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This paper is the second in a series of three written to acquaint the reader with 
the genera1 usefulness of titration calorimetry for the determination of equilibrium 
constants (K) for reactions in solution_ In this paper the calculation procedures re- 
quired to convert calorimetric data to the desired thermodynamic values are presented. 
In the first paper, an introduction to titration calorimetry was presented and in the 
third paper the application of the method to typical systems is presented and 
discussed. 

General 
The evaluation of K vaIues from caiorimetric data for reactions in soIution in- 

volves four steps: (a) the experimental determination of the gross heat liberated in the 
reaction vessel, 0, as a function of titrant added, (b) the calculation of all correction 
terms for heat effects occurring in the reaction vessel other than those due to chemical 
reactions, (c) the evaluation of heat effects contributed from reactions other than the 
ones for which ii’ values are to be evaluated, and (d) the calculation of the energy 
changes due to the reactions in question and the evaluation of K values. For simplicity 
and completeness the procedures given in this paper apply to measurements obtained 
from a continuous titration, constant-temperature environment, calorimeter”, but 
with slight modifications it can be applied to either incremental titration” or 
isothermal titration” calorimetry data. 

The principles presented hcrz apply equally to studies in aqueous or non- 
aqueous solvents for a wide range of interactions such as proton ionization, metal- 
&and interactions. oxidation-reduction reactions, and addxct formation as the heat 
produced by interactions in solution is dependent only on the types and quantities of 
species involved. 

Defernlination of the gross heat liberated in the reaction ressel 

The determination of the amount of heat produced as titrant is added to the 
reaction vessel involves the calibration of the caIorimetric equipment and the: analysis 
of the thermogram for the total heat produced as a function of the amount of titrant 
added. 

*Contribution from the Departments of C!xmicaI Erqineerin_e and Chemistry, and No. 19 from 
Center for Thermochemical Studies. 
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Calibration of equipment 

Calibration of the equipment involves calibration of the titrant delivery system 
and the temperature sensing device and determination of the heat capacity of the 
reaction vessel. 

Calibration of titrant delivery system. - In continuous titration ca1orimett-y the 
litrant is added at a constant rate over the entire period of the run, necessitating the 
use of a precision, constant rate buret. The buret is calibrated by weighing the 
amounts of distilled water delivered by it over several measured time intervals. 
Consistence of the delivery rate can be confirmed by comparing the weights of water 
delivered over various time intervals. The delivery rate in units of volume (cc or liters) 
per unit of time (set or min) can be calculated very accurately from the mass rate of 
deIivery using the density of water at the calibration temperature. 

Calibrafion o,~ temperature sensing derice- - The most common means of 
measuring temperature changes in the reaction vessel is by means of a thermistor 
incorporated into a Wheatstone bridge circuit’0**3*50. The change in the output 
voltage of the bridge may be related to temperature change by calibration against a 
temperature standard. Either a calibrated platinum resistance thermometer or a one 
degree Beckman mercury-in-glass thermometer can be used with the latter being the 
most convenient and inexpensive. The calibration procedure consists of placing the 
thermistor and the thermometer in cIose proximity in a carefuIIy controIIed constant 
temperature water bath and measuring changes in the bridge voltage, E, as a function 
of bath temperature, 27 Over a small temperature interval ( ~OScC) Eqn. (13) can be 
used to relate voltage to temperature 

E= afbT (13) 

where a and b are constants_ The constant b Is given by Eqn. (14) 
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where m is the number of data points taken. If a strip chart recorder is used to indicate 
vohage changes, the recorder output can be directly calibrated in terms of chart 
units per degree temperature change. 

Defenninafion of reaclion i-essei heat capacity. - In continuous titration 
caIorimetry the total heat capacity of the system is a function of the amount of 
t&rant added during a run_ The total heat capacity of the reaction vessel and its 
contents can be determined by either (a) measuring the heat capacity for various 
additions of titrant and obtaining the heat capacity as a function of amount of titrant 
added or (b) measuring or evaluating the heat capacity of the empty reaction vessel, 
of the contents of the reaction vessel, and of the titrant and combining them to give 
the total heat capacity of the system as a function of the amount of t&rant added. 
Method (a) is the more accurate of the two methods in that the heat capacity of the 
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system is directly measured for each system but at the same time, it is also the most 
time consuming and laborious method. Method (b) depends on the total heat capacity 
being equal to the sum of the heat capacities of the parts which, for dilute solutions, 
is a very good assumption_ This method has the advantage that once the heat capacity 
of the empty reaction vessel has been determined, no further calibrations are necessary 
as long as the heat capacities of the solutions used in the reaction vessel and as 
&ants can be evaluated from other sources. Method (b), because of its simplicity 
and versatility. will be used in this paper to evaluate the total capacity as a function of 
titrant added to the reaction vessel_ Method (b) consists of measuring the heat 
capacity of the reaction vessel and its contents, subtracting the heat capacity of the 
contents to give the heat capacity of the empty reaction vessel and determining the 
total heat capacity for a given addition of titrant by adding the heat capacities of the 
empty reaction vessel, of the contents of the reaction vessel, and of the titrant. 

The heat capacity of the reaction vessel and contents is most accurately 
measured electrically by introducing a constant current through a resistance heater 
over a measured period of time. Details of several heater circuits have been described5’. 
Distilled water should be used in the reaction vessel as its heat capacity is accurately 
known as a function of temperature’“. As electrical heaters have been known to give 
erroneous data for a multitude of reasons. electrical calibration should be checked 
periodically by chemicai calibration. For solution calorimetry. the heat of neutraliza- 
tion of NaOH with HC10,5J*55 or the heat of protonation of THAM [tris (hydroxy 
methyl) aminomethane] x5’ is sufficiently well known for this purpose. The heat 
capacity of the reaction vessel plus contents, Cp, is given by Eqn. (15) 

Cp = QJ[ATT-(Si + S,)U/2] (15) 

where QE is the electrical or chemical energy introduced into the reaction vessel, 
dTf is the total temperature rise, Si and S, are the initial and final rates of temperature 
rise, respectively, due to non-eiectrical heat contributions (stirring, radiation, con- 
duction, etc.) and 0 is the time of calibration- The heat capacity of the empty reaction 
vessel, Cp, is found from Eqn. (16) 

cp, = CP - VP CP* (16) 

where V, p, and Cp, are the volume, density and heat capacity of water, respectively, 
at the calibration temperature. Cp, is a constant for a given volume of liquid in 
the reaction vessel but varies as the liquid volume changes as titrant is added. This 
change in C’, is due primarily to more of the reaction vessel wall coming into contact 
with the liquid as the liquid volume increases. For precision calorimeters” the change 
in C’, during the titration period is usually less than 1.0% of the value of Cp,. This 
change can be evaluated by measuring Cp, as a function of the volume of liquid in the 
reaction vessel. For volumes ranging from 100 to 106 ml in a 100 ml reaction vessel, 
it has been found that (SCp,/6y) is a constant5s. For a given amount of titrant 
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added the total heat capacity of the reaction vessel and contents, Cp, is given by 
Eqn. ( 17) 

where (Y&P), is the heat capacity of the initial so!ution in the reaction vesse1, 
(VpCp), is the heat capacity of the titrant added and (Kp,lb V) V, is the increase in 
heat capacity due to the increase in the liquid-wall contact area in the reaction vessel. 
It shouId be emphasized that the quantities Cp, and (Up,!6 V) are independent of the 
Iiquid used in the calorimeter_ 

The total apparent heat, QP*, produced in the reaction vessel from thestart ofthe 
titration, point x. to an>- data point p (see Fig. 6) is given b>- Eqn. (18) 

0, = -C&AT,-- T,‘) (1s) 
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Fig_ 6. Typical thermogram showing temperature I-S time trace for Icad, trail, and reaction periods 

where T, is the temperature at point p and TX is the temperature at point x. By 
combining Eqns- ( 13)_ (17) and (18). an expression for 0, in terms of measurable 
quantities is obtained 

Qp= - 
[ 

CP, + ( b 9 CP), + ( 0 CPA., + r%J fi.J L-(E,--E,M4 

where P-c-p is the voIume of titrant added from point x to point p. 

(19) 

ha[vsis of ilre rJrernrogrant 

The thermogram for a typical calorimetric run is given in Fig. 6. The lead 
(region a) and trail (region d) periods are a measure of the nonchemicaI heat effects 

l Q, is tbc quantity of heat which would be cvolved by the system if reaction wzre started at tempera- 
ture T, and the temperature after reaction w-ere reduced to the initial temperature, T.. 
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due to stirring, resistance heating of the thermistor and heat losses to the surrounding 

in these periods. Titran t is added in region b with the resulting temperature rise 

being due to nonchemical heat effects, dilution of the titrant and titrate, and from 

chemical interactions as the titrant and titrate are mixed. In actual practice, point x 
is not the same as the time at which the titrant buret is turned on as a smaII air space is 

usually left at the tip of the titrant delivery tube to prevent premixing of the solutions. 

Point x may be found directly if a strip chart recorder is used to record the data. If the 

data are in the form of digital outpu, at set time intervals then point x must be found 

by interpolation of the data points or from independent calibration. 

The following data can be evaluated from the thermogram: the slopes of the 

fore period (Si, “C/set) and after period (Sr. ‘Cjsec). the temperature of the titrate 

at the beginning of the reaction period. TX. and the temperatures of the titrate at 
prescribed time intervals (T, , T2 ~ T,. .__. T,. ___. T,)_ A set of 0, values corre- 
sponding to the Tp values can he cakulated using Eqn. (19). These 0, values represent 
the total heat produced in the reaction vessel from points x to p and must be corrected 

for all heat effects other than that due to the reaction of interest before they can be 

used to cakulate equilibrium constants. These corrections are detaiIed in the next 
section. 

Calculation of correctiolz Iernzs 

Non-clzenzical energy ternls. - Non-chemical contributions to the total energy 

change measured in the reaction vessel include those energy quantities associated 

with stirring of the solution, heat losses between the reaction vessel and its sur- 
roundings, and resistance heating of the thermistor- The initial and final equilibration 

slopes (Si and Sr) can be used to calcuIate the rates of heat loss at points s and y if the 

assumption is made that the ener_gy input from the thermistor and stirrer (ZG) is 

constant during the run and that the rate of heat Ioss is proportiona to the temperature 

difference between the reaction vessel, Tr,’ and its surroundings. Tj- This final 

assumption is equivalent to saying that the reaction vessel obeys Newton’s Iaw of 

cooling5g. Based on these assumptions, the following equations are obtained_ 

d&. x -Si(Cp3 = _ 
dt 

= qi{LVX = -z+--k(7-j-7-X) 

-I,,) - dQm.* 
dr 

= qifL,g = -K’-li(Tj-_T,) 

(20) 

where both u: and k are positive constants and qHL,x and qHL_. are rates of heat loss at 

points x and y, respectively. Eqns. (20) and (21) may be solved for zc and k using the 

experiment31 values for Si, S,, TX, Ty, and Tj_ These values can then be used to 
caIcuiated the value for qHL at any point p_ 

(IHL.p = --w-k(Tj-T,) 
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Eqns- (20), (21 ). and (22) can be combined to give an expression for qHL,P which does 

not contain the somewhat anzbiguous quantity, Tj- 

Qf1L.p = CIHL.r + G?ffL.F. - (71fL.xj 

Tp- TX 
[ 1 q----T, 

(23) 

The total contribution of the non-chemical heat effects from the start of the titration 

(point x) to any time during the run (point p) is given by Eqn. (24) 

-6, 
0 -fiL.p = J qfu_ do (24) 

oz. 

Eqn. (24) may be solved by obtaining an anaI>tical expression relating qEfL 

vaIues caIcuIated from Eqn. (23) for each data point and time. 0. and integrating the 

resulting function. A more simple and usually adequate method is to assume for the 

time inten;al (do) between data points that qHL is a linear_ first order expression in 
time. Eqn. (24) may then be expressed as a sum over all data points to Doint p 

0 -ffL.p = j. $i ((7HL.i + Clf*L.ii 1) 

where Q,,,, 
_ __ 

is the mttlal rate of heat Ioss at point x. Q,,_, values caIcuIated from 

Eqn. (25) are used to correct 0, values for the energy contributed by non-chemical 

terms. ExampIes of this calculation are given in the third paper of this series. 

Tenrperoture deference betlceen t&ant and fitrate_ - Ideally, the temperatures 

of the titrant. T,, and titrate, TX, at point x wouId be the same; however, in practice 

this identity is difficult to achieve. If the quantity (TX- TJ is positive, there will be an 

endothermic heat effect as the colder titrant is added. ConverseIy, there will be an 

exothermic heat effect if the quantity (TX- T3 is negative_ The correction that must 

be made to the Q, values for this heat effect is 

0 _TC.p = (I+ CP)*JT, - 7-J 

It shouId be noted that the correction calculated using Eqn. (26) is onIy that energy 

that results from the titrant being introduced into the reaction vesse1 at a temperature 

different from the temperature of the contents of the reaction vesse1 at tk beginning 

of the titration (TX)_ 

Dilution qf rifranr and titrate. - As the titrant is added to the titrate a heat 

effect will occur due to chemical changes such as salvation, hydrolysis, and ion 

pairing. The magnitude of the heat effect will also change as the relative concentrations 

of species present in the titrate solution change. This effect wiI1 be present even if an 
inert eIectroIyte is used to maintain a constant ionic streng$h. The magnitude of the 

dilution heat effects must be determined either by experimentation or from avaiIabIe 

tabIes60-“2. 

Usually, the concentrations and changes in concentrations of the chemical 
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species in the titrate are small encugh that their contribution to the net correction 
for heat of dilution is negligible. The same, however, is not true for the heat of diiution 
of the titrant, 4=_ If&= vaIues as a function of ionic strength, /I, are knoun for the 

titrant, then the heat effect due to dilution of the titrant, 0,. is given by Eqn. (27) 

0 _D,p = (~L..~-~LJ)~~ (27) 

where 4L,P refers to the titrant in the titrate at point p, 4L,I refers to the titrant, and 

n, is the moIes of titrant added. If (+L,, -&L.J values are not avaiIabIe in the literature, 

they must be measured; however, it is not necessary to determine absolute GL values 

as only the difference (+L,t -+=,J need be known to calculate &.,_ 

Heat conrribured from other reactions. - If reactions other than the ones of 

interest occur in the caIorimeter, their energy contributions must be corrected for in 
the QP values. AH values for proton ionization63 and metal-ligand interaction@” 

have been compiled. Hydrolysis of a I&and species is a commonly encountered 
reaction and will be used to ihustrate this type of correction of 0,. If one of the reac- 

tions being studied involves a basic ligand. L. then the reaction 

L+H,O --, HL’i-OH- (28) 

may contribute significantly to the total heat produced in the reaction vessel. The 
energy terms that arise from reaction (28) that must be corrected for in 0, are those 
due to the formation of HLi and to the dissociation of water by the hydrolysis of L. 

In both cases the correction term wiI1 be the change in moIes of the species invoIved 

times the appropriate AH values for the reaction. For the species HL’ the correction 

term will be 

Q RL.p = (cHL.p vp-cHt.x K)AH‘tL 

= O~HL.~--~HL.~)AHHL (29) 

where AH,, is the change in enthalpy for the reaction H’ + L = HL+ snd the C and tz 
terms refer to concentrations and moIes of the HL’ species, respectively. Since the 

number of moIes of water hydroIyzed is the same as the number of moles of OH- 
formed the correction for the formation of water is 

0 _RW,p = (COH.~ j'p--o~,r &I(--dKJ = C,JOH,~-IIOII.~)(-AH~~) (30) 

where AH, is the change in enthalpy for the reaction H’ +OH- = H,O. The 

conditions, Y,, CHL,r and Con,= refer to the initiaI titrate soiution if L is present in the 
titrate only. If L is present in the titrant, then the initial conditions in Eqns. (29) and 

(30) may refer either (a) to the initial titrant solution or, (6) to a h_ypothetical soIution 

where the added titrant solution has been diluted to the voiume of the titrate solution 

at point p but no interaction betw-een titrant and titrate has occurred. Situation (b) 

applies to most of the oL values reported in the literature. It is important that the 
data for the heat of diIution and for the corrections for hydrolysis are consistent so 

that the correct heat effect is calculated. 
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Corrections for other side reactions such as ion pair formation, dimerization, 

etc., u-ill involve terms of the form (dHi)(dni) where AHi is the enthalpy change 

associated with the side reaction and Ani is the change in moles of the species involved 

from the start of the titration (point x) to the data point in question (point p). 

Calculation of energy released by rp0cGon.s for xltich K rahes ate 10 be deretnrined and 

lhe ecaluafion of R raIues_ 

Cahlarion of enetg_r- released by reactions for &ich K values ate zo be determined 

The energy released, Q,. due to the reactions of interest for a given amount of 

added titrant is determined by subtracting from the overall heat term, Qp, the heat 

e%zcts given by the previously described correction terms [see Eqns. (25), (26), and 

(27)]. 

0 -c-p = Qp--QHL.p -QTc.~-QD.~ - I? AHRA~R 
1 

(31) 

where the term ZAH,dn, refers to all other reactions occurring in the reaction vessel 

other than the ones for which the I( values are to be determined. Q, is a function only 

of the K values and AH values for the reactions of interest. 

Eralualion of K caiues 

The addition of titrant to the titrate solution produces one or more reactions 

where the extent of the reactions and the energy produced are related to the corre- 

sponding equilibrium constants and enthalpy changes for the reactions. The mathe- 

matical reIationship between the heat produced, the equilibrium constants and the 

changes in enthalpy for the reactions is generaliy very complex_ This was demon- 

strated for the simpte reaction At B = AB in Part I of this series. It is, therefore, 

more convenient to express the relationship between these quantities for the general 

case of n reactions occurring in the reaction vessel in the form given by Eqn. (32) 

0 
--r.P 

=f: 4Hi 4lli.p 
i=l 

(32) 

where Ani p is the number of moles of product i formed and is a function of the 

equilibrium constant for reaction i_ A simple and moderately accurate method of 

solving Eqn (32) for K and AH was outlined in Part I for the reaction A+ B = AB 

(I2 = 1). 

In general, the best values of Ki and AH, are calculated by a least squares 

analysis of Eqn. (32) The error square sum over the m data points is given by Eqn_ (33) 

uCl\‘i 7 AHJ = pzl (Qc.p - ii (Ani.pAHi))’ (33) 

where the subscript p is over all the data points and subscript i is over all the reactions 
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being studied. The best values for K and AH for a given run are those which minimize 
U (Ki , AH,), that is, those values which satisfy Eqns. (34) and (35) 

SU(Ki, AHj) = o 

SAH, 
= pcI Oc.pAnk.p - I? An,., f, CAni.p AHi) 

p=I 
(34) 

p=I 
f (Ani ,AH,)) * $, (‘%p AHij , 

i=I 
bK, 

(35) 

where (k = I,--__ II). The :I expressions given by Eqn. (34) are all homogeneous first 
order linear equations in the AHi values and may be easily solved if Ki values, and 
therefore ArIi values, are known. Eqn. (35) is a nonlinear expression in the Ki values 
and must either be solved by trial and error or by some iterative technique. A com- 
plete and accurate solution of Eqns. (32)-(35) involves five steps: (I) Assumption of 
initial K values, (2) calculation of the concentration of each species in the reaction 
vessel at each data point using the assumed K values, (3) calculation of the best 
value of each AH value corresponding to the K values chosen, (4) evaluation of the 
I\’ and AH values to establish how we11 they fit the experimental data, (5) recalculation 
of steps (2), (3) and (J), using new K vaIues until the best set of K and AH values are 
found. These five steps are detailed in the following sections. 

(1) Assuming K rahtes. - The shape of the titration curve is very dependent 
on the magnitude of the equilibrium constants of the reactions occurring in the 
reaction vessel as is illustrated in Fig. (3), Part I. The technique described here for 
determining K values requires fewer iterative caiculations the closer the initial K 
values are to the calculated or best values. A good, initial estimate of the K values can 
be obtained from (a) values determined by other investigators for the same or similar 
reactions, many of which values have been compiIed for proton ionization63.66 and 
metal-hgand interaction6s’65*6’ or (b) vaiues determined by a simpler, less accurate 
method of evaluation K from titration data using Eqn. 9 or a similar equation appli- 
cable to the system being studied. 

(2) Cakularing concentrations of species present in reaction cessel. - The 
calculation of the species present in the reaction vessel at each data point is best 
illustrated by typical calculations. An exampIe showing how the concentration of 
the various species at specific time intervals could be caiculated was given in Part I 
for the reaction A i B = AB. Two additional examples will be given, one involving 
proton ionization of a weak acid and one involving metal-ligand interaction where rr 
equihbrium constants are to be determined. 

Proton ionization: TitraGon of a neutral base u&h a lceak acid. The reactions 
to be considered are 

H++A- = HA K,, AH,, (34) 
H+-I-B =HB’ j(B, AH, (37) 
Hz0 = H++OH- Gv, A&v (38) 

Thermochim. Ado, 3 (1972) 219-232 
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where the titrant, a solution of the weak acid, HA, is added to the titrate, a solution 

of the neutral base, B. The K,, and dH, values are known and the values of KB and AH, 

are to be determined. For strong acid t&rants (HCI or HCIO,) the calculations are 
identicaI to those given in Part I for the reaction A-t B = AB where A = H’. The 
species present in the calorimeter at each data point (end of each time interval) can be 
calculated by combining Eqns. (36), (37). and (38) with the following mass and charge 
balance equations 

. 

I&l = IA-l+l?W (39) 

P-r1 = [Bl+IHB+l w9 
[H+]i[HB’] = [OH-]+[A-] (41) 

where [AT] and [B-J refer to the total concentration in the reaction vessel of A and B, 
respectiveiy, to give-an expression which can be solved for the hydrogen ion con- 
centration- 

[H’]%,,K,+[H’]3[K .+&(I -iK~[E&j.l]+[H+]2[I tKB([&]- 
-[AT]-K*Kp;)]itH’](-[AT]-Kw(K*+KB))-Kw = 0 (442) 

Eqn. (42) can be solved for the concentration of the hydrogen ion using Newton’s 
method of approximation, where a reasonable approximation for the hydrogen ion 
concentration is made. and successive approximations made using Eqn. (43) 

[H’] = [H’ Jo _ f!CH+ld 
f’(CH +I,,) (43) 

until a consistent value is obtained for [H’]. The function, f([H*],), is given by 
Eqn. (42) and the function, f’([H’]& is the derivative of Eqn_ (42) with respect to 
[Hf]_ After jJ-T’] has been calculated, the concentration of the other species present 

can be calculated using Eqns_ (36)-(41). Once the concentrations of the various 
species are known at the various data points, p, corrections to the Qp values for the 
formation of water and the disassociation of HA can be made as outlined in the 
previous section on Calculation of Correction Terms. 

Metal-Iigand interaction.- Titration of a metal ion rcith a ligand. For simplicity 
it is assumed that the ligand, L, is not significantly hydrolyzed under the conditions 
of the titration. The system is then defined by the expressions for the n consecutive 
equiIibrium constants, and for the total concentrations of the metal ion and the ligand. 

‘&f”+ + jL = ML;’ &.AH,(i= 1.n) WI 

[MT] = &l”i]+-[ML’+Jf~L;i-J+ ____ [ML;+] (45) 

[LT] = [L]+[ML=‘]+‘,[ML=_‘-Ji ____n[ML;‘] (46) 
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where Bi is the overall formation for the ith species 

BE = 
[ML:+] 

CM”+ -J [L]” 

Eqnw (44), (4~3, and (46) may be most easiIy solved for [L]. Using as an example the 
case where n = 2, the resulting espression is 

l?-13~2+EI--32(,R~ ;P2(2[M,l-_[L,n)+lLl(i +A WW-ILIN-Ll = 0 (47) 

Eqn. (47) may be solved for (L] using Newton’s method of approximation and the 
concentration of the other species present may be calculated from Eqns. (44)-(46). 
If hydrolysis or protonation of the Iigand is important, then a charge balance expres- 
sion similar to Eqn. (41) but including appropriate concentrations of the metal ion 
species must be included in the calculations. In the previous calculations of species 
concentrations it has been assumed that the values of the equilibrium constants are 
independent of concentrations or ionic strength (JL) or in other words, the activity 
coefficients were assumed to be independent of concentration and equal to I. In most 
cases, however, the thermodynamic equilibrium constant valid at zero ionic strength 
must be converted to a concentration quotient for calculation of the species present_ 
For dilute solutions (p -K 0.1) the activity coefficient necessary to make this conversion 
can be approximated from an extended form of the Debye-Hiickel equation given by 
Eqn. (41) 

MSY, = 
--Z”A,,/;; 

1 +B&!? 
+ CP (48) 

where tht- various terms have their usual significance?*. If the ionic strength during 
an experimental run changes appreciably, then it becomes necessary at each point 
where a species concentration is desired to find the correct activity coefficient by an 
iterative technique. This involves assuming an ionic strength, calculating the activity 
cocf&ients from Eqn. (48), correcting equilibrium constants to concentration 
constants, calculating the species concentrations, comparing calculated and assumed 
ionic strength values to see if they are equal and repeating the above steps using the 
Maculated ionic strength until the estimated and calculated ionic strengths agree to the 
desired degree. For aqueous solutions at 25X, the values of A and p are 0.5092 and 
0.3286 respectively. Values of ci and C of 4 A and 0.2, respectively, used with the values 
of A and j? given above have been shown to correctly caIcuIate activity coefficients for 
many metal ion-ligand systems”. For concentrated solutions & > 0.1) it is necessary 
to have either experimental activity coefficients or to calculate only concentration 
constants which are valid at the experimental ionic strengths. 

(3) Calculation of AH cakes. - Once the concentrations of the various species 
have been calculated, the values of AH corresponding to the chosen K values may be 
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cakulated using Eqn. (34). For the titration of B with HA, Eqn. (34) reduces to 
Eqn_ (49) 

? Oc,,(CHB*l, I$- CHB’I, Kl 
4-g = “‘k 

1 ([HB’J, VP--[HB+], V,)’ 
p=I 

(49) 

It should be pointed out that the AH value cakulated from Eqn. (49) is not the same 

as that value crtcuiated by taking the average of the AHvalues calculated at each data 

point as shown in Eqn. (50) 

AH,, = I ? Q,,/([HB’], VP-[HB+], VA 
nz &I 

(W 

If only random errors are present in the data, then the missing terms in Eqn. (50) as 

compared to Eqn. (49) will tend to cancel and AHa_ and AH values will be nearly 

equai. If, however, significant systematic errors are present in the Q, data, then Ail 

and AH_ may be signifkantIy different. It is the author’s viewpoint that AH is best 

cakuiated by using Eqn. (49) For systems where there are two or more reactions for 
which K and AH values are to be determined, such as the titration of a metal ion 

soitiion with a Iigand L to form ML”’ and ML:+ species, the best AH values are 
given by Eqns. (51) and (52) 

= AH, g [ML”‘]; V;t 
p=1 

AH, 2 [ML”‘],[ML;*], VP’ (51) 
p-1 

(52) 

The V,,, [MLnt],,, and [ML7_*], terms do not appear in Eqns. (51) and (52) since 

there is no @and present at the beginning of the run in the titrate. 

(4) Eta!uazioJr of error square sum_ - Once the .4H values have been obtained 

an evaluation must be made of how well the assumed K and calculated dH values 
describe the hata. This is accomplished by using AH and K values and species con- 

centration values determined by the methods outlined above to evaluate the error 

square sum given by Eqn. (33). 
(5) Recalculation tojind best ralue(s) of K and AH_ - The procedures outiined 

above of selecting a EL/ value(s), evaluating QC,P values, calculating a AH value(s), 
aad cakulating the error square sum is repeated until that set of K and AH vahes is 
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found which result in the minimum value of the error square sum. Various iterative 
procedures for locating this minimum have been described’. If the 0, data are 
essentially free from random errors and the assumed reactions correspond to the 
reactions taking pIace in the reaction vessel, the value of the error square sum at the 
minimum should be close to that calculated from the known precision of the calori- 
meter. For example. if a given run produces 10 calories of heat in a caIorimeter 
capable of a minimum detection level of 0.01 calories, then if 10 data points are 
analyzed one would expect the function U(K, AH) to approach the vaiue 

U(K, AH) = 2 (O.O1)2 = 0.001 ca12 (53 
p=1 

Significant deviations of the minimum error square sum from this value usually 
indicates that either the assumed reactions do not correctly define the system or large 
systematic or random errors are present in the data. It shouid be noted that a small 
minimum value of U(K, AH) does not prove that the assumed species correctly 
describes the chemical system. If there are uncertainties about the actual specks 
present runs should be made at several concentrations of titrate and/or titrant. Only 
if the same K and AH values are obtained at each of the different concentrations can 
it be assumed that the correct reactions have been used. 

Summary 

Techniques of data reduction and methods of calculation have been given for 
the determination of equilibrium constants by titration calorimetry. It has been 
shown how, starting with typical titration calorimetry data, the apparent heat 
liberated in the reaction vessel can be calcuIated, corrected for extraneous heat effects, 
and used to solve for the equilibrium constant and enthalpy change value(s) for the 
reaction(s) under investigation. Equations are given for cakulating the energy 
contributed to the overall heat effects measured in the reaction vessel by processes 
other than chemical reactions such as heat of stirring, heat iosses, heat of dilution, 
etc., and by chemical reactions other than the one(s) for which equiIibrium constant(s) 
arc sought. Mathematical techniques and equations are presented for calculating 
equilibrium constants and enthalpy change values from titration data by least 
squares analysis. 
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