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ABSTRAC-I- 

The AG, AH and dS values of the dissociation of a number of diprotonated 

diamines were determinated by potentiometric and ca.Iorimetric methods, in I hf 

KNO,, at 25°C. The results are discussed in terms of solvent effects, the theory of 

Kirkwood and Westheimer, and microscopic constants. 

INTRODUCX-ION 

Since direct calorimetric measurements of the reaction heat in solution has been 

made possibIe by commerciahy available precision calorimeters, much attention has 
been given to the thermodynamic functions of organic acids. Ir. this study, dG, AH 

and dS values for the deprotonation of some diamines were determined, so that they 

may be used for the calculation of the thermodynamic functions of refated metal 

complexes_ The influence of substitution of methyl groups on the basic properties of 

the nitrogen atom was checked, to gain more insight into the donor properties of the 

different amino bases compared to the metal ion. 

EXPERIMENTAL 

Apparatus 
pa, measurements were performed with a digital pH meter (Radiometer 

PHM 52) equipped with a glass electrode (G 202 C) and a saturated calomel eIectrode. 

The pH meter was calibrated against a 0.01&f borax solution which, according to 

Bates’, gives a pa, value of 9.180 at 25 “C_ Calorimetric measurements were carried 

out with an LKB 8700-2 titration calorimeter. 

Reagents 

Ethylenediamine (Fluka) and the other diamines (Koch-Light) were converted 

into their din&rate sahs_ A dilute solution of the diamine was mixed with two 

equivalents of nitric acid at 0°C. The solution was evaporated in vacuum until all the 

liquid had disappeared. Ethylenediamine (en), NJV-dimethylethylenediamine 

(s dimen), N,N,N’,N’-tetramethyiethylenediamine (tetramen), piperazine (pip), iV- 
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methylpiperazine (mpip), and iV,N’-dimethyIpiperazine (dimpip) all crystahised out 

during the evaporation_ The others, Wmethylethylenediamine (men), NJV-dimethyl- 

ethylenediamine (a dimen), and XJr,W-trimethylethylenediamine (trimen), remained 
as a heavy syrup, which was stored in a dessicator under high vacuum. It took several 

days before the latter compounds crystaIIised out. The products obtained in this way 
were highiy hygroscopic. AI1 sahs vvere purified by repeated crystaIIisation from 90% 

ethanol- 

ptr nreastirenrenrs 

For the determination of the acidity constants two series of titrations were 

performed. In the first series, 50 ml (O-02 moles) of the dinitrate saIts in IM KNO, 

were put into a thermostated cell and titrated with 0.21163~ KOH in 1111 KN03. In 

the second series, the same titration was repeated with 100 ml (0.01 moles) of the 

dinitrate sahs. 

Cdllorinrelric nteasurentetils 

A sohttion of the dinitrate salt (25 ml, 0.2 moles), doubIe-distilled water 

(20 m1) and 241 KN03 (45 ml) were pipetted into the reaction vessef of the caloti- 
meter_ This soiution was titrated with 0.9562M KOH in I A-f KNO, using a “Tacussel 

eIektroburap’* pisron buret, equipped with a “Unite de prbtlection”, in portions of 

0.5 ml. 
With the piston buret, it was possible to rW3 -uuIate the addition speed so that the 

addition time was aImost equal to the heating time in the calibration experiment. At 
least twenty points were used for the calculation of the reaction heat for each amine. 

The deternzitzation of the acidizy cotzsfattrs 

form 

In studying the addition of potassium hydroxide to a soIution of the protonated 

of the diamines, the following reaction equilibria must be considered 

H2Lr’ +-OH- G$ HL’ -!- Hz0 (1) 

HL’ ;OH- -‘ LfHzO (2) 

The protonation function En, can be defined as 

ii !I = 
2cL-cB-[H’j+[OH-) = KSa,+2K;Kiai 

CL lfK;aHtK;K>a~ 
(3) 

w.here ct is the total concentration of the diamine and cn is the concentration of added 

base in the reaction vessel. Furthermore, 

I _ = K, = 4HL+l 
K; [H2L’ ‘3 
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and 

1 %,CLI -=KKz=- 
K’, [HL’] 

However, since [OH-] and [He] are unknown, the following procedure’ was 
preferred for the determination of iin. Two titrations were performed with a different 
degree of dilution of the protonated diamines. It can be shown that, at the same pan 

values in each titration, li,, is given by 

- 
flfif = 

2c,- c; -(C, - CL) 

c,-CL 
(4) 

where the prime indicates the more dilute soIutions. Eqn. (3) can then be solved for 

K; and Ki by a systematic search for those values which minimize Eqn. (5) 

Therefore, a computer program NET 

method proposed by Unwin et aZ.3. 

Celerinirralion of the heat of reaction 

was written in FORTRAN IV, applying the 

The total heat of reaction after each addition can be expressed by: 

-0 = - c Qi = dHf(rL1;[HL*])i_dHI[L] (6) 
i 

where Qi is the heat of reaction observed by the addition of the ith portion of potas- 

sium hydroxide. AH; and AH; are ihe enthalpy changes accompanying reactions (I j 
and (2), respectively. 

[L] and [HL’] can be calculated from the acidity constants, C,, C, and pa,_ 
Instead of measuring the pa,, vaIues, it was preferred to solve Eqn. (7) 

Caa$ f (G& -KK,-CCLKI)a~~f(C,K,K,-KK,K,-2KK,K,C,)a,, 

-KK,K,K, = 0 (7) 

As the hydrogen ion concentration is negligible over the whole range used in 

these experiments, K, = a,,[OH-] was obtained by minimizing Eqn. (8) i.e. 

for the experimental data of ethylenediamine, by a systematic search for the vaiues of 

the parameters K,, K; and I;: corresponding to the minimal value of xc;, using the 

computer program, KUBUS. pK,- was found to ‘be 13.688. 
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From known aH values, iL] and [HLt] could be calculated for the different 
experimental points, and Eqn. (6) was soIved in the same way as Eqn, (3), by mini- 
mizing the expression 

(9) 

The total calculation, ie_ solution of Eqn. (9 and minimizing of Eqn. (9), was 
performed using the computer program, ENTAL. 

RESULTS AKD DISCUSSIOS 

The acidity constants of the various diamines are given in Table I. 

T’ABLE I 

ACIDITY CONSTANTS IN IM KN03 AT 25’C 

D iamine PK1 M2 

en 7.536 1023 
men 7.473 10.280 
s dimen 7-525 10258 

a dimen 6.925 9.534 

trimen 6.527 9.979 
tctramen 6357 O-450 

pip 6-W IO.007 

mpip 5.199 9-317 

dimpip 4.630 8.539 

The values (in kcal/moIe) of dH; and AHI as defined before, are given in 
Table II. 

TABLE Ii 

VALUES OF AH; AT-43 AH; ACCOMPANYING REACTIONS (1) AND (2) 

Diamine .dW; (kca&nwle) 

en 2.14 1.29 
men 262 225 

sdimcn 3.30 Z-96 

a dimen 4.88 3.29 

tirimcrl 5.83 3.75 

tctramen 6.32 6.00 

PiP 5.44 3.05 

mPiP 7.59 4.38 

dimpip 9.05 7.27 



Taking into account that AH for the reaction H’+OH- z$ Hz0 equals 
- 13.47 kcaljmole in I M KNO, , the thermodynamic functions AG (kcal,/mole), 
AH (kc&/mole) and AS (cal[mole.deg) for the reactions 

HIL2+ + HL+ i H’ (10) 

HL’ + L+H’ (11) 

have been calculated. The results are given in Table III. 

TABLE III 

THERMODYNAMIC FUNCTIONS ACCOMPANYING THE DEPROTONATION 
OF THE DIAMINES 

Diaminc A G I AHI ASI AGz Au2 AS2 
(kcaJ!mole) (kca[imole) (ca&noLdeg) (kcai.!moie) (kcaijmoie) (caI~moi.&g) 

en 
men 
s dimcn 
3 dimen 
trimen 
tetramen 

pip 
mpip 
dimpip 

10.28 
IO.19 
IO.26 
9.44 
93 I 
8.67 
8.24 
7.09 
6.31 

11.33 +3-S 13.94 

IO.85 
IO.17 
8.59 
7.64 
7-15 
8.03 
5.58 
4.42 

L1)9 . _-- 

-0.3 
-2.8 
-55.6 
- 5.0 
-0.7 
- 5.0 
- 6.3 

14.02 
13.99 
13.41 
13.61 
1289 
13.64 
1270 
II.64 

lZ18 - 5.9 
11.22 -9.4 

10.51 -11.7 
10.19 - 10.2 
9.72 - 13.0 
7.47 -13-I 

IO.40 - 10.9 
9.09 - 12.1 
6.21 - 18.2 

The acidic strength of protonated amines as a function of the substitution of the 
methyl group on the nitrogen atom is expected to follow the sequencesP’, CH,NHz > 
(CH3)2NHf >(CH,),NH’. In aqueous solution, due to solvent effects, this sequence 
becomes CHJNHc m(CH,),NHf e(CH,),NH +_ As can be seen from *he second 
column in Table I, the latter sequence is followed fairly closeIy for symmetric diamines 
only_ 

From Table III it can be seen that, in general, AG values vary less than the 
corresponding AH and 7’AS values. This has also been mentioned by previous 
workers6*‘. The “stiffening” of the aliphatic chains of di-protonated molecules’ can, 
therefore, be an explanation_ When losing a hydrogen ion, the possibility of rotation 
and vibration of the molecuie increases, so that both enthalpy and entropy increase. 
Otherwise, the loss of a hydrogen ion is accompanied by a decreasing number of free 
water molecules, the entropy decreases but the enthalpy decreases aiso, due to 
hydratation energy of the monoprotonated diamines, the unprotonated d&nines, 
and the hydrogen ions, respectively. 

Still considering the symmetric diamines, Table II shows that the decrease of 
AH as a function of the substitution on the nitrogen atoms by methyl groups is not 
entirely compensated by the term TAS for the tertiary amines. Therefore, solvent 
effects seem to be the main cause, since it may be assumed that by the stiffening effect 
the gain in enthalpy is compensated by the gain in entropy. 
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A successful theory about symmetric dibasic acids in terms of pure electrostatic 

interactions has been presented by Kirkwood and Westheime?. This theory can be 

expressed by the foliowing relationship 

A(AG) = AG2--AG, = ““’ - tRThc7 
D,r 

where G is a symmetry factor and is equai to 4, D, is the effective dielectric 

constant, and r is the distance between the two positive charges. For the five symmetric 

&basic acids, the following A(AG) values were obtained: en, 3.66; s dimen, 3.73; 

tetramenl 3.22; pip, 5.30; and dimpip, 5.33 kcalimole. 

4(AGj values of the ethylenediamine derivatives are clearly lower than the 

pipertine derivatives_ As pointed by Paoletti et aL9, this effect is due to the larger 

distance between the charges in the protonated ethylenediamine moiecule compared 

to those in the piperazine moIecuIe. The somewhat large value for tetramen must be 

due to a iarger value of De, since r is roughly constant for all the ethylenediamine 

derivatives. This larger value of D, is due to the so calIed “space-filling” effect of the 

methyl group~‘-~. However, this “space-filling” effect is not encountered in dimpip. 

A possible explanation could be found in the shape and rigidity of the piperazine 

molecule. 

In the course of this investigation an interesting paper has been published by 

Paoletti ef al_‘, -who consider the basic properties of the asymmetric diamines in terms 

of the microscopic constants. An asymmetric diamine consists of a more- and a Iess- 

substituted nitrogen atom. 

z is defined as the fraction of monoprotonated diamine with the hydrogen ion 

on the Iess-substituted nitrogen atom. Paoletti ef al.” give two methods for the cal- 

culation of I, the first one from enthaIpy changes. and the second from dissociation 

constants_ 

Using the first method, r can be calculated from the equation 

and from 

AH, = ~zAH~f(l-z)AHy 

AH’ and AH” represent the AH values of the corresponding symmetric diamines with 

the Iess- and the more-substituted nitrogen atoms, respectively. 

A mean value of z = O-G! for men, and z = 0.62 for a dimen is in good agree- 

ment with the values reported by Paoletti er ai9. For mpip, r = 0.68 and for trimen, 
cz = 0.79. For men and mpip, the two equations give the same result, for the two others 

the agreement was rcasonabIe. This means that the secondary amino function is a 
slightly stronger base than the primary amino function: and the primary is a much 

stronger base than the tertiary amino function. 
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