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67. Dielectric Shielding of Ionic Charges in Aqueous 
Solutions of Different Ionic Strength 

by Luigi Fabbrizzi, Piero Paoletti, Markus C. Zobrist arid Gerold Schwarzenbach 
Laboratorio C.N.R. e Istituto di Chimica Gcncrale e Inorganica., Universiti di Firenze, and 

1.sboratoriuiii fiir Anorganische Cheniic, Eidg. Technische Hochschule, Zurich 

(19. XI 1. 7 4  

Summary. The thermodynamic functions of the proton transfer H2tn2++ tn- t  2 Htn+ (tn = 
1,3-diaminopropane) have been determined in aqueous solutions containing tliffcrcnt amounts of 
KC1 (0.05 ’< ,LL Q 3.01). The free energy ( - d G )  of the proccss decreases, whereas the enthalpy 
( -AH) increases with p. There is reason to believe that the reaction is entirely controlled by the 
Cozilomb forces between the two protonic charges. The clcctrostatic energy involved can be de- 
scribed in terms of a model incorporating an eifective diclectric constant ee. such that Se,/Sp 
and S2~e/6,uST are both positive. The polarisation of purc water is produced by orientation of 
h ydrogen-bonded dipole molecules H,O, whereas thc clcctrolyte solution is polarised in addition 
by dislocation of the i,ons K+ and (2-. Our results tleinonstratc that the former type of polarisation 
is much more teinperature dependent than the latter. 

For the interpretation of the thermodynaniic functions of reactions taking place 
between ions in solution it is useful t o  separate the simple, long-range coulombic 
interactions from others, such as covalency, ligand field stabilisation, steric effects 
etc. The energies involved will be designated by Ae1 and Ell respectively, both being 
taken positive in case of attraction and negative in case of repulsion. 

Because of the temperature dependence of the effective dielectric constant ce, the 
energy A,1 is also temperature dependent : 

If it is assumed that En does not depend on temperature (rTE,/dT = 0), the following 
expressions for the thermodynamic functions are obtained : 
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A G =  - T . ( A S t + A S r + A S ~ - I - A S v + R + l n W ) - A e ~ - E ~  (3) 

These equations contain many parameters which are difficult to assess. However, 
we can choose a process in which the number of solute particles does not change 
(therefore no change of the translational entropy term: d S t  = 0) and in which the 
change in rotational, conformational and vibrational entropy is negligible : ( (AS ,  + 
A S ,  f AS,) = 0).  Furthermore, if the bonds broken and formed during the reaction 
are alike, En can also be neglected. A proton transfer between two bases that differ 
from one another solely by the presence or absence of an electric charge, is such a 
process : 

8 8 8 
H-NH,-X-H,N-H + NH,-X-H,N d 2 H-NH,-X-H2N (6) 

From reactions of this type we can obtain information about the magnitude of 
Ae1 and its temperature coefficient. 

The second protonation step of a symmetrical diamine X(NH,), differs from the 
first only by the energy needed to bring up the second proton against electrostatic 
repulsion of the first proton, provided that the microbasicity of the second basic site 
does not change on protonation of the first site. The simple statistical term R * In W 
in (3) and (4) is easy to evaluate (W = 4). The differences (AG, - dG,), ( A S ,  - AS,) 
and (AH, - AH,) for the first and second protonation steps furnish the thermodynamic 
functions ol the proton transfer (6) : 

AG (AG, -dG,) = - 2.303 R * T * A p K  = - R * T h 4  - Ae1 (7) 

1 &e 

&e 6T 
A S  = (AS,  - AS,)  = R - In 4 - Ae1- - - 

The basicity difference ApK (7) provides an estimate of the electrostatic energy 
to be gained when the two protonic charges are removed from one another in the 
course of reaction (6). We can re-write (1) as: 

where ‘a’ is the mean distance between the two charges in X(NHJ2+, N is Avogadro’s 
number and ‘e’ the protonic charge. From (10) we obtain an experimental value for the 
effective dielectric constant Ee. Furthermore, we can obtain the temperature coeffi- 
cient of ee from the enthalpy change associated with reaction (6). 
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The effective dielectric constant .se is found to be much smaller than the dielectric 
constant P ( )  of the bulk solvent and it is also less temperature dependent: 

< c0; (- &e/BT) < ( - 8 R o / A l )  (11) 

As expected, ce and its temperature coefficient diminish as the distance ‘a’ 
approaches zero. 130th quantities diminish also with increasing bulkiness of the hydro- 
carbon skeleton X carrying the two basic sites, 

The experimental data also indicate that the numerical value of tlie negative 
quantity LS In &,/a In TJ becomes smaller with decrease in ‘a’ and increasing bulkiness 
of X. Therefore, according to  equation (9), the proton transfer (6) becomes more exo- 
thermic the less the two interacting charges are dielectfrically shielded from one 
another. 

We have now examined the effect of ionic strength of the medium, in which pro- 
cess (6) occurs. The free energies and enthalpies of the two protonation steps of 
1,3-dianiinopropane were therefore determined at various KC1 concentrations. 

f~:!S--(‘HI?--CI~,-C‘H,--N~I,: ‘tn’ 

The choice of 1,3-diarninopropane as carrier molecule represents a compromise 
between several conflicting factors. On the one hand, the part of the field of force 
going through the carrier molecule with its low effective dielectric constant ( - 2 )  
should be as small as possible. This calls for a long chain of CH,-groups between the 
two basic sites. But when the chain length is increased, the values of the thermo- 
dynamic functions for the first and the second protonation step become more equal, 
so that it becomes increasingly difficult to  obtain their differences with sufficient 
accuracy. A chain length of three CH, seems to  be a good compromise. Furthermore, 
such a chain is sufficiently long to justify the assumption that the microbasicity of 
the second NH, does not change on protonation of the first: amino group. In any case, 
such a change should be invariant with ionic strength. 

The cation H,tn2+ can be treated as an extended zigzag-chain because of the 
repulsion of tlie two charges, so that tlie distance between the two acidic protons is 
easy to evaluate. We have used a = 6,6 i\ for equation (10). 

The ionic strength has been adjusted with KC1. Temperature: 20” 
~~ 

p (KCI) mol/l-l 

0 .05  
0.11 
0.21 
0 51 
1.01 
1 5 1  
2.01 
2 5t 
3 01 

PIC1 

10.625 + 0.01 

10.733 + 0.01 
10.805 f 0 01 
10.929 f 0.01 
11.029 0.01 
11.126 f 0.01 
11.196 & 0.01 
11 294 0.01 

10.715 -I= 0.01 

-~ 

p xi , 
8.843 + 0.01 
8.907 4- 0.01 
8.067 :I- 0.01 
9.091 11: 0.01 
9.256 0.01 
0.351 0.01 
9.462 0.01 
9.547 & 0.01 
9.634 0.01 

14.002 
13.959 
13.924 
13.895 
13.941 
13.997 
14.067 
14.136 
14.198 
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Basicity constants of proton acceptors can be determined with great accuracy. 
The results obtained with diaminopropane have been collected in Table 1 together 
with the ionic product of water Kw, which is needed for the evaluation of the pH- 
measurements and has been taken from the work of Harned & Harner [ Z ] .  

It is much more difficult to obtain the heat of reaction with high accuracy. Many 
calorimetric measurements had to be carried out at the same ionic strength in order 
to get a reliable average. However, we restricted ourselves to a somewhat smaller 
number of solvents which seemed permissible because of the almost linear dependence 
of AH on l p .  The >results are collected in Table 2. The values AG have been calculated 
from the equilibrium constants in Table 1 and A S  was obtained from AG and AH 
according to the Gibbs-Helmholtz equation. The enthalpies of neutralisation of H+ and 
OH- have been taken from Harned & Hanzer [3] and were checked by a few determi- 
nations of our own. 

In spite of the care with which the quantities in Table 2 have been determined, 
the differences needed for equations (7) and (9) rhow considerable scatter. The experi- 
mental values AG and AH were therefore plotted as functions of 111.. Such plots should 
be almost linear because of the well known dependence of the ionic activity coeffi- 
cients on ionic strength (Debye-Hiickel). Smooth curves were drawn through the 
experimental points (Fig. 1 and 2), and the differences (AG, - AG,) and (AH, - 
AH,) were finally obtained graphically. The results are collected in Table 3 together 
with the quantities A,* (from equation 7), E~ (from equation 10) and 6,/6T (from 
equation 9). 

Table 3. The changes of free energy and enthalpy f o r  the proton transfer (6):  H,tn2+-+tn $ 2 Htn+ 
and the quantities A,1 (in kcal per mol), E~ and S.se/ST calculated with the equatzons (7), (70) and (9) 

0.05 2.47 
0.11 2.41 
0.21 2.37 
0.51 2.30 
1.01 2.25 
1.51 2.22 
2.01 2.21 
2.51 2.22 
3.01 2.23 

- 
0.55 
0.62 
0.74 
0.88 
0.97 
1.05 
1.14 
1.26 

1.66 30 
1.60 31 
1.56 32 
1.49 34 
1.44 35 
1.41 36 
1.40 36 
1.41 36 
1.42 36 

- 32.14 
- 0.070 24.71 
- 0.066 19.92 
- 0.059 14.82 
- 0.046 11.80 
- 0.038 10.32 
- 0.031 9.38 
- 0.023 8.71 
- 0.015 8.20 

In Fig. 4 the effective dielectric constant and its temperature coefficient, which 
have been empirically determined as outlined, are plotted as a function of the mean 
distance between the cations of the inert electrolyte 2,: 

Mean distance between K+ions in A units: (12) 

The course of these functions is at first unexpected. As expressed with (ll), the 
effective dielectric constant ee is always smaller than that of the bulk solvent E~ and 
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has a smaller temperature coefficient. A reduction of E~ brought about by decreasing 
the distance a, by increasing the bulkiness of the charge carrier or by increasing 
electrostriction (multiple charges on carrier) is regularly accompanied by a decrease 
of (- &e/dT) as well as a decrease of (- 6 In E e l 6  In T). As demonstrated by Fig. 4 
the effective dielectric constant increases with increasing ionic strength, but it 
becomes less temperature dependent. 

These trends can be interpreted by considering two different types of polarisation 
of the medium between the interacting charges. In  pure water, the polarisation is 
mainly due to an orientation of the dipole molecules H,O. If an electrolyte solution 

-13.0-19.0 

- 

- 12.5- 
- -  

-AG 

t 

18.5 

-AG1 -A62 -AG(H++ OH3 

-I 

I I I I I I I I 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 * G  

Fig. 1. Thermodynamic functions AG, A H ,  A S  for  the protonation of tn, Htn+ and OH- as a function 
of VF 

(KC1) is used as medium however, polarisation can be achieved in addition by altering 
the positions of the ions K+ and C1-. Our results show that the first type of polarisa- 
tion is much more temperature dependent than the second type. The electric field 
at the site of the second basic group is lowered, in the case of dipolar molecules by 
favorable position and orientation, which are disturbed by increasing temperature. 
The favorable arrangement of spherical ions however, is less temperature dependent. 
This is demonstrated by the simultaneous rise of ee and decrease of -d,sEe/6T in 
increasing the concentration of KCl. 

If it is generally true that an increase of ionic strength brings about an increase 
of ee, the electrostatic energy Ae1 will become smaller (equation l), which reduces the 
quantity -dG numerically (equation 3) and lowers the association constant. But 
when this increase of Ee is accompanied by a decrease of (-ds,/dT), AH will become 
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14.0 )- 
- 

- -  
-13.0 

-13.5 - 

- 
- 12.5 
- 

13.0 - 
- -  
- -  

- 12.0 

-AH 
--AH(Ht +OH? 

-AH1 -AH2 

I I I I I 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 ' m f i  
L 

Fig. 2. Thermodynamic functions AG, A H ,  A S  for  the protonation of tn ,  Htn+ and OH- as a funct ion 
of VF 

AS 
h 

AS1 ASP AS(H+fOH-) 

- 16.8 - 6.0 - 

16.0 

-5.0 - 0.6 - 

- - 0.2 

I I 

Fig. 3. Thermodynamic functzons AG,  A H ,  A S  for  the protonatzon of t n ,  Htn+ and OH-  as a funct ion 

LJ - J-LP 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

of VP 
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more negative (equation 5), so that the association wil l  be more exothermic. This 
should be so not only when we approach ions of opposite charge, but also when we 
remove charges of the same sign from one another as demonstrated by AG and AH 
of Table 3. We have to ask now, whether this is a general phenomenon or not. 

Unfortunately, there are hardly any data in the literature, which are suitable for 
such an inspection. Thousands of stability constants have been determined [4] from 
which AG-values can be calculated, but only a small part of these association pro- 
cesses have also been investigated calorimetrically in order to find the enthalpy 
changes [5]. Not many chemists seem to have gone through the trouble of measuring 
reliable values for d G  and AH as a function of ionic strength. 

b 

36 

35 

34. 

3 3  

32 

31 - 

30 

-0.07 

- -0.06 I WST 

-0.05 i 
-0.04 

- 0.03 I 
- 0.02 

-0.01 

Fig. 4. The apparent dielectric consfaat se and i ts  temperature coefficient, effective for protonic 

charges on the cnds of an organic carrier molecule H,N-CH,-CH,-CH,-NH, to be separated 
irom one another in solutions of different ionic strength ,IA as a function of the mean distance of the 

cations I<+ of the inert electrolyte KCl 

0 8 

A few data of this type have been determined at the University of Lund [6] and 
are collected in Table 4. As expected, AG becomes always less negative with increasing 
ionic strength and AH indeed becomes in most cases slightly more negative. How- 
ever, this is so only up to about p = l. At higher salt concentrations this trend is 
apparently overshadowed by other effects, probably by the formation of weak com- 
plexes (ion pairs) of the reactants with the ions of the inert electrolyte and by desol- 
vatation of the reactants brought about by the latter. Generally, we can state that 
an increase of ionic strength influences not only A,1 and its temperature coefficient, 
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but also other parameters of the equations (3) to (5). This circumstance makes it 
especially difficult to interpret the curves of the Fig. 1 to 3. The considerable de- 
crease of AG and AH of the first as well as the second protonation step of the diamine 
'tn' is almost certainly caused by desolvatation of the reactants, especially the hydro- 
gen ion brought about by the increasing concentration of KC1. Only the differences 
(AG1 - AG,) and (AH, - AH,), the thermodynamic quantities of the proton transfer 
(6), are easy to interpret. There is no free hydrogen ion involved and on both sides 
of the chemical equation, there are two free amino groups and two protonated amino 
groups, so that changes of solvatation due to the increasing salt concentration cancel. 
The only driving force of the proton transfer is the repulsion of the two protonic 
charges and it seems justified therefore to calculate the energy Ae1 caused by this 
Coulomb force from the thermodynamics of process (6) as we have done. 

Experimental Part 
A comparatively large quantity of 1,3-diamin propane (Fluha) has been distilled in pure 

nitrogen of atmospheric pressure (720 Torr) after the addition of metallic sodium. The fraction 
collected between the boiling points 135.0" and 135.5O was used to  make up a stock solution of 
tn(HCI), containing a small excess of HC1. After dilution to  a total concentration [tnlt of about 
0.002 and adding the appropriate amount of solid KC1, titrations were carried out with 0,lM Of 
KOH of the same ionic strength. The titrant was prepared from pure KCI-solution and solid 
Ag,O. The sum of the concentrations of KC1 and HC1 (added by preparing the stock-solution) 
was taken as ionic strength ,u. Actually, p is somewhat larger as long as the doubly charged cation 
H,tnz+ is present. The glass electrode was standardized before every titration run. This was done 
by means of a titration of HCl at  the same ionic strength, The accuracy of the pH-determinations 
was better than 0.01 units. The degree of protonation 5 was calculated with (13) : 

- 
P =  

CHCl- CKOH ~ - [H+] ~~ + [OH-] - 
[tnl t 

The protonation function is given by: 

+ (c- 1) . [H+] . 10PKl + (p- 2) . [HI% - 10PK1+PK2 = 0 (14) 

Table 5. Calorimetric measureme%ts 

before the mixing 

HCI t n  V HC1 t n  V Q Result (kcal, mol-l) 

after the mixing 

P 
(mm) (mm) (d) (mm) (mm) (ml) ( c 4  

0 0.3735 
0.3395 0.3735 

0.3816 
0.3395 0.3816 

0.3395 0.3726 
0.3395 0.3702 

0.3731 
0.3395 0.3731 

0 0.5596 
0.3395 0.5596 

0'51 0.6790 0.5596 
0 0.5593 

0.11 

0.21 

101.20 
102.40 
94.68 
95.88 

102.32 
101.97 

90.83 
92.09 

99.65 
~00.85 
102.05 

96.67 

0.3395 
0.6790 
0.3395 
0.6790 

0.6790 
0.6790 
0.3395 
0.6790 

0.3395 
0.6790 
1.0184 
0.3395 

0.3735 
0.3735 
0.3816 
0.3816 

0.3726 
0.3702 
0.3731 
0.3731 

0.5596 
0.5596 
0.5596 
0.5593 

102.40 
103.60 
95.88 
97.08 

103.52 
103.17 
92.03 
93.23 

100.85 
102.05 
103.25 
97.97 

4.407 
4.127 AH, = 12.78 & 0.06 
4.430 AH,, = 24.81 & 0.06 
4.156 

4.178 
4.130 AH, = 12.71 f 0.13 
4.412 AH,-, = 24.83 & 0.12 
4.144 

4.514 
4.340 AH, = 12.94 2c 0.07 
4.157 AH,-, = 25.14 zk 0.08 
4.475 
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Tablc 5. (Continued) 

0 
0.3395 

0.3395 

0 
0.3395 

“02 0.6790 
0 

0 
0.3395 

0.3395 

0.5375 
0 

3.01 0.5092 
0 
0.5092 

1.01 

2.51 

0.5601 
0.5601 
0.5601 
0.5601 

0.5600 
0.5600 
0.5600 
0..3680 

0.3728 
0 3728 
0.3731 
0.3731 

0.5599 
0.5612 
0.5612 
0.5602 
0.5602 

95.61 
96.81 
97.26 
98.46 

92.91 
95.11 
95.31 
94.44 

91.18 
92.38 
91.55 
92.75 

93.28 
91.91 
93.71 
89.45 
91.25 

0.3395 
0.6790 
0.3395 
0.6790 

0.3395 
0.6790 
1.0184 
0.3395 

0.3395 
0.6790 
0.3395 
0.6790 

1.0467 
0.5092 
1.0184 
0.5092 
1.0184 

0.5601 
0.5601 
0.5601 
0.5601 

0.5600 
0.5600 
0.5600 
0.3680 

0.3728 
0.3728 
0.3731 
0.3731 

0.5599 
0.5612 
0.5612 
0.5602 
0.5602 

96.81 
98.01 
98.46 
99.66 

94.11 
95.31 
97.51 
95.64 

92.38 
93.58 
92.75 
93.95 

96.08 
93.71 
95.51 
91.25 
93.05 

4.575 
4.394 
4.567 
4.399 

4.700 
4.491 
4.304 
4.627 

4.620 
4.355 
6.611 
4.339 

6.600 
7.110 
6.646 
7.086 
6.605 

AH, = 13.20 Ifi 0.02 
AH,-, = 25.52 & 0.02 

AH, = 13.59 f 0.09 
= 26.16 f 0.10 

A H ,  = 13.35 & 0.04 
AHl-z = 25.96 + 0.04 

AH, = 13.96 f 0.05 
AH,-, = 26.73 & 0.04 

For the calculation of pK, and pK, 20-25 pairs F, pH mere used. For the computer program see 
Anderegg [7]. The standard deviations for individual protonation curves were between 0.001 and 
0.003. The results from different curves agreed not so well. The data in Table 1 are the mean 
values from 3 to  4 curves. 

The details of the calorimetric measurements carried out in Florence with a LKB-8700 instru- 
ment are given in Table 5. I n  the columns ‘HCl’, ‘tn’ the number of millimoles of hydrochloric 
acid and diamine are given, which are present in the volume V together with KC1 to produce the 
ionic strength given in the first column before and after the operation of mixing, which produces 
the heat Q. The concentrations of tn, Htn+, K,tn2+ and OH- before and after mixing ill% cal- 
culated with the data of Table l and finish the molar quantitics with which the reactions OH-+ 
H,O, tn- t  Htn+, Htn++ H2tn2+ have taken place in the production of Q calories. From these 
data the reaction enthalpics for the single (AH,) and doublc protonation are obtaincd 
with the standard deviations givcn in thc Tablc. 
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