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Departnzents of Chemical Etrgineering wd Chemistry and Center for Thermochemical Studies, 

Brigham Young Unicersit_v, Proro, Utah 84601 (U_ S. A.) 

(Received July 9th. 1971) 

This paper is the third and final in a series of three papers written to acquaint 

the reader with the general usefulness of titration calorimetry for the determination 

of equilibrium constants (K) for reactions in solution. In this paper the experimenta- 

tion and caIcuIation concepts discussed in the two previous papers are applied to three 

typica chemica1 systems. CaIorimetric data and computer progra_ms used in the 

examples have been deposited and are availabIe from ASTS National Auxiliary 

Publication Semite. 

General 

Reactions for Lvhich equilibrium constants can be determined by titration 
calorimetry gene&Is fal1 into one of two types: 

(u) The repIacement reaction of the form 

AB+C = AC+B, Kovcnl, =‘Ac2cB1 
CAB1 CC1 

or (b) The addition reaction of the form 

A-i-B = AB, K = [ABNAI IBI (5s) 

Replacement reactions have been extensively studied with respect to the effect 

on the determined value of K of random2e’*“R and systematic’8 errors in the titrant 

and solution concentrations and in the heat data. The studies indicated, as discussed 

in Part 1 (see p. 203), that the most accurate log K,,_li values are obtained, a11 other 
experimental conditions being equal, when log A’ o, erJl, is greater than 0 and less than 4. . 

By combining the appropriate addition reactions to obtain a replacement reaction 

where the overa constant is in the appropriate range it is theoreticaIIy possibIe to 

determine the equitibrium constant for any given reaction. 

The experimentation and calculation concepts discussed in the previous two 

papers are applied to three representative chemical systems in the following exampIes. 
The first system represents an addition reaction where K is determined for the proton- 

ation of o-bromo-anaiine using a strong acid (HCIO,) as titrant. The second system 
represents a replacement reaction where K is determined for proton ionization from 

*Contribution from the Departments of Chemical Engineering and Chemistry, and No_ 20 from 
Center for Thermochemica! Studies. 
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imidazoie usin_e a weak acid (acetic acid) titrant- The third system represents a two- 

step additior; reaction where Kis determined for the first ar,d second stepwise additions 
of thiourea to Hg(CN),. The data used in these examples together with the appro- 
priate compe ter programs used to make the necessar_v calculations have been compiled 

and are available*. 

The determi,lation of K and AH values for art addition reaction: The titration of 
o-bromo-aniiine with HCIO, 

The iog K value for the protonation of o-bromo-aniline, A, is within the range 
required for its determination by titration calorimetry and the corresponding AH3 

value is large enough to produce an easiIy detected heat change. 

l?;A = HA+, log K = 2.7 AH = -4-4 kcal/mole. 

The K value for protonation of n-bromo-aniline can therefore be conveniently deter- 
mined using a strong acid titrant such as HCIO,. The thermogram for the titration of 
0.10005 1 of a 0.00729 F o-bromo-aniline solution with a 0.1952 F HClO, solution is 

given in Fig. 7. For this run (Run No. 441, Ref. 71) Cp, Cpr, b, and the titrant delivery 
ratet are 133.73 eal/“Cz 0.995 cal]‘C- ml, 1502.9 mV/“C, and 0.0005127 I/min 

Fig. 7. Tlxrmogram fcr the titration of Pbromo-aniline with HCIO, _ 

l _Mxilcri;lI suppIcmentary to this Article has been dcpositcd as Document No. NAPS 01626 with the 
ASIS National Au.diary Publication Service. c!o CCM Information Corp.. 909 3rd Ave. New York, 

S. Y. 10022. A copy may be secured by citing the document number and by remitting 52.00 for 
micrtichc or SS-oi) for photocopies. Advance payment is required. Make checks or money orders 
payable to: CCIMIC-NAPS. 
%ce Part 11 for definition of terms and symbo!s used in this paper- 
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respectively_ Analysis of the thermogram gives the folIowing vaIues: Si = 1.283 mV/ 
min, S,= 1.176 mV/min, (TX-T,) = 0.300 mV, TX = 8.60 mV, TY = 57.60 mV and 
the temperatures, TP , at one minute intervals along the thermogram from x are 14.75, 
21.00, 26.75, 31.95, 36.60, 40.70, 44.30, 47.60, 50.50, 53.10, and 55.45 mV_ The time 
from x to y is 11.95 min. 

Following the procedure outlined in the preceeding two papers, the experimen- 
tal temperature rise values, T,, must first be converted to heat values, QP _ which in 
turn must be corrected for all heat effects other than that due to protonation of the 
o-bromo-aniline. For illustrative purposes these procedures will be carried out for the 
first data point, p = 1, corresponding to the end of the first one minute time interval. 
The change in temperature from x to p = I is LIT= (14.75 -8.60) x (I/1502.9) = 
0.00409”C. During the first minute 0.513 ml of titrant is added increasing the heat 
capacity of the reaction vessei from 103.73 to 104.24 cal/“C_ The heat produced from 
point x to point p is Q, = -0_00409 x 10424 = -0-427 cal*_ The Q, value must be 
corrected for the heat effects due to non-chemical energy terms, Eqn. (25), the 
temperature difference between the titrant and titrate at point x, Eqn. (26), and the 
dilution of the &rant, Eqn. (27). To correct for the non-chemical energy terms from x 
to p, qHL,= and qHL,, must first be calculated by means of Eqns. (20) and (21). The 
resuitingvaiues are - 1.283 x (I/1502.9) x 103.73 = -0.058 and - 1.176 x (l/1502.9) x 
(103-73 + 1 I.95 x 0.5127 x 0.99533) = -9.086 cal/min, respectively. Using Eqn_ (23), 

QHL,r is then calcuIated to be -O_OSS f (-0-086 +O_OSS) x 
(l&75-88.66) = 

46.85 

-0.088 caI/min and the correction term QrrL,r is then cakulated from Eqn. (25)_ 

0 -HLl = 
(-“-os8-o-088) x 1.0 = _0_058 ca] 

2 

The heat correction term arising from the temperature difference between the t&rant 
and titrate at point x is cakulated from Eqn. (26). 

e 1c.i = 0.5127 x 0.995 x (0.300/I 502.9) = 0.0001 cal. 

The corrections for dilution of the titrant solution can be made using +L values in the 
literature6’ and Eqn. (27). The ionic strength of the titrant is 0.1952 M and of the 
titrate at pr is 0.1952 x 0_5I3/100.56 = 0.00997 M. The corresponding +L values are 
60.1 and 13.9 caljmol, respectively. During the first minute time period 0.1952x 
0.0005i3 = 0.000100 moIes of HCIO, titrant was added to the titrate solution_ The 
heat correction for dilution of the t&rant is therefore 

Q D.1 = o.ooo1oox (13.9-60.1) = -0_0005 Cal. 

The corrected heat, Qc,r, due only to protonation of the o-bromo-aniline is 

Q c.1 = QI-QHLJ-QTC.I-QD.I = -0-334~~ 

l Stx Part II, Eqn (18) for cakulation and explanation of the sign of e_ See Part II also for 

Eqns. (13X53). 
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0 _-c,p va!ues can be calculated at each of the other 10 data points in an analogous 

manner. The complete array of values obtained is given in Table VIII. 

T.4BLE VIII 

ITIRATIOS CALORIMFXRIC DATA ASD HEAT CORRECXIONS FOR THE TITRXnOS OF O-BROMO-A?r;ILIX’E WITH 

HCIO, 

-0.427 - o.oss 
-O.SM -0.175 
-1.270 -0.262 
-1.643 -0.348 
--I.9so -0.434 
-2.281 -0.519 
-2.549 -0.604 
-2.797 -0.659 
-3.020 -0.775 
-3.22 8 -0.566 
-3.4oP -0.946 

0.000 

0.000 
0.001 

0.001 
0.00 I 

0.001 
0.001 

0.002 

0.002 
0.002 
0.002 

-0.008 
-O.OII 
-0.014 
-0.016 
-00.018 
-O.OIP 
-0.021 
-0.022 
-0*023 
-0.0'4 

-0.334 
-0.681 
-0.998 
--1.282 
-1.531 
-1.745 
-1.927 
-2.083 
-2.225 
-2.341 
-2.441 

The Q, vahres given in Table VIII are a function of the pK and AH vaiues for 

protoll ionization from the o-bromo-anilinium ion as shown by Eqn. (32). The pK 
and dli values which best describe the titration curve are found as outlined in Part II 
of this series by Izast squares analysis of the error square sum given in Eqn. (33). The 

first srep in this procedure is the assumption of a pK vaIue for o-bromo-anihne (in 

this e,.ampIe a first guess value of 2.76 wiil be used) and the calculation of the concen- 

tratiol of the various chemical species in the reaction vessel for each point p. The pK 

value is small enough that hydrolysis of A may be neglected and the expression ;or the 

hydrogen concemration, Eqn. (42), reduces to 

[H+] = -[i tK([Ar]-[H;])]f\: ~ltK([AT]-_H,‘])]“t4h’[H,‘] 

2K 
(56) 

Th . concentrations of o-bromo-aniline and of ebromo-anilinium ion are calculated 

fr:-m Eqns. (57) and (58) 

CA3 = CA*1 
(I -+K[H’]) 

[HA+] = li[AJ [H’] (58) 

(57) 

‘.Fhe moles of o-bromo-anilinium ion at each data point are then the product of 
;_HA'] and the voiume in ;he reaction vessel at that data point. The moles of o-bromo- 
anilinium ion formed at each data point are given in TabIe IX. 

A d_rj vaIue of 4.459 is caIcuIated using Eqn. (49). the experimental 0, vaIues 

and the nHA values given in Table IX. A 0, value can then be calculated at each of the 
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TABLE IX 

REZXLTS OF CALCUL4TlOM TO DETERMPZX K ASD AH FR0.M TITRATIOS CALORIMETRIC DATA FOR THE 

IOXZATION OF O-BROMO-ASILl?iZ 

lime (min) Qc (Cal) PK nH,+ = [HA+], V,, dH 0, @a0 Q Cerp - Qc,,c 

1.00 

2.oc 

3.00 

4.00 

5.00 

6.00 

7.00 

8.00 

9.00 
10.00 

11.00 

Experimental Assumed (mmole) Calculated Calcrdated (Cal) 

-0.334 2.76 0.0759 -0.351 0.017 

-00.681 2.76 0.1534 - 0.682 0.001 

- 0.998 2.76 0.2226 -0_990 -0.008 

- 1.252 2.76 0.2859 - 1.272 -0.010 

- 1.531 2.76 0.3425 - 1.523 - 0.008 

- 1.745 2.76 0.3921 4.449 - 1.744 -Oo.OO1 

- 1.927 2.76 0.4347 , - 1.934 0.007 

- 2.089 2.76 0.4709 - 2.095 0.006 

- 2.225 2.76 0.5012 - 2.230 0.005 
- 2.341 2.76 0.5265 - 2.342 0.001 

-2.441 2.76 0.5476 - 2.436 - 0.005 

0. 

- I.( 

3 

0” 
J 

- 2.t 

-3x 

I ko 

\ 
‘! 

\ /’ \ / v 
2.5 3.0 3.5 4:.0 

PK 

Fig. 8. Plot of assumed values of pK -p.c. Iog U for the titration of o-bromo-aniline wi& HCiOI. 
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data points using Eqn. (32) and compared with the experimentally measured Qe value 
at that point Table IX gives the results of such a calculation. 

The error square sum, U [Eqn. (33)J gives an indication of how well the chosen 
pK value and corresponding calculated AN value describes the data. The pK value 
may be systematically varied untiI pK and AH vahes are found which give the 
minimum value of the error square sum and, therefore, best describe the experimental 
data, A plot of I_l CS_ pK for the c-bromo-aniline ilIustration is given in Fig_ 8. The 
minimum U value of 0.000664 cal’ occurs at pK= 2.76. This corresponds to an 
average difference between the calculated 0, values and experimental 0, values of 
0.008 4, we11 under the estimated accuracy of the calorimeter of F0.01 cal. 

Eg_ 9 gives as a function of time a plot of the Q, values and the corresponding 
species distribution cakulated using a pK value of 2.76. 

3.0 

r 

_ 20- 
0 
z-2 
d . 

Time From Sturt of Ti?rQtion (MinUteS) 

Fig- 9_ Plofs of Qc values and species distribution as 2 functioc of time for the titration of o-bromct 
aniEce xvi01 Hc?O_,. 
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Four runs for the titration of o-bromo-aniline with HCIOa were analyzed as 
outlined above, giving the thermodynamic values : pK = 2.76 kO.07, AH = 4.43 i 

0.07 k&_/mole and dS = 2.4kO.2 gibbs/mcIe, where the uncertainties are expressed 

as standard deviations_ The vaIue of the pK for o-bromo-aniline is in good agreement 

with the value determined by pH titration69 and higher than that (2.53) determined 

spectrophotometricaIly70. 

The determination of K and AH ~ahes for a replacemeni reaction: The titration of 

imidazole with acetic acid 
In the following example of a repIacement reaction B and HB+ refer to 

imidazole and its protonated ion, respectively and HA and A- refer to acetic acid and 

the acetate anion, respectively. A replacement reaction can be thought of as consisting 
of two reactions as discussed in Part I under sections on Proton ionization: Extension 

to intermediate regions and Metal ion-&and interactions in aqueous solution: 

Strong interactions. The competitive reaction in this example is 

HA-I-B = HB*i-A- (59) 

which is comprised of the following two reactions. 

HA = H*fA- (60) 

H’+B = HB+ (61) 

Reaction (59) is the reaction occuring in the reaction vessel and is the one for 

which thermodynamic values are determined by titration calorimetry. However since 

the K and AH values are known for reaction (60) the K and AH values for reaction (61) 

can be obtained by difference. The pK values of imidazole (7.0) and acetic acid (4.7) 

differ by 2.3 pK units which gives rise to competitive equilibria Eqn_ (59)] with the 

overall equilibrium constant (log K= 2.3) within the required limit for equilibrium 

constant determination by means of titration calorimetry. The AH value for the 

replacement reaction is 8.8 kcaI/moIe. The Q values as a function of time (amount of 

titrant added) were calcuIated as outlined in the previous section from the caIorimetric 

data reported by Ref. 71 for run 147 and are reported in Table X together with the 
other heat terms necessary to correct Q values to 0, values. The heat corrections for 
the dilution of the titrant, including the dissociation of acetic acid and for the hydrol- 

ysis of imidazole at each data point were calculated as fohows. 

The concentration of the various species in solution were calculated using 

Eqns. (36)-(42) and a first guess value of 7.00 for the pK of imidazole. 4L values for 

acetic acid as a function of ionic strength have been reported6’. Since the reported 

4L values have not been corrected for the dissociation of acetic acid upon dilution, 
this correction was calculated from the difference between the moles of acetic acid at 

each data point and the moles present in a hypothetical diluted titrate before inter- 

action with the imadazole. The corrections for hydrolysis of the imidazole, 

BfHaO = HB+-I-OH-, 

Zknnochim. Acta, 3 (1972) 233-246 
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oocoooooooooocooo= 
t-a t-4 N cy c( N rr t-4 t-4 CJ CI N c, H Pa ci c* P4 
________--___----_ 

2 & vz + & \d S & ?; 6 L ci 4 -+ u-i d G 05 
-__---mm- 
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can be made by cahxlating the changes in hydroxide ion concentration. The initial 
concentration of hydroxide ion is caIculated to be 0.00316 mmoIe. At the first data 
point (p = 1) there are 0.00013 mmole of hydroxide ion present. The correction at 
this point for hydrolysis is given by Eqn. (30) and has a value of 

Q,,, = (0.00316-0_00013)(- 13-35) = -0.046 cal. 

The AH value for ionization of water was taken from the literatureSz. Similarly 
corrections can be cahxlated at each data point in the titration. 

Once all the 0, values have been obtained, the AH value for the ionization 
process can be calculated using Eqn. (49). For the first guess pK value of 7.00, the 
calculated AH value is 8.790 kcal!mole. The best pK and dH values are found by 
varying the pK value until the minimum in the error square sum is found. For this 
run the minimum occurs at a pK value of 7.00_ The variation ir. the error square sum 
with pK is given in Fig. IO and a plot of the 0, values and the corresponding species 

0.5 

0.0 

-0.5 

-1-C 

3 

e 

3 
-1.5 

-21: 

-2: 

-31 

./ 

i i 
6.0 6.5 :0 1.5 80 

PK 

Fig. 10. Plot of assumed values of log U cf. pK for the titration of imidazole with acetic acid. 
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ao- 

-0 2 4 6 8 IO I2 14 16 18 

Time From Start of Titration thtinutsr) 

Fig. 1 I- Plot of Qc vaks and species distribution as a function of time for the titration of imidazole 
with acetic acid_ 

,distribution caIcuIated using a pK vaIue of 7.00 is given in Fig. I I _ A total of seven 

Nns were analyzed, and gave the following thermodynamic values for proton ioniza- 

tion from the imidazolinium ion: pK= 7.00&0.02, AH0 = 8.8010.02 kcal/mol and 

AS= -2.52&0.06 gibbsjmol, where the uncertainties are expressed as the standard 

deviation from the mean. These resuits indicate the high precision which can be 

obtained with the titration calorimeter procedure_ 

The determination of log K and AH values for a hco srep aridiron reaction: The titrafion 

of Hg(Crv), z&h thiourea 

The system considered here is the stepwise interaction of thiourea, Tu, with 

Hg(CN)2 to form Hg(CN), Tu and Hg(CN), Tuz _ The calorimetric data” can be 
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converted to 0, values as previously outlined. Heat of dilution data have been 
reported 72_ The pK value , 2.03, for protonation of the thiourea molecuIe73 is small 
enough that hydrolysis may be neglected. The Q, values and caiculated correction 
terms are given in Table XI. A set of /I1 and & values are assumed and the species in 
sohrtion are caIcuIated using Eqns. (4+07). The determination of the /? and AH 

values which best describe the thermometric titration curve is complicated by the 
presence of two simuhaneous equilibria; however, the detaiIs of the procedure are 
similar to those for the study of a single equilibria. Using the p1 and & values 
previously assumed for calculating the species in solution ANI and AN, are calculated 
from Eqns. (51) and (52) and the magnitude of the error square sum calculated from 
Eqn_ (33)_ Repeatedly new fir and flz values are chosen and concentrations of species 
in soIution and AH, and AH, values are caIculated until the Pi, fi2, AH1 and AH2 

values are found which give the minimum va!ue for the error square sum. 
The minimum error square sum for the data occurs at log /3r = 2.074 and 

log & = 2.644. The schematic map of U(Ki, AH,) LS. log K, with log K2 as a 
second parameter is given in Fi g_ 12. The corresponding AH values are - 1.279 and 
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Fig. 12 Plot of assumed values of Kx and Kz LX. U for the titration of Hg(CNv2 with thiouren. 

-9-957 kcal/moIe, respectively_ A plot of the 0, values and the corresponding 
species distribution calculated using log b, =2.074 and log flz =2.644 are given in 
Fig. 13. 
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Tine From Start of Titrofion(Minu?es) 

fig. 13. Plot of Qc vaiues and species distribution as a function of time for the titration of Hg(CFQ2 
with Tu. 

The determination of equilibrium constants and enthalpy change values from 
titration calorimetry data has been demonstrated for three chemical systems. It has 
been shown how, starting with the calorimetric data, the computational methods 
outlined in the previous papers of this series can be used to calculate the heat, Qc, 
produced, due to the reaction(s) of interest and from these Q, values the K and AH 
values can be calculated for the interactions occurring in the calorimeter. Sources of 
computer programs used in the calculations have been given. 
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