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solubilities and Dissociation Constants of ~ 
and rn- Substituted Benzoic ACids in Different 
Mixed solvents at 25°C 

1-7 
Despite extensive studies the solvent effect on 

the dissociation of \iE:ak acids and bases "'can hardly be 

consider~d compltlte ly undtlrstood. ~reviously solvent effect 

\ias oeli~;::ved to be chiefly guided by the chanJe of dielectric 

constant of t re _sol vents. But recent observation that the 

exttlnt of proton transfer processes differs in different 
8 

isodielectric solvent systems leadS to recognize that the 

dielectric constant can not be the sole factor but the chemical 

. nature of the cosolvents also plays an irtportant role in 

dictatirg the overall s.olvent effects. In this connection the 

importance and varied applications of solubility measurements 
9,10 

have ·been Widely recognized • 
. ·. -11-IS 

In the course of our stu. dies on ion-solvent interactions, 

it has been observed that the determinations of the free 

energies of transfer of solutes frorn one solvent to-other and 

the determination of ionic free energies of transfer_provide 

the quantitative measure of solute-solvent and ion-aolvent 
.. 

interactions. However, the determinations of the free enerqy 

of transfer of an ion requires the value of t~ free enez:gy 

of transfer of the correspond!~ uncharged species. 
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These considerations led us to determine the solubili

ties and the thermodynamic dissociation constants of o- and m-
, 

substituted benzoic acids in 2-methoxyethanol + water (0-

100%) and 1,2-dimetho:xyethane + water (o-100%) ll\ixtures. The 

x::esult s are reported in this chapter. 

Experimental 

Methods of purification of 2-methoxyethanol (ME) and 

1, 2-dimethoxyethane (DME) and the preparation of weight 

percentages of aquo-organic solvents have been described 

before (Chapter II a III), o-chloro-benzoic acid (Q.R•A• Merck), 

o-nitro-oenzoic ac.i:.d (Riedel, Germany), m-chloro-benzoic acid 

(Purum, Fluka) and m-bromo-benzoic acid (Puriss, Koch ·Light) 

were all crystallised from alcohol. The purity of the saaple~ 

was tested by roolting point detE:Irrnination. 

The solubilities of the aciJis in different aqua-organic 

solvents ..,.;ere determined in the way described earller (Chapter 

III). The concentrations of the acid solutions were estimated 

by titration against standardised caustic soda solution using 

PhenolPhthalein as indicator. usually four sets of experi~rents 

were performed for eaCh percentage of the solvent mixture. 

The avera9e values of the solubilities are recorded in Tables 

1 and 2· The errors involved in the solUbility measurements 

are within o. 2 to o. 4%. 
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For the determination of dissociation constants of 

these acids, the hydrcgen ion concentrations of the saturated 

solutions of the acids ~ere treasured \!lith an Orion pH--meter 

lModel EA 920) having an accuracy of z o.ol PH unit. Necessary 

correct ions were made in ti"le way described earlier (ChaPter 

II). The uncertainties in tlle fK.r values are ca. ± o. Ol unit 

for loner ~rcentages and : o. 03 for higher perc~ntages of 

aque-organic solvents. 

Results and niscussion 

The theritt>dyna.nic constant (~) for the reaction, 

can be written as 

c 
HA 

(Since CH+ • C A- ) 

(A- = Substit ut f:::d ot:nzoate ion) 

• • • (1) 

• • • (2) 

Where = total concentration of t 11e aoidsl c· + · 1111 conoen
H 

+ 
trat ion. of H ion in the saturated e:xperLnantal solutions 

determined pH-metrically. In mi.:xed solvents the H+ ion con

centration was obtained from the pH-meter readin;;JS using the 
16,17 

necessary corrections . ! • 



-142-

Ho-wever, in water the hydrogen ion concentration:·: haS 

been deterinined from the relation, 

-- • • • (3) -

The mean activity coefficients of the ions at different 

concentrations .in aqueous ·and mixed solvents have been deter-

mined using oebye-Huckel limiting law, 

2 
-lcq f~ = AZi YJ:[:" 

as well as usin:1 
18 

Davies equation , 
2 

= -AZi ..[)I - o. 2 )J.., 

1 + .[.ij, 

• • • (4) 

• • • (5) 

The appropriate A-Values in mixed solvents have been 

calculated taking the dielectric ·constant values from the 
19,20 --

literature • The p<T values obtained ~in;; Davies equation 

have ·been. reported in Tables 3 and 4. However, these values 
-

do not differ much if the calculations are beill;1 · perfornvad 

with the help of eqn. (4). The free energies of tran~fer of 

o- and m- substituted benzoic acids can be written .as, 

0 Cs fs(HA) 
~Gt (HA) = -2· 303 RT log X 

Cw f~dHA) 

~ -2.303 RI' log Cs 
••• (6) -c, 
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Where c and c refer to the molar concentrations of the s w ~ . 
saturated solutions o.f o- and m- substituted be~zoic ·acidS 

in the solvent miJ<t ures (s) and water (w) respectively. 

Appropriate corrections were made for the possible dissocia

tion of the acids in the different solvents. Moreover, the 

activity coefficients of neutral acidS in their saturated 

solutions have been consider~d to be unity Where the activity . . 

coefficient refers to the standard states in the respective 

solvents. 

The solubility values of o-chloro benzoic acid, 

m-chloro benzoic acid and m-bromo benzoic acid in water 

have been found to be in good agreement with the values 
21 

reported in the literature (Table 1). ·Table 1 also shows 

that the solubility values of o-chloro, o-nitro, ~hloro 

and m-bromo benzoic acids increase gradually with increase 

in proportion of ME in the solvent. In case of DME, the 

solubility values also increase w.it.h Wt% of DME, the maximum 

being observed at 90 wt% of DME {o-nitro benzoic acid shows 

maximum at 80"-" of DME) and then the values decreas~s "in 

pure DHE in all cases. p.gain, like benzoic acid and· p.. 
ll 

s~stituted benzoic acids as studied before, the solubility 

values of these salts are also greater in binary mixtures of 

DME tnan ME. However, in case of pure solvent solubility is 

found to be greater in ME than DME contra:r:y to the values 
,· 

obtained \lith benzoic acid and p-substituted benzoic acids. 
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It is particularly interest in:;J in view of the greater 

hydrophobic character of DME corcpare to ME. In the present 

st ud:y the solubility values in water and binary aqueous 

m.ixt urea of ME and DME are in the order• 

a-nitro) o-chloro) m-chloro) m-bromo benzoic acid. 

The J;:i<-val ues (Tables 3 and 4) can be regarded to be 

thermodynamic values as the ionic strengthS of the solutions 

are low and proper corrections have been made. The pK-values 

of e-chloro (2. 93), a-nitro (2.18) and m-chloro (3.83), 

m-bromo (3.80) benzoic acids in Water agree well with the 

22 literature values of 2· ~o, 2.11, 3.84 and 3.81 respectively • 

. The pK-values of these acids increase continuously With the 

increase in the percentage of organic sol vent and show a 

linear relationship when plotted against 1 at low percentages 
' 6 

but deviations occur at higher percentages (Fig. 1). It is 

also observed that pK-values are higher in DME + H
2

0 mixtures 

than those in ME + H2o mixtures, the values being greater 

for m-chloro or m-bromo benzoic acids than a-nitro benzoic 

acid, contrary to the solubility values of these acids in 

the solvent mixtures. 

Instead of analysing our data in terms of the equation, 

t:, ~ .. 6pl\ (el) + .6.~t (non'2el)' as done by Bates and 

Hobinson
23

, we have tried to determine the free. energie~ of 
"-

transf~r of sUbstituted benzoate ions fromwater.to mixed 

solvt::nts in the present study. It would give more insight into 

tne nati.l.re of ion-solvent interactions which are the controlling 
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faYces in dilute solutions ~here ion-ion interactions are 

absent. One of the advantages of determining fK-values of 

~eak acids like the present acids by the solubility_rnethod 

is that the solutions ar~ dilute and ions are in their 

standard states in the respective solvents, an essential 

condition for the determination of medium effects of ions. 

In spite of limitations, the free energy of transfer 

24 
of a single ion can be det.er,nined usin;J the relation , 

0 0 . 0 
6G (ion) • Ll G ( (ion) + Ll G ( 

1
\ (ion) 

t t neut) t e , 
• • • ( 7 > 

0 
~here LlG ( )(ion) has been assum=d to be equal to that t neut 

of its uncharged analogue. LlG:(el) is the electrical free 

energy change in charging neutral molecule from o to charge 
0 

ze in solution. 11 Gt (ne ut ) (ion)· values have been eJ<periment ally 

determined. But in view of the li.n..it at ions of the Born equa-
25 26 

tion or the modified equation and particularly due to the 

uncertainty regarding the radius of unsymmetrical be~zoate 

i h ,o 1 ons, t tl calculated . .6Gt (el) va u~s may be considerably 
0 

in error. we, therefore, preferred to calculate 11 G (ion) 
t 

in t!1e following way instead of USin;;J equation ( 7), .-

0 0 = 6G (l) -6G {1) 
s ' 'W 

= [lG~(H+) + 6G~{A-) 

or. ,6G~(A-) a,6G~(l) - 6G~(H+) 
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0 
The values of !::::. at (HA) have been determined from 

solubility measurements. corrections for the dissociation 
0 -

of the acids in different solvents have been made. 6.Gt tA ) 

values in 
0 

b.Gt(l), 

different solvents have been calculated using 
0 ~ 0 + b.'\ (HA) values from this experi1nent and 6. at (H ) 

values previously reported in ChaPter II. The values are 

presented in Tables 5 and 6. 
0 

The t:.. Gt (A-) values are predominantly positive. This 
0 

is in agreement with the fact that b..G of anions are usually 
t 

2 7 28 0 -
positive ' • Moreover, 6-Gt (A ) values show that transfer 

of A is non-spontaneous from water to organic solvents (Fig. 2 ). 

0 - . 
The results fl.lrther indicate that b.G (A ) is maximum 

t 

at 80% of ME and DME i.e., in this region the free energy of 
29 

mixing of solvents is maximum • It is to be noted that the 

addition of onJanic solvent first strengthens the three 

dimensional (3D) water structure. Haw ever, due to the presence 

of -OCH3 group, the addition of ME or ot-1E induces tl)~ initial 

breakda.tn of 3D-structure of water followed by possible 
. ' 

structure promoting effect of H-bonded ME-H
2

0 and DME~H20 
.. " 

corl'plexation Which goes upto 48.64 mol% of ME and 44.45 mol% 

of DME. Jiliow this mol%, the destabiliza~ion c;>£ solvent-

water bond tak~s places leading to the gradual formation of 

solvent structure. H+ ion leads to the stabilization of solvent 

structures due to its capability of H-bond formation and 
0 + . 

6.Gt (H ) .oeco10es negative whereas anion destabilises the 

sol v~nt str· •ct urea leadin, to """' it i -... "'"'=' .r ..... s ve .tree energy changes. 
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Tables 3 and 4 also show the increaS.ing ly n~ative 

0 
1~gnitudes of 6G (HA) with increase in non aqueous component 

t -
in tt1e solvent 11\i)cture. Results indicate the stabilization of 

benzene ring primarily through dispersion forces as in the 
30 

case of uncharged bases like nitroanilines • Solvation Will 

also occur through hydrogen bond formation in \llhich the 

substituent groups Will 'be involved, and these factors 

should make their independent contributions to the overall 
0 

values of .6. Gt (1--lJ\). But the hydrophobia-~, of the benzene 

ring is presumably the largest 8ingle factor causing an 

increased- affinity of these weak acids tQ\oJards the organic 

·component rich solvent. 

conclusion 

Substituent groups can change the electron density 
31 on an acidic group by polar interactions • Many Workers 

have attempted to divide polar interactions into inductive 

effects, displacements ol electrons along the molecular chain 

or ring, and direct or electrostatic field effects Which occur, 
32-37 -

at "least in part, through the solvent • The diStinction 

isd£ruit less one because there is no way to estimate· one 

tyfle of interaction independently of the other. It has often 

38 been assumed that the Kirkwood-\·iestheimer theory can be 

used to calculate the direct eff~ct, but this vieW cannot 
39 

be maintained • The model is a highly artificial one which 
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makes socne allowance for induction by its choice of an 

interna 1 dielectric constant. 

In aromatic acids the elect ron density on the acidic 

group is changed not only by i~uction but also by resonance, 

and separation of the two effects is difficult. For acids 

containing a benzene ring the inductive effect should be 

largest at the ortho posit ion and smallest at the para position. 

Ortho derivatives exhibits various peculiarities associated 

tfi.th the proximity of the substituent to the ionizing group1 

there is probably no acid in Which the interaction from t:ha 

ortho pqsition is purely inductive. The difference in 

'inductiVe effects at the more rertOte meta and. }i:era positions 

is so small that it is often ignored. Most substituent& enter 

into resonance 'ftith the aromatic ri~. Such conjugation is 

largest at the ortho and para positions. Groups may be classed 

according to ,.hether they ~ithdra-w electron density from the 

ring (-No2 , -eN) or supPly it from th~ir lone Pair electrons 

{-F, -cl, -Br). Groups in the first class will strengthen 

acids by resonance because withdrawal of electron density 

from the ring is accompanied ~y Sh~ft_ in electron density 

from the acid group to the ring. G_~ups in the second class 

increase the electron density on the acidic group by conjuga

tion through the aromatic· ring; resonance has an acid-weakening 

effect. Meta derivatives ,cannot conjugate _dixectly with the 

acidic group. Their resonance interaction With tl'13 aromatic 
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ring produces changes With the electron density at the ortho 

-and para posit ions and tht:se affect acid str~ngths by induction. 

Let us examine the acidity constants of some substituted 

benzoic acids in the light of these arguroonts. All these acids 

are stronger than benzoic acid itself (Table 7) because of the 

inductive effect. In the nitro benzoic acidS resonance has 

a further acid strengthening effect and the ortho derivatives 

are stronger acids than the para or meta derivative. For the 

chloro-, and oromo benzoic acidS induction and resonance 

oppos~ each other. Chlorine is expected. to conjugate With the 

ring to a larger extent than bromine, for the p~orbitals 

of its lone pair electrons are smaller and overlap more With 

the 1f -orbitals of the ring. Thus p..chloro benzoic acid is 

weaker than p...bromo benzoic acid. The meta acidS are stronger 

than the para acids (except for p-nitrobenzoio ao~d in few 

_percentages of illixed sol verts) because there is less opposition 

by resonance to the inductive effect. Meta chloro benzoic 

acid is perhaps weaker than m..oromob~zoic acid because of 

the resonance-stimlated inductive effect.· Still, the __ difference 

in acid strength is very small (in water and in ME~Water mixed 

solvents) judgeme-nt should be reserved I Until these acidS have 

been studied at other temperatures and in other solvents. 

5teric effectci and intracnolec ular hydrogen bondiilCJ 

llbY also play. an important role in the dissociation process 

but the ~fiects are often Sillall and hard to disentangle from 

other influences with the result that there are considerable 
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40,41 
differences in interpre~ation • Bulky substituent& next 

to an acid.ic group may aftect the loss of a proton in severa~ 

ways. The steric effect on the prot on itself is negligible 

because of its very small size. The substituent by its bulk 

may prevent sol vent molecules from solvating and stabilizing 

a cation acid or an anion base. Bulky groups interposed 

bet~een a polar substituent and the ionizing group increase 
42 

electrostatic interaction by confining it to a Cavity of 

lc:M die lectr .ic constant. ,Bulky substituent& in an ortho 

position may interfere with resonance by causing the carboxyl 

group to twist out of alignment with. the welectron system 

of the ring. For this reason ortho substituted benzoic acids 

are stronger than expected, as may be seen fn>m tee data in 

Table 7. Internal hydrogen bonding will be an effect. super

imposed on inductive, resonance and other steric effects and 

hard to se~rate from them. Moreover, the intramolecular 

hydrogen bond must be strong if it is to persist J.n compet iUon 

with intermolecular hydrcgen bondS between the acid and the 

solvent. Formation of such a bond in a base lowers it.s .POten-

. t ial energy relative to that of the conju;Jate acid and enhances 

acid strength. Hydrogen bonding in ortho nitrobenzoic acid 

may occur in the unionized acid and th.is may ~ one of the 

reasons 'Which makes it cons.iderably stronger than p-nitrobenzoic 

acid. 
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Table 1 ' Solubility (molar) of o- and rn-substituted Benzoic Acids in ME and in their AqUeous 
Binary Mixtures at 25°C 

.! X 10
2 -3 

Wt% of ME A Solubilit:£ {mol dm ) 
€. o-Chlorobenzoic o-N.itrobenzoic m-Chlorobenzqic ~Bromobenzoic 

00 1.2 7 0.509 0.0136 0.0454 0.0026 0.0021 

20 1c43 0-606 o. 0409 0.0987 o.oo75 0.0071 

40 1o 74 0.813 0.2047 0.5 719 0.0404 o. 0367 

60 2-37 1.293 l. 0716 l. 8421 o. 3664 0.1579 

80 3. 77 2.593 2.1198 2.6019 1.0468 0.2173 

90 5.26 4.278 2.5034 2. 9443 1. 6236 o. 3077 

100 5.91 5.087 2.5336 3.1090 1.8768 0.3278 

--------- ------------------------
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-Table 2 , solt..ibi1iti:es of o- and m-Substit u(,ed Benzoic Acids in DME and in their Aqueous 
Binary Mixtures at 25°c 

Wt" of ,! X 102 A 
-3 

So1ubi1it~ ~mol dm ) 
DME E. o-Chlorobenzoic o-Nit robenzoic m-Ch1orobenzoic m-Bromobenzoic 

·! 
0.1131 0.2493 o. 0137 o. 0099 20 1.56 0 .. 691 

.40 2.01 - 1-009 0.4795 Oo8509 0.2519 0.0940 

60 2o79 1.652 1.8879 2 .. 2449 o. 7928 0.2971 

80 4-79 3.714 2.8827 3. 4469 1.6626 o. 3021 

90 7-42 7.160 2. 9821 3.1135 2.2154 o. 3543 

100 14.12 18.811 2.5224 3.0133 1. 7549 0.3349 

------- - - - -----
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0 
Table 3 ' ~ values of o- and m- Substituted .Benzoic ~ids in MEJ~ater Mixtures at. 25 C 

Wt% 
of ME 

00 

20 

40 

60 

80 

90 

o-chlorobenzoic bcid 
corrected ~ 
~ 

2.49 2.98 

2.63 3.91 

2-66 4-70 

2.71 5.56 

2o93 6.36 

3.10 6.82 

o-Nitrobenzoic Acid 
Corrected ~ 

PH 

1.9o 2·24 

.1.99 3.04 

·1 •. 97 3.83 

2-02 4.53 

. 2. 29 5.34 

2-37 5.73 

m-Ollorobenzoic .Acid 
corrected ~ 
~ 

3.27 3.85 

3-25 4.37 

3.20 5.03 

3.04 5.72 

3.12 6.40 

3.14 6. 72 

m-Bromobenzoic_ ACid 
corrected ~ 

Ill 

3.30 3-82 

3.29 4-43 
·-

. 3.'21 5.02 

3.23 5. 72 

3.45 6. 33 

3.50 6.49 
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0 

Table 4 a PK.r valoos of 0- and m- Substituted Benzoic ACidD in DME-4-Iater Mixtures at ;25 C 

Wt% of o-Chlorobenzoic Acid o-Nitrobenzoic Acid ~hlorobenzoic Acid m-Bromobenzoic Acid 
DME Corrected ~ Corrected !'1<.r Corrected ~ corrected ~ 

pH pH ~ I:li 

20 2o4l 3. 94 1.95 3-21 3-27 4.69 3-28 4.56 

40 2.60 4.97 2-02 4.14 3.05 5-.56 3-11 5.24 

60 2· 74 5.89 2-22 5.03 ~.20 6.38 3.18 5.91 

80 3-07 6.81 2-55 6. 02 3. 37 7.11 3.46 6.54 

90 3·34 7.45 2· 73 6~54 3.57 7.72 3.55 6.89 



-~ 

s·or-----------------------------------------~ 

5·o 

r 
::::c @ 0- nitro a.. 

4"0 ...... <) 0- ch!oro 

• m- bromo 

3"0 0 m- ch!oro 

2"0 

( 1"5.0) 1'5 3"0 4"5 6"0 71J 

-1 
X 10

2 

e 

Fig.l (b) - venation of PKr With e 1n DME + H20 mixture. 
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Table 5(a) 1 Free Energy of Transfer of Anion, 6G
0

(A-) of Substituted Benzo.ic .AcidS (in kJ) 
0 t 

in HE~ater Mixtures at 25 C 

Wt% of 0-Chlorobenzoic Acid 0-Nitrobenzoic ACid 
HE 

6.G 0 4 1) 
0 0( - 6G:( 1) 6G~(HA) £1 o:(A- > 6Gt (HA) bGt A ) 

t -
20 5.31 -3-26 3. 93 3.94 -2.46 3.36 

40 9.81 -7.37 4.87 9.07 -7.04 4.46 
' 

60 14.72 -11.49 6.16 13.07 -9.97 6.03 

80 19.29 -13.18 a. 36 17.69 -10.83 9•11 

90 21.91 -13.59 6.57 19.91 I -11.14 7.02 

100 - -13.63 - - -11.28 

~ 
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0 -
Table 5 4b) • Free Energy of Transfer of Anion, 6 Gt {A ) of Substituted Benzoic· .ACidS tin kJ) 

0 
in ME-Water Mixtures at 25 C 

Wt% of m-Ghlorobenzoic .ACid m-Bromobenzoic ACid 
ME 

bP~<1> 0 b,.G~ (A-) 
0 0 o, -6,Gt (HA) .6 Gt (1) /lGt (HA) b Gt A ) 

20 2.97 -2~ 99 1.86 3.48 -3.51 1.85 

40 6.73 -7.31 1.95 6.85 -7.72 1.56 

60 10.67 -12.81 o. 79 10.84 -11.37 2.40 

80 14.55 -15.41 1. 39 14.33 -12-17 4.41 

90 19.38 -16o50 1.13 16.09 -13.03 1.31 

100 - -16.86 - - -13.19 
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Table 6(a} 1 Free Energy of 'J;'ransfer of Anion, L).G~(A-) of Substituted Benzoic ACid (in kJ) 
0 

in DME-Water Mi:xtures at 25 C 

Wt% of 0-Chlorobenzoic ACid O-Nitrobenzoic Acid 
DME [}.G~(l) 6G~(HA) flG 0 (A-) f1G~(1) 

0 !J a~ (A-) L)Gt (HA) 
t 

20 5.48 -5.84 2-21 5.53 -4.'88 3.22 

40 l1a36 -9.49 5.86 10.84 -8.04 6.79 

60 16.60 -12.89 8.28 15.92 -10.46 10.03 

80 21.85 -13.95 9.32 21.57 -11.53 11.46 

90 25 .s1 -14.03 6.02 24.54 -11.28 7.8o 

100 - -13.62 - - -11.20 -· 

--------- -----------
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Table 6 (b) ' Free Energy of Transfer o£ Anion, ~ Gt (A ) of Substituted Benzoic ACid (in kJ) 

. 0 
in DME-Water MiJ<t ures at 25 C 

Wt% of m-cn1orobenz oic ~cid ~romobenzoic ACid 
DME 6G~(1) . 6G~(HA) {JGO(A-) 0 0 

6 G~(A-) ~Gt (1) 6Gt(HA) t 

20 4.79 -4.57 2.79 4.22 -4.38 2-4~ 

40 9.76 -11.88 1.87 8.10 -10.08 2.01 

60 14.44 -14.73 4.28 11.93 -12.94 3-56 

eo 18.60 -16.56 4.46 15-52 -12.99 3~95 

90 23.08 -17.27 o. 35 19.52 -13.38 0.68 

100 - -16.69 - - -13.24 

---------- ---- -~-------------- -------- ---------
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Table 7, Acidity constants of some suostituted Benzoic ACids 

in Water and Aqueous binary inixtures of 2-rnethoJCy
o 

ethanol and 1,2-dimethoJCyethane at 25 c 

Acid Pl<.r 
Water 90% ME 90% DME 

Benzoic Acid 4.22 7.55 a. 62 

p-Chlorobenzoic Acid 4.00 7.74 8.63 

p-Bromobe nzoic Acid 3. 98 7. 27 a. 2 7 

rn-Chlorobenzoic Acid 3.85 6.72 .7.72 

m-B romobe nz oic ACid 3.82 6.49 6.89 

p-N it robe nzoic ACid .3.50 7.13 7.5 7 

O-Ghlorooenzoic ACid 2. 98 6.82 7.45 
I 

o-Nitrobenzoic ACid 2.24 5. 7 3 6.54 
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