- 

AH2 (kcal/moie) 

0.0 1.97iO.06 O.d& 0.04 - 1.5-LO.l -7.910.2 
20.0 2.03 Sz 0.08 0.77 i 0.08 -2.4f0.1 -88.6SzO.3 
40.0 1_94-cO.I0 I .c!4 f 0.05 -4.51 f0.09 -8.2f0.2 

60.0 l-86&0.05 1.2610.04 - 5.93 i 0.04 - 5.7 I i 0.07 
80.0 2.11 f0.06 1.30~0.08 - 5.96 f 0.04 -S_Of0.2 

92.3 2.28 f 0.04 1.34f0.08 -6.16f0.03 -4.8i0.4 

‘Data taken from Ref. 6. 

Proton ionization. - As previously shown, the determination of equilibrium 
constam-. by titration calorimetry is dependent upon the curvature of the thermogram_ 

To obtain the necessary curvature the log K -7f the overall reaction in the calorimeter 

must be greater than 0 and less than 4. Strong or weak acids or bases may be used as 
titrants as long as the overall reaction constant meets the above criteria and the K 

and AH values of secondary reactions are accurately known. This will become more 

cIear in the following discussion. 

Acid region. - In this region the conjugate base is titrated with a strong acid, 

H’ i-A- = HA. The results of the reaction H+ -t SO:- = HSOI, in which the cations 

present are either sodium or tetraalkylammonium ions are presented in Table III. 
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Basic region. - In this region weakly acidic species are titrated with strong base 

and proton ion&&ion is accompanied by water formation, HA -I- OH- =A- t HzO. 

In order to determine the pK for the ionization of HA, the measured log KOvc_l, 

must be corrected for the formation of water, ie., Iog Ku., = iog KOremn- log J&,_ 

Likewise the AH for the formation of water must be subtracted from the AHOvcmir 

to get AH,_ The results in the case of the third ionization of phosphoric acid are 

presented in Table III. The titrant was NaOH solution and the reaction in the reaction 

vessel was HPOi- tOH- = PO:-- ;H,O_ 

ExreIrsion io inrernrediate regions_ - In the intermediate region an acid or base is 

titrated with a sIightIy weaker or stronger acid or base such that there is competition 

for the proton, ie., HAiB- = HB-I-A-, and the difference between log Ku, and 

log Km (Iog J&I-%* J is between 0 and 4_ Log K,, is determined much the same as are 

log Ku, values in the basic region, log Kmr is simpfy subtracted from log &_ir 

(log KS, = log Kve”u- Iog &B). 
The results of determining the pK of pyridine, imidazole, metanillic acid, 

protonated trishydroxylaminomethane and glycine using acetic acid as titrant are 

presented in Table III. The accuracy with which the pK’s were determined can be 

correlated with how we11 log K,,,,ir remains within the proper limits in that the best 

resu1t.s (low standard deviation of K) were obtained when Iog &_,r was 0.4, 2.2 

and 3.3 (pyridine, irni dazole, and THAM respectively) and higher deviations were 

obtained when Iog Kor_ir was - 1 (metanillic acid) and above 4 (glycine). 

A list of possible titrants which may be used to accurateIy determine any 

Iog Kn_, value fess than I5 and greater than - 1 is given in TabIe VII. The effective pK 
range in each case gives the range of pK vaIues which the titrate can have for that 

titrant. As it is desirable to have AH for the reaction occurring in the calorimeter as 

iarge as possible two titrants of quite different AH vaIues have been suggested for 

several of the ranges. Ref. 4 should be consulted for a more complete discussion of the 

criteria for choosing a W-ant. 

Metal ion-iigand im.~rac~ion i. aqueous solution 

Weak interactions. - Investigation of metal ion-Iigand interactions via 

titration czdorimetry is subject to the same criteria as proton-Iigand interaction, ie., 

Iog &vc”li must have a vaiue between 0 and 4 and sufficient heat must be released to 

give an accurate thermogram. The method is, therefore, extremely valuable for the 

determination of weak meta ion-li,oand interactions. A single titration can give 
sufficient information to determine several log K vaIues_ Metal ion-Iigand interactions 

are almost aIways complex systems in which more than one Iigand associates with a 

given meta ion, and equilibrium constants for consecutive reactions are usually cIose 

together numerically. As expected, the precision and accuracy obtained in determining 

consecutive Iog K values is a function of the magnitude of log Kovemlr_ Table IV 
contains results of studies of silver-pyridine and copper-pyridine systems in which 

overall Iog K (Iog B) values were obtained from calorimetric data 

As a matter of interest, the method also affords a somewhat qualitative check on 
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TABLE VII 

StiGGESTED TlTRAStS FOR TITRATlOS C.ALORIUETRY (HA = A- f H-j 

Efleciice Strbsmncr Formula pli’” diio 
p li’ range ah-CUI;tIlGk) 

t2.5 

14 

3-6 

Hydrogen ion 
Hydrazinium (i-2) ion 
Phosphoric acid 
Aniiinium ion 

4-7 .&xtic acid 
Psridinirrm ion 

6-9 

8-11 

9-12 
I I-14 

Dihydrogen phosphate ion 
Imidazolinium ion 

Acetylacetone 
Tris(h~dros~meth~I)amino 

methane 
Glycinium ion 
Monohydrogcn phosphate 

ion 
Hydroxide ion 

H jO - -1 0 
S,H;’ 2I.67 8.9 
H,POa 2.148 - 1.58 

CHICOOH 

HIP02 

4.60 7.28 

4.756 
5.17 

7-19s 0.90 
6.99 8.78 

-0.01 

4.9s 

CH$ZOCH2COCH3 9.03 (‘0’) 2-S 
(CH20H),CXH; 8.069 11.33 

‘H,XCH+ZOO- 9.730 10.57 

HPOZ- 12.39 4.20 
OH- 13.99s 13.335 

pK and AH values arc valid at 25 -C and p = 0 un!ess othenvise indicated. Set Ret-. 4 for a more 
complete discussion of the criteria for choosing a titrant. 

the stoichiometry of the reactions believed to be taking place in the reaction vessel. 
Fig. 5 shows the titration and species distribution curves for the reaction of Ag+ 
with Py. The S shape thermogram indicates that AgPyi is formed in a stepwise 
manner and further, that the heat for the formation of AgPyz from AgPy’ is more 
exothermic than the heat of formation of AgPyi from Ag’. This observation is borne 
out by comparing the thermogram and species distribution curves. The shape of the 
thermogram is thus frequently useful in interpreting data_ 

Sirong interactions. - As in the case for proton ionization, it is possible to 
extend the method of calorimetrically determining equilibrium constants to any 
metal ion-l&and interaction_ The method is the same as for acid-base reactions in 
that a competitive reaction between two metal ions and one ligand or between one 
metal ion and two ligands takes place in the reaction vessel giving rise to an overall 
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m mole of Pyridinc 
-- 

Fig. 5. Thermogram and species distribution curves for uIorimctric titration of sikr ion with 
pyridine_- 

reaction for which the equilibrium constant can be determined. This method is illus- 

trated for a two metal ion-one iigand system by Eqns. (I 0), (1 I), and (12). 

ML=M+L log K (10) 
M’+L= M’L log K (11) 

M’+ML=MfM’L log Kre”n (12) 

The equilibrium constant, K, for reaction (10) can be determined if a metal ion, M’, 
can be found for which K’ and AH' are known and which wili complex with l&and, 
L [reaction (I l)] so that the equilibrium constant for the reaction occurring in the 

reaction vessel, Iog KoverrIl, is between 0 and 3. This method has been used to deter- 
-mine equilibrium constants for the interaction of scandium(III) with dipicolinate and 
diglycolate ions using lutetium(II1) as the competing metal ion” and for the inter- 

action of mercury(H) with Zaminoethanoi and copper(H) and zinc(I1) with I,IO- 

phenanthroline using hydrogen ion as the competing ion”. The results of the study 
with copper are given in Table V. 

-Metal ion-ligand interaction in mixed solcents 
The nature of the soivent makes little or no difference in the operation of a 
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calorimeter, save the occasional dissolution of formerly supposedly inert inner 

apparatus. In non-aqueous media the equilibrium constants are determined by the 
same method, utilizing the same criteria as in aqueous solutions_ 

Among calorimetric studies invoIcing non-aqueous and/or mixed solvents are 

a phenoI4methyIformamide system in isooctane and toluene solvents’, and a 

Hg(CN),-thiourea system in H,O-ethanol solvents6. ResuIts of the study of Hg(CN),- 

thiourea in H,O-ethanol solvents is reproduced in TabIe VI. 

Operational limits 

In spite of its versatility, titration calorimetry has operational limits beyond 

which the errors involved lead to unsatisfactory results. Extensive studies of error 
anaIysis have been made4-5.J8*4g and include suggestions regarding choice of solution 

and t&rant concentration, titrant composition, and ways of reducing experimental 

errors. 

Summary 

Techniques for determining thermodynamic equilibrium constants by titration 

calorimetry have been deveIoped for a wide spectrum of reactions. The method is still 

relatively new and improvements and extensions are foreseeable_ Chief among the 

advantages of the method is its universality. It can be used in any solvent to determine 

equilibrium constants for proton ionization and metal ion-ligand interactions over a 

large pH range for simple and complex equilibria. It yields a good overall picture of 

the stoichiometry of the reaction(s) taking place and the experimentation and data 

analysis can be done rapidIy. 

The chief drawback of the method has been the initial expense of the calorimeter 

and the unavailability of commercial calorimeters. However, this is partially offset by 

the fact that commercial calorimeters are now avaiIable from LKB Instruments 

(Rockville, Maryland] and Tronac (Orem, Utah). Computer programs have been 

worked out for most types of reactions and are available in Fortran IV computer 

language (see Parts II and III, pp. 219-246). 

Simple and inexpensive apparatus can be built for demonstration and labcratory 

classwork in which the equilibrium constants for simple interactions can be obtained 

by the solution of simultaneous equations. 
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