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ABSTRACT

A comparative study of a number of methods for calculation and refinement of thermody-
namic parameters from thermometric titrations has been performed.

These methods were applied in order to determine the ionization enthalpies of different
amines in aqueous and hydro-alcoholic media. The influence of the medium on the titration
errors, and its precision, was also taken into account.

INTRODUCTION

Thermometry has been widely used in the titration of acids in water, as
well as in non-aqueous media [1-10], not only to evaluate the applicability,
accuracy and precision of the technique, but also because it is a rapid way to
accomplish precise values of AH®, AG® (pK,) and AS® for the ionization
processes.

Thermometric titrations of N-bases have also been carried out in both
aqueous and non-aqueous media [11-13].

The advantages of non-aqueous and mixed solvents in the titration of
acids and bases are well known. If the enthalpy of the reaction is not
unfavourably affected by changing the solvent, its use would be very
encouraging in thermometric titrimetry, as lower heat capacities give rise to
titration graphs with higher slopes.

This unfavourable effect was discussed in a former paper, where the
influence of the medium on the thermometric titrations of carboxylic acids
was determined [14].

The aim of this research was to perform a comparative study of the results
obtained when different computing methods were applied to determine the
neutralization enthalpies of a number of amines in water and methanol-water
media. The influence of the media on both the quality of the analytical
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results (exactitude and precision) and on the values of the thermodynamic
parameters was also assessed.

EXPERIMENTAL
Apparatus

An automatic thermometric system, described elsewhere [15], was used.
This system consists of a CRISON automatic burette connected to an
IBM-PC computer via a RS232C serial interface, an adiabatic cell, and a 100
K{ thermistor connected to a Wheatstone bridge. The voltage output of this
bridge was amplified (X 10) and then measured by a Crison digital poten-
tiometer, which acted as an A/D converter and was connected via the
RS232C to the computer. The computer controlled the overall system and
stored the acquired data.

A special program, VALTER *, for data acquisition, representation and
computing, was developed. This program, described elsewhere [15], stores
and controls the experimental conditions (like that titrant volume to be
added, addition speed, base line stability, etc), performs the titration tasks,
acquires the data (which are stored in the appropriate file), represents the
titration curves, and fits and extrapolates the linear intervals in order to
automatically detect the equivalent points.

Data files accomplished by VALTER were appropriately modified for
direct use in calculations and refinement.

Heat capacity of the cell

In all titrations 50.0 ml of the sample were used and the heat capacity of
the system was determined under the same experimental conditions, by
introducing a known quantity of heat by means of an electrical calibration
system. Average values of 52.4 and 41.65 cal® C~' were found for water and
methanol-water (50% v/v), respectively.

Reagents

Hydrochloric acid solution in water and in methanol-water (50% v/v)
was standardized with sodium hydroxide, which was in turn standardized
using potassium hydrogen phthalate. Organic amines of the best quality
available were used. Analytical grade reagent chemicals were employed.

* VALTER and the other programs mentioned in this paper can be requested from
SCIWARE, Department of Chemistry, Universitat del les Illes Balears, E-07071 Palma de
Mallorca, Spain.
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Procedure

All titrations with hydrochloric acid were carried out by placing the
amine in the thermometric cell in the appropriate medium. The reagent was
added when the sample reached thermal equilibrium, which was defined in
the experimental data conditions input as the maximum base line slope
value allowed (0.001°C min1).

Once the thermal stability criterion was accomplished, the data acquisi-
tion began, first saving 10 consecutive points of the base line that fitted a
straight line with a minimum correlation coefficient (r = 0.999...), and then
adding the titrant at a constant rate. As a great number of experimental
points of the postequivalence were required for linear extrapolations and for
the MINITERM program, an excess of titrant was added in all cases.

COMPUTING AND REFINEMENT METHODS

The aim of the computing methods is to apply approximate values of the
neutralization enthalpies, which are then used as starting values for the
refinement program.

Calculation of the parameters for monoamines

Qverall heat capacity method

This derives from the classic calorimetric method and consists of measur-
ing the total temperature variation produced in the titration of » moles of a
substance, assuming a complete reaction, and applying the equation AH*®
= —Q/n= —c AT/n, where Q is the evolved heat and ¢ is the heat
capacity of the cell and its contents.

Point-by-point heat capacity method

A great number of points on the thermometric titration curve are used.
From the expression of the equilibrium constant and the charge, matter and
heat balances, for each point the following results
CCVr \ ot v c,) ame + 22 (1)

Qr, Vr

i

~K,AH® =

where, for the ith point considered.
Q1 =c AT, = (G, + V,C.p) AT,

G, G
Ca—- —W and Cb_ V’r

where C? is the concentration of titrant, Cyp is the initial concentration of
the amine in the thermometric cell, AT, is the temperature increment, V; is

H H
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the volume of added titrant, ¥} is the initial volume of the amine, V1=V +

Vi; Qr is the heat liberated by adding V;, C, is the initial heat capacity of

the system, C, is the specific heat capacity of the titrant, and p is the density

of the solution to be titrated.

Method A Equation (1) may be reordered to give the final equation

G- ) V(K + G) | 1 QORI T) ype
GVr AT AH® C2v2:AT?

which allows the experimental data to be adjusted by means of the
Gauss—Newton procedure to reach the value of AH® from either the
intercept or the slope. To apply this method of calculation, it is first
necessary to know the value of the acidity constant.
Method B Rearranging eqn. (1), it is also found that

Co ATV, o GATV; K,

—copo = CAHT - — (3)
Co¥o Cp¥o

which may be expressed in simplified form as

B=—-AH-(B/h)K, (4)

where B= C,ATV,/C2V. and h is the proton concentration.

This expression is adjustable to the experimental values by means of the
Gauss—Newton method. For its application, the value of the proton con-
centration h at each point must be known, either from a parallel potentio-
metric titration, or by calculating from a known pK, value. As the pK,
values of the amine group were available [16], the second alternative was
chosen. The Bronsted equation was then applied and the third-degree
equation was solved by means of the iterative method of Newton and
Raphson.

Method C This was used by Christensen et al. to simultaneously calculate
the values of AH and pK,. Equation (1) may be represented in the form

—-K,AH®*=A4AAH® +BAH® +C (5)
where
CaCbVT QTi
A=—""— B=C,+C,and C= ——
QTi b VT

As the first component remains constant throughout the titration, for any
two points of the enthalpogram (i, j), the following equation can be ob-
tained

(4,—A;) AH® + (B,—B;) AH® +(C,- C;) =0 (6)

which allows evaluation of AH® as 4, B and C are determined from the
titration data.
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TABLE 1

Neutralization enthalpy of Tris. Method A of the point-by-point heat capacity. 1; HCI 0.9334
M; C, = 0.01250 M. Initial heat capacity = 0.0524 kcal ° C™%; V=50 ml; pK,=8.09

Vo AT X Y D
50.137 0.03200 2.978E— 002 —0.451E+ 000 0.256E — 003
50.177 0.04100 2.340F — 002 —0.370E + 000 1.622E — 003
50.217 0.05100 1.851E— 002 —0.312E+ 000 —0.922E —003
50.257 0.06000 1.582E —002 —0.277E+000 1.584E— 004
50.297 0.07000 1.341E-002 —0.248E +000 —0.589E—003
50.337 0.08000 1.163E— 002 —0.226E + 000 —0.783E—003
© 50378 0.09000 1.029E — 002 —0.209E + 000 —0.581E—003
50.418 0.10000 9.202E - 003 —0.196E+000  ° —0.425E—003
50.458 0.11000 8.320E— 003 —0.184E + 000 —0.194E~- 003
50.498 0.12000 7.589E — 003 —0.175E+000 7.122E—005
50.538 0.12900 7.084E— 003 —0.168E+ 000 4.005E — 004
50.578 0.13900 6.544E — 003 —0.162E+ 000 6.316E— 004
50.618 0.14900 6.080E — 003 —0.156E + 000 8.703E— 004

AHgnerepy = — 12.1£0.00; AH(gopey = —12.43£0.07; r = —1.0000; E = 7.6353E—004.

Programs

A program package was initially developed for the enthalpy calculation of
monoamines based on the use of the HP-85/HP-86 microcomputers. This
package consists of four programs CAPUENCI1-1, CAPUENCI-2,
CAPUENCI-3 and POLI.

The first program CAPUENC1-1 corresponds to the point-by-point heat
capacity method A. Data were introduced as lengths of Y and X coordi-
nates measured directly from the graph paper. These data together with the
values of the required parameters (initial concentrations of the sample and
titrant, pK,, initial volume of the sample V;, pK,,, Y and X scale transfor-
mation coefficients to AT and ml respectively, number of experimental
points, etc) were only introduced once in this first program, as they were
transfered by COMMON and CHAIN sentences to the other programs.

CAPUENCI-2 corresponds to method B and CAPUENC1-3 and POLI to
method C.

Both methods A and B were solved by applying a linear regression fit,
which could be iteratively used in order to select the most appropriate range
of the experimental points. Before the linear fitting was applied, the New-
ton—Raphson method was used in method B to find the protonic concentra-
tion needed in eqn. (3). Tables 1 and 2 are examples of the results obtained
with these two programs.

CAPUENCI1-3 calculated the values of the parameters 4, B and C of
each experimental point needed for method C. Table 3 shows the obtained
values for a representative experiment. The program POLI ran all possible
combinations of these points in pairs, each giving a value of the molar
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TABLE 2

Neutralization enthalpy of Tris. Method B of the point-by-point heat capacity. Run 1; HCI
0.9834 M; C,=0.01250 M. Initial heat capacity = 0.0524 kcal C™%; ¥, =50 m]; pK, = 8.09

Vi AT pH [H'] X Y D

50137 0.03200 8.649 2241E—009 1200E+009 2.690E+000  2.427E—002
50177 0.04100 8502 3.144E—009 1.097E+009 3.450E+000 —0.111E+000
50217 005100 8.375 4220E—009 1018E+009 4.294E+000  4.201E—002
50257 0.06000 8258 5.524E—009 9.153E+008 5.056E+000 —0.846E—001
50297 0.07000 8.147 7.136E—009 8273E+008 5.904E+000 —0.217E—002
50337 0.08000 8.037 9.180E—009 7.355E+008 6.752E+000  4.916E—002
50.378 0.09000 7.923 1.194E—008 6.370E+008 7.603E+000  4.338E—002
50.418 0.10000 7.806 1.562E—008 5.411E+008 8454E+000  6.179E—002
50.458 0.11000 7.678 2.097TE—008 4.437E+008 9.307E+000  6.856E—002
50.498 0.12000 7.531 2.944E—008 3.452E+008 1.016E+001  6.648E—002
50.538 0.12900 7.348 4.484E—008 2.438E+008 1.093E+001 —0.436E—001
50.578 013900 7.088 8.165E—008 1444E+008 1.179E+001 —0.506E—001
50.618 0.14900 6.544 2.860E—007 4.421E+007 1.265E+001 —0.629E—001

AH=-13.094+0.081; K, =8.688E—009+1.119E—-010; r = —0.9998; E = 6.5815E-002.

enthalpy. All outliers were excluded and an average value was calculated
from the remainder.

In a second stage, the package was rewritten for an IBM-PC computer, all
the methods being contained in a sole program, CAPUSI1, which succes-
sively solves the three methods. The improved performance of this computer

TABLE 3

Neutralization enthalpy of Tris. Method C of the point-by-point heat capacity. Run 1; HC]
0.9834 M; C,=0.01250 M. Initial heat capacity = 0.0524 kcal C™'; ¥, =50 ml; pK, = 8.09

Vr AT A B c

50.016 0.00400 9.37772E-004 1.28106E 002 4.19194E— 003
50.056 0.01200 1.09236E — 003 1.35862E — 002 1.25754E — 002
50.096 0.02200 1.01983E—003 1.43606E — 002 2.30540E — 002
50,137 0.03200 9.98998E — 004 1.51530E— 002 3.35318E— 002
50.177 0.04100 1.00577E~—003 1.59249E — 002 4.29611E— 002
50.217 0.05100 9.89744E — 004 1.66955E — 002 5.34374E — 002
50.257 0.06000 9.94808E — 004 1.74649E — 002 6.28653E — 002
50.297 0.07000 9.83877E 004 1.82331E - 002 7.33402E - 002
50.337 0.08000 9.75321E — 004 1.90001E — 002 8.38143E — 002
50.378 0.09000 9.70880E — 004 1.97849E - 002 9.42876E —002
50.418 0.10000 9.64759E — 004 2.05494E —002 1.40760E — 001
50.458 0.11000 9.59494E — 004 2.13127E 002 1.15232E—001
50.498 0.12000 9.54871E — 004 2.20748E - 002 1.25703E - 001
50.538 0.12900 9.58114E ~ 004 2.28357E — 002 1.35125E—001
50.578 0.13900 9.53819E — 004 2.35953E — 002 1.45596E — 001
50.618 0.14900 9.49914E — 004 2.45538E — 002 1.56065E— 001
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dramatically decreases computing time, because compiled programs may be
run. Other substantial advantages may be pointed out: (a) a greater number
of points may be introduced, either manually or retrieved from data files;
(b) experimental data files automatically generated by the VALTER pro-
gram may be easily converted for direct use in CAPUSI; and (c) ASCII files
of results are created, which allows their handling with standard word
processors (like WORDPERFECT), thus facilitating report edition.

Calculation of the parameters for diamines

Overall heat capacity method

The value of AH;=AH, + AH, of the diamines can be determined by
applying the overall heat capacity method described for the protonation of
the amine group.

Point-by-point heat capacity method

As the value of pK,; and pK,, of the two amine groups are very close, it
was necessary to simultaneously calculate the corresponding neutralization
enthalpies. From the expressions for the equilibrium constants and the
balances of matter, charge and heat, a final expression can be deduced

CVy AT h
_ ___chg%zh (R + K\h+ K\K,) =AH? + AH{?Z (7)

which can be fitted into a linear equation, where A H, and A H are the only
unknown parameters, as the proton concentration # may be calculated by
applying the Newton—Raphson iterative method to the equation

CoV, 2CLY,
| 20 -0+ 20 K | P
Ve Vr !
CV,K CV,K
+| 22 -0k + 2L+ KK, — K, |A?
VT VT
CV,K K
+ (——"VT—‘—Z - CK.\K, — KIKW) h—K,K,K,=0 (8)

Programs

As for the monoamines, a program, CAPU2-1, was first developed for the
HP-85/HP-86 computers, and later rewritten for the IBM-PC and PC
clones.

After data introduction, manually or from files previously created by
VALTER, the required protonic concentration values in eqn. (7) were
calculated by applying the Newton-Raphson method to eqn. (8).

A linear regression method was iteratively used in order to find the
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TABLE 4

Neutralization enthalpy of 1,3-propanediamine. Method of the point-by-point heat capacity.
Run 1; HC1 0.4840 M; C, = 0.00435 M; methanol-water (50% v/v). Initial heat capacity =
0.04165 kcal °C~!, ¥, =50 ml; pK, =7.81; pK, = 9.820

Vi AT pH [H*] X Y D

50.173 0.02184 9.968 1.076E—010 6.948E—003 1.013E+001 —0.679E+000
50.240 0.02936 9.740 1.819E—010 1.175E—002 1.042E+001 —0.679E+000
50269 0.03336 9.639 2.294E—010 1481E—002 1.075E+001 —0.212E+000
50.336  0.04104 9.382 4.146E—010 2677E—~002 1.101E+001 —0.197E+000
50.365 0.04536 9.256 5.543E—010 3.579E—002 1.145E+001 6.043E— 002
50.432 0.05280 8.908 1.235E—009 7.976E—002 1226E+001 —0.198E—001
50461 0.05736 8.743 1.808E—009 1.168E—001 1.331E+001 2.780E — 001
50.528 0.06400 8.385 4.118E—009 2.659E—001 1.613E+001 8.712E - 002
50.557 0.06800 8254 S5.570E—009 3.596E—001 1.826E+001 3.167E—001
50.624 0.07440 7.984 1.037E—008 6.697E—001 2.430E+001 8.046E — 002
50.653 0.07864 7.876 1.329E—008 8.582E—001 2.852E+001 4.928E — 001
50.720 0.08480 7.622 2386E—008 1.540E+000 4.195E+ 001 1.215E-001
50.749 0.08824 7.504 3.131E—008 2022E+000 5.191E+001 3.397E—001
50.816 0.09496 7.161 6.896E—008 4.453E+000 1.008E+002 6.658E — 002
50.845 0.09784 6.944 1.138E—007 7.349E+000 1.591E+002 —0.244E+ 000

AH, = —9.563; AH,=—10.667+0.21; AH=-202304+0.092; r= +1.0000; E = 3.3035E
—001.

interval range of data points which offered the best AH,® and AH,® values.
Table 4 is representative of the results obtained.

Refinement of the parameters

In MINITERM [17], the overall enthalpies and the logarithms of the
overall stability constants are treated as unknown parameters, and the values
which give the minimum non-weighted sum of the squares of the residuals
(U) of the measured (AT,.,,) and calculated (AT, ) temperature incre-
ments are calculated, together with the probable errors

U= Z(ATmeas,i - ATc,:a]c,i)z

=X (ATmeas,,- + (AHM[M] +AH, [L] + 3 AH,B,[M]¥[L]V[H] )

(9)

where ¥, and ¥, represent the summing of all (¢, p, r) complex species and
experimental points, respectively, AHy and AH| are the “apparent” dilu-
tion enthalpies of the metal and ligand, respectively, AH; the enthalpies of
the complex species (all enthalpies in cal mol™'), ¥V, the initial volume
(ml1™') and C, the initial heat capacity (in cal °C™%).

2
X ¥,/ Cy X 1000)



For MINITERM the following equilibria can be considered
gM+pL+rH* =M L H

B=[M,LH|/(IM]?[L]?[H"]")
AH;=-n,Q;= _nj(COVTol/VE)) AT
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Because zero values for g are allowed, equilibria involving protonation of
amines ( +r, +log B) or deprotonation of carboxylic acids (—r, —log 8H)
may be considered, i.e. only H,L, complexes are formed.

MINITERM can treat a maximum of 80 experimental points measured at
the titration curve and a maximum number of eight species formed. Conse-
quently, the maximum number of parameters is 18, because the last two
parameters are always the “dilution enthalpies” of the reacting species M
and L, in that order.

MINITERM allows the simultaneous refinement of a maximum of only
four arbitrarily chosen parameters. When log 8 and AH values are refined

TABLE 5
Refinement of the enthalpy and pK values of 1,3-propanediamine (methanol-water 50%)
ml pH Tot. M Tot. L AT, AT, D
0.173 9.968 0.100E+01 0.434E-02 0.02184 0.02224 —0.00040
0.240 9.740 0.100E+01 0.434E—02 0.02936 0.02974 —0.00038
0.269 9.639 0.100E + 01 0.434E—02 0.03336 0.03311 0.00025
0.336 9.382 0.100E+01 0.434E—02 0.04104 0.04123 —0.00019
0.365 9.256 0.100E+01 0.434E—02 0.04536 0.04479 0.00057
0.432 8.908 0.100E+01 0.434E—-02 0.05280 0.05313 —0.00033
0.461 8.743 0.100E+01 0.434E—-02 0.05736 0.05662 0.00074
0.528 8.385 0.100E+01 0.434E—-02 0.06400 0.06449 —0.00049
0.557 8.254 0.100E+01 0.434E—-02 0.06800 0.06773 0.00027
0.624 7.984 0.100E+01 0.434E—-02 0.07440 0.07509 —0.00069
0.653 7.876 0.100E+01 0.434E—-02 0.07864 0.07817 0.00047
0.720 7.622 0.100E+01 0.434E-02 0.08480 0.08520 —0.00040
0.749 7.504 0.100E+01 0.434E—-02 0.08824 0.08815 0.00009
0.816 7.161 0.100E+01 0.434E—-02 0.09496 0.09492 0.00004
0.845 6.944 0.100E+01 0.434E-02 0.09784 0.09766 0.00018
Q? p? R? Log B AH

(cal mol 1)
0 1 1 9.776 -10810
0 1 2 17.618 —20078

AH,,,, = 0.000E+00
AHygung = 0.000E +00

Root of residuals = 0.2582E — 05
Standard deviation = 0.5081E — 03

2Q, P and R are the stoichiometric coefficients of the metal, ligand and proton, respectively.
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simultaneously, the serial numbers of AH values must always precede those
of the log B values.

Table 5 shows the results obtained in the refinement of the enthalpies
from an experimental titration of a diamine. The values of U (residuals) and
s (standard deviation) can be seen, calculated with linear least-squares
methods (point-by-point heat capacity methods) and the same values after
refinement with MINITERM.

[o.ow'c

[1016 c 7 6

0 05 1.0 mL b 1 H mL

AT le

’~ n
0
0016 °C

[] 0.5

Fig. 1. Thermometric curves in aqueous medium for: (1) N-benzylmethylamine; (2) 1,2-
phenylenediamine; (3) ethylenediamine; (4) 2-aminopyridine; (5) pyridine; (6) ethylamine;
(7) methylamine; (8) triethylenetetramine; (9) ethanolamine; (10) 1,3-propanediamine; (11)
ammonia; and (12) Tris.



RESULTS AND DISCUSSION
Titration curves and titration errors

The titration curves in water and in methanol-water medium of a number
of amines are shown in Figs. 1 and 2.

&
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3
0.016"C 2
1
L 1 L
[} 0.5 10 1.5
mL
10
AT b

b

ml
Fig. 2 (continued).
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The titration curves resulting from water show, for most of the amines,
well-defined end points. However, analytical results are not always good

1 1 A 1 1
) 0.5 1 ] W mL 2

Fig. 2. Thermometric curves in methanol-water (50% v/v) medium for: (1) o-dianisidine; (2)
2,6-diaminopyridine; (3) Tris; (4) ethylamine; (5) pyridine; (6) 1,2-phenylenediamine; (7)
benzidine; (8) 2-aminopyridine; (9) ethanolamine; (10) methylamine; (11) #-butylamine; (12)
N-benzylmethylamine; (13) ethylenediamine; (14) triethylenetetramine; (15) 1,3-propane-
diamine; (16) ammonia; (17) 2-amino-3-nitropyridine; and (18) 3,5-diaminobenzoic acid.
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(Table 6), mainly due to some of them having a lower solubility in water
(3,5-diaminobenzoic acid can be taken as an example). These problems can
be overcome in the hydro-methanolic medium, where titration errors and
precision sometimes improve.

Tris gives very good results in both media, and therefore can be used as a
standard for thermometric titrations in water and in methanol-water, while

2,6-diaminopyridine can be used as a standard only in methanol-water.

TABLE 6
Titration errors and precision in water and methanol-water (50% v/v)
Amine Medium Sample Found Error o r.s.d.
(mmol) (mmol) (%) (X100 (%)
Ammonia Water 0.6422  0.6608 291 046 0.69
Methanol /water 0.4598  0.4810 463 0.38 0.38
Methylamine Water 0.6245  0.6028 —346 0.53 0.87
Methanol /water 0.5793  0.5682 -1.92 0.5 047
Ethylamine Water 0.5212  0.5015 —-380 1.72 3.37
Methanol /water 0.4743  0.4637 —224 148 1.54
Ethanolamine Water 0.7061  0.6962 —-1.67 1.46 2.07
Methanol /water  0.5643  0.5392 —4.46 0.45 0.41
Ethylenediamine Water 0.3501  0.3432 -197 0.58 - 0.84
Methanol /water  0.2178  0.2222 200 0.55 0.60
1,3-Propane- Water 0.3565  0.3540 —-0.69 0.34 0.48
diamine Methanol /water 0.2217  0.2176 —-186 1.10 1.22
n-Butylamine Water 0.5802  0.5645 -271 2.00 348
Methanol /water 0.4124  0.3964 —387 035 0.43
Triethylenetetramine =~ Water 0.1977  0.2019 216 210 341
Methanol /water  0.1397  0.1339 —415 045 0.55
Trishydroximethyl- Water 0.6176  0.6245 111 0.10 0.16
aminomethane Methanol/water  0.4669  0.4622 120 0.07 0.08
1,2-Phenylene- Water 0.8890  0.8733 —1.81 145 1.64
diamine Methanol /water  0.4138  0.4225 206 891 5.62
3,5-Diaminoben- Water - - - - -
zoic acid Methanol /water 0.2594  0.2551 —-1.68 1.27 1.08
2,6-Diamino- Water - - - - -
pyridine Methanol /water 0.1408  0.1418 0.69 0.25 0.24
Benzidine Water - - - - -
Methanol /water  0.4985  0.4688 —-59 097 0.50
o-Dianisidine Water - - - - -
Methanol /water  0.2471 0.2299 696 0.21 0.24
N-Benzylmethyl- Water 0.4111 0.4297 455 023 0.54
amine Methanol /water 0.4506  0.4612 231 0.68 0.73
Pyridine Water 1.2902  1.3020 091 0.76 0.57
Methanol /water  0.6728  0.6132 —885 256 2.02
2-Aminopyridine Water 0.4848  0.5281 892 193 3.59
Methanol /water 0.5406  0.5397 —-0.18 0.20 0.18
2-Amino-3-nitro- Water - - - - -
pyridine Methanol /water 0.1859  0.1936 417 021 0.24




156

€9 L8900 =0 - 16850 =10
9—d LLECO =11 00001 =4 £-F WOT0=11
¥9°01 Ls01="yd 800FSSYI— =HV $6660 =4
69'ST—=HV €6°€1— =HV 000FOLYI—=HV 000FILST—=HV L6Y1—=HV sutwrelking-u
€—H 67990 =12 7-d81170="2
S—ATISE0=1 0000'T =4 v—d SEOV0 =11
56 056 ="yd LOOFSTEI—=HYV L6660 =4
8SEI~=HV 6671~ =HV 000FIIEI—=HV IT0FSSEI—=HV 6E€1—=HV  Suruejouepg
7—d 8EET0 =12 -4 v009°0= 2
S—HA 8LSE0 =11 666670 =4 €—H1 18010 =11
901 95°01="yd LIOFSYEl—=HV 6V66°0 =4 ,
V6 ET— =HYV SO~ =HV 000FSTET—=HV 180F86€T— =HV 0S€I—=HV sutweKypg
T-d S0 =10 -4 0Tps0 =9
§—d 61560 =11 6666°0 = 4 E—d 69¥10=11
901 8s0r="xyd T0FZ0EI—=HV 99660 =4
€SEI-=HV 0TEI—=HV 000F18CI—=HV 8€0F9SETI— =HV WEl-=HV sunueAyoN
Z—d L1010 =20 -9 LILTO =19
§—d LIE60 =1 00001 =4 v—q959L0=1
LT6 ve="yd 100FZEEI— =HY 76660 =4
86€1—=HV 8VEl— =HV 000F0TEI—=HV ITOFPOVI— =HV 6V'El—=HV erIowwy
yd WHALININ q U0 POYIRIW V POURI € POYRW O POURI sunuy

¢ WINIpow snoanbe ur soutwe 9y} Jo sivowered SMUBUAPOULIdY |

LAT19dVL



157

“Anoedeo 1eay [[I940 YO
(- [oW [BY Ul HV o

oL9

L XA

1423

€9’y

60'8

€—dI9LLLO=2
S—d879¢0=n1

L99="Md
0L6—=HV

€—d T6rso=2
S—H0I810=n1

es="yd
SS—=HV
7-4 77010 =12
S-ASLIVO=nN
0s'6="yd
€27L—=HV

¢—d6V670=2
v—d L698°0=11

69t ="yd
00L—=HV

e—H I 0=20
S—H0e1T0=11

90’8 ="yd
LOETI—=HV

96660 = 4
610FLT6—=HV
100F0T6—=HV

96660 =4
roFv6Ss—=HV
W00FILS—=HV

86660 =4
WoFSP 11— =HV
000+ 9€1I—=HV

000 T=+
POOFEUL—=HV
000+v0L—=HV

0000’1 =+
LOOFEPTI—=HV
000+ 1€ —=HV

C—d6910=2
¥4 0110 =11
$866'0 =4
0T0+696—=HV
¢—d 90790 =2
€—49697°0=n
96660 = 4
SO0FISS=HV
CT—d 8LETO =2
v—Hd 8I8T0=1
$L66'0 =4
0E0FETTI-=HV
C—-d90pbe0 =2
€—=d9LT10=11
6660 =4
90°0F9T'L—=HV
¢—d IL1T0 =2
v—d9816°0=01
86660 =4
800+60¢l—=HYV

1€6— =HV Auipukdouiury-z

08S—=HV aurpukg

sutwe
9 II—=HVY -lAQawizusg-N

surwerp
6TL—=HV -OUDJAUNJ-Z‘T

sueyPWOUNRUE
-IAyqrewr
-Kx01pAysu],



WwZ—=HV 1€7T-=HV 00FITT—=HV 0P0O0F W T—=HV 0SZ—=HV -onu-g-ounmry-g
€—d66PE0="2 T-H0LETO="2
S—d9¢81°0=1 6666°0 =4 v—16868°0=11 aueyjawWouTE
9L yoL="yd 800FZ0II—=HV 98660 =4 -[Ag1ow
WEO0Ll—=HV 8y TII—=HV 000F9ITITI—=HV  9T0FTTOI—=HV W60l—=HV -Axo1pAysu
£—H90650=2 £—H 68£S0 =20
S—HAPPLTO=11 6666°0 = 4 S—dEPLTO=1
9101 91°01="yd II0FLOCI—=HV £866°0 =4
1801—-=HV YTEI—=HV 000F18CZI—=HV 61'0FZ80L— =HV 9I—-=HYV surure[Kng-u
€—d €66V°0 =20 T-d 69110 =2
S—d WTE0 =11 66660 =4 r—dTI610=11
v0'6 s0'6="yd LOOFETOI—=HV 9666'0 =+
99'6— =HV W®IL~-=HY 000FIE01I—=HYV LOOFY96—=HV 866—=HV sururefouey)y
7—-d81010="20 T—A€$8T0 =0
S—d85TL0=11 6666°0 =4 -3 01$9°0=1
9101 Zro1="yd 800F90CI—=HV 08660 =4
Y0Z1— =HV S EI—-=HYV 000FSOTL—=HY YTOFLOTL— =HV 90TI—=HV sunuelAylyg
£—H65870="0 -4 00SF0 =2
9—4 ¥06v'0 =11 66660 =1+ €—d LIPT0=11
9101 ror="yd LOOFTTII—=HV 86660 =4
SOII—=HY 06Z1—=HV 000FETTI—=HYV 80°0FZOII—=HV 9 Il—=HV SurweAyIdN
E—d ppISO=20 ¢—d0£970 =02
S—H 696£°0=11 8666°0 = 4 €—d LOLT0 =11
6L'8 £9'8="yd STOFSSII—=HV $6660 = 4
98°01—=HV 1871—=HV 000F0TZI—=HV 010F9801—=HY I91l—=HV prUOWIWr Y
*yd WYALININ q 2O POYIdW V PO 4 POYIIN D PogIsN sunuy

158

e (A/A %(6) Iolem—[OURYIOW UI SSUTWE 9Y) JO sidowered snueuApouray ],

8 dT14V.L



159

‘Aioedes jeay [[e19A0 04O
-[ow e Ul HY .

SL'Y

90'6

STy

LTy

w9

ve9

v—d 65pT0 =2
S—APRIT0=1
6Ly ="yd
9I'S—=HV
E—H TITS0="2
S—H 68620 =11
re="yd
868—=HV
£—d ¥86T0 =120
S—d9T10=0
709 ="yd
88— =HV
€—HO0ISE0="20
S—ATE0T0=11
ozpy="yd
0S9—=HV
£—d 65670="9
S—H 8501°0=12
9y ="yd
09¢—=HV

€ —H6L6£0="0
S—A¥ESTO0=1
v9="yd
608—=HV
€—d 1I1ST0 =2
9—d9€69°0=12
8¢9 ="yd

ST9—-=HV
SSITI—=HV
1€°6—=HV
86'L—=HV
9EY—=HV
086—=HV

86660 =4
SO0FSOS—=HV
100F0LY—=HV

L6660 =4
8U0F000I—=HV
000FLEOT—=HV

0000'T=+
YOOFET6— =HV
000FLT6—=HV

66660 =4
S00F899—=HV
100+0€9—=HV

86660 =4
€00FOLE—=HV
100FS9€—=HV

0000'T=+
T00FI€8—=HV
000F0£8—=HV

96660 = 4
POOFIET—=HV

¢—d0sp10=2
y—dT61E0=11
L6660 =4
6200F9T'S—=HV
—d0e670=20
€—d0e01'0=12
16660 = 4
0T0+S68—=HV
¢ —d41996'0=2
y—d00010=11
86660 = 4
6V00F9L'8—=HV
C—d L8TE0 =2
€—d17910=11
76660 =4
LOOF0S9—=HV
E—Hpt980=2
y—d I6¢1°0=11
1666°0 = 4
£00FZ9€E—=HV
£€—d 95680 =2
v—d¥9ET0=01
96660 = 4
900+078— =HV
€—d Ly8p 0 =2
S—d61I8T0=n
9L66°0 =4

LYS—=HV
LL6—=HV
S06—=HV
99—=HV
ILt—=HV
£8—=HV

surpuig

surnue
-[AyeunAzusg-N

surpukd
-ounuelq-9°7

surnurerp
-QURAUdYJ-T‘T

pIoE 210Z
~USQOUTWRI-GE

surpukdounry-g

surpuAd



160

Table 6 shows titration errors and precision in water and methanol-water,
which correspond to those usually obtained in thermometric titrations. The
hydro-alcoholic medium sometimes improves the results with respect to
water (2-aminopyridine and N-benzylmethylamine), although this is not
always true (pyridine). A number of amines give rounded titration curves
(3,5-diaminobenzoic acid, pyridine, 2-amino-3-nitropyridine and o-dianisi-
dine), which lead to higher titration errors, except for 3,5-diaminobenzoic
acid.

In the methanol-water medium, ethylenediamine and 1,3-propanedia-
mine, among the diamines, show well:defined titration curves whose end
points correspond to the simultaneous neutralization of both groups. The
behaviour of benzidine is similar, but it presents a very rounded end point.
o-Dianisidine also gives one end point, which corresponds to the titration of
one of its amine groups.

Comparing the different methods for enthalpy calculation of monoamines
(Tables 7 + 8), and taking as a reference the refined values obtained by
MINITERM, one can observe that in both aqueous and hydro-alcoholic
media the overall heat capacity and methods A and C give lower results,
whereas method B generally agrees with the refined values, with the ad-
ditional advantage of giving the pH values needed in the refinement pro-
gram.

For diamines (Tables 9 + 10), the overall heat capacity method also gives
lower results than MINITERM. On the other hand, although the AH;
values obtained by the point-by-point method agree with the refined values

TABLE 9
Thermodynamic parameters of the diamines in aqueous medium ?
Diamine Method pbp ° Method ohc ©  MINITERM pK,
1,3-Propane- AH,=—14.12+0.65 AH,=-1492
diamine AH,=-13.87 AH, = —13.08
AH;=—-2800+0.17 AH;=-2708 pK,=1017 pK., =10.30
r =1.0000 pK, =829 pK,, =829
U=0.1147E-3 U=0.1782E—-4
0=02970 E-2 0=01335E-2
Ethylene- AH,=—-11.46+1.96 AH,=—13.63
diamine AH, =-11.78 AH,=-10.90
AH;=-2323+056 AH{=-2216 pK,,=9.74 pK,, =9.89
r=0.9993 pK,, = 6.67 pK,, = 7.08
U=0.61483 E-3 U=0429 E-3
o=0.7158 E-2 0=0.6250E-2

2 AH in kcal mol ™1,
® pbp. point-by-point heat capacity.
¢ ohc, overall heat capacity.
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Fig. 3. Plot of enthalpies of amines obtained in methanol-water (50% v/v) vs. water: (1)
aliphatic; (2) aliphatic polyfunctionals; (3) pyridines; (4) aromatic amines; (5) benzidines,
first amine group; (6) benzidines, second amine group; (7) aliphatic diamines, first amine
group; and (8) aliphatic diamines, second amine group.

of MINITERM, this program distributes the individual enthalpies in a
different way than does the former one.

Figure 3 shows a good relationship between the enthalpies resulting in
water and methanol-water, except for aliphatic amines. Figures 4 and 5 also
demonstrate the relationship between pK and enthalpy values, although
there is a greater dispersion, especially in methanol-water.

The enthalpies from the aqueous medium are generally 3—4 kcal mol !
higher than those obtained in the hydro-alcoholic one. Taking into account
the different families of amines considered in the present paper, one can
establish a qualitative relationship between the values of the enthalpies and
the kind of nitrogen participating in the neutralization process (aliphatic >
aromatic > pyridines).
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