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ABSTRACT 

The influence of chlonne atoms on the lomzatlon and solvatlon processes for 2,6- and 
3,5-chloro dlsubstltuted benzolc denvatlves was studied from the statlstlcal viewpoint 

This study was carned out by companng the enthalpy values of these processes with those 
of the correspondmg monosubstltuted chloro derlvatlves m water-DMSO nuxtures over the 

mole fraction range O-O 8 For this purpose, a monoparametnc regresslon analysis was used 
In this analyas, total standard devlatlon, slope and mtercept standard devlatlons, correlation 
coefflclent and the Student t-test of the enthalpy values were taken mto account 

The addltlve prmclple for both compounds and stenc effect for the 2,6-dlchloro denvatlve 
were also studied 

INTRODUCTION 

The behavlour of the dlssoclatlon and solvatlon processes of ions and 
undlssoclated molecules has been systematically studied m our laboratory 
[l-7] TUB study has been carned out, from the statistical vlewpomt, by 
using mono- and dlparametnc regresslon analyses, m order to ascertain m 
which benzene rmg posltlons the mfluence of the substltuent groups plays a 
major role Indeed, the statlstlcal analysis 1s able to supply useful methods 
for revealing small variations of structure m the skeleton of the molecule due 
to the mtroductlon of the same groups m different posltlons or of different 
groups m the same positions [EL131 

TUB work alms to study the influence of the chlorme atom m posltlons 2, 
3, 5 and 6, and compares these effects with those of dlhydroxy and dlmtro 
denvatlves previously studied [1,2] 
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The 2,6-dlchloro and 3,5-dlchloro acids are compared with the respective 
2-chloro and 3-chloro monosubstltuted compounds For this purpose, corre- 
lations between lomzatlon, molecule and ion solvatlon processes of mono- 
and dlsubstltuted chloro derlvatlves are crltlcally exammed 

In this way, it 1s possible to ascertam m whch of the two solvatlon 
processess the additive effect 1s prevalhng 

EXPERIMENTAL AND PROCEDURE 

The calorlmetrlc measurements were performed by means of a Tronac 450 
calorimeter and a L K B 8700 reaction and solution calorimeter 

The calorlmetrlc measurements were processed by means of a BASIC 
program used on an Ohvettl M24 computer [14,15] DMSO (Erba, RP) was 
purified according to the procedure of Synnot and Butler [16] DMSO-water 
rmxtures were prepared by welghmg purified DMSO and CO,-free, bldls- 
tilled water The mole fraction of DMSO m these rmxtures ranged from 0 0 
to 0 8 Aqueous solutions of 0 099 M NaOH and of 0 99 M HCl m various 
DMSO-water rmxtures were prepared from standard solutions, and their 
concentrations were checked by potentlometrlc titrations 

The 2,6-dlchloro and 3,5-dlchlorobenzolc acids (Fluka) were purified by 
crystalhzatlon from water-ether nuxtures and their m p checked before use 
The chloro sodium salts were prepared by adding a NaOH solution of 
known molarlty to 2,6- and 3,5-dlchlorobenzolc acids dissolved m the 
DMSO-water nuxtures As a result, 100 g of DMSO-water solution at X 
mole fraction were obtained 

The concentrations of the sodium salts were always m the range 2 x 

10e3-4 x lop3 M A certain amount of acid (about 4-5s of the orlgmal 
content) was not converted mto the salt and remained as free acid to avold 
the presence of free alkah 

The lomzatlon process of Y, Z(Cl),PhCOOH (where the Y,Z are the 
number paus 2,6 or 3,5) m the various H,O-DMSO mixtures can be 
represented as 

[ Y, Z(Cl),PhCOOH] x + [ Y,Z(Cl),PhCOO-] x + (H+) x (1) 
The partial molar enthalpy of lomzatlon AH, of Y,Z(Cl),PhCOOH was 
obtained by expenmental measurements of (a) the partial molar enthalpy of 
reactlon A;ii, of Y,Z(Cl),PhCOONa dissolved m the rmxed solvent of X 
mole fraction, with 0 99 M HCl also dissolved m X mole fraction 

[Y,Z(Cl),PhCOO-],+ (Na+),+ (H+),+ (Cl-), 

= [ Y, Z(Cl),PhCOOH] x + (Na+) x + (C1-)x 
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and (b) the partial molar enthalpy of dllutlon AH, of the same amount of 
0 99 M HCl (dissolved m X mole fraction) 

(H+),+ (Cl-),= (H+),+ (Cl-), (3) 

The partial m_olar enthalpy of process (1) can be obtamed by subtracting 
AEz from AH3 For each of the water-DMSO nuxtures at X mole fraction, 
AH, refers to the lomzatlon process of 1 mol of Y, Z(C1) lPhCOOH dls- 
solved at mflmte dllutlon m 1000 g of rmxed solvent, yleldmg 1 mol of 
protons and 1 mol of Y,Z(Cl),PhCOO- ions solvated m the same amount 
of solvent 

In order to refer process (1) to an mltlal thermodynarmc state only, the - 
solution enthalples of crystalline Y, Z(Cl),PhCOOH AH, m the vanous 
solvent rmxtures were measured 

Y, Z(Cl),PhCOOH(,,, + [ Y,Z(Cl),PhCOOH] x (4) 

so that AH, ( = AH, + AH,) values obtained for the process 

Y,Z(Cl),PhCOOH,,,, + [ Y,Z(Cl),PhCOO-] x + (H+) x (5) 

refer to an identical mltlal thermodynarmc state In processes (2) and (4), 
concentrations rangmg from 2 X 10V3 to 4 x 10e3 M were used Therefore, 
the AH values related to these processes were assumed to be equal to AH ++ 
values [ 171 

A program which processes data usmg the monoparametrlc hnear regres- 
sion equation, with total standard devlatlon, slope and intercept standard 
deviations and correlation coefflclents was run on an Ohvettl M24 computer 
using the above enthalpy values For this monoparametrlc regression equa- 
tion the followmg null hypotheses were consldered (1) b = 0, (2) b = 0 5, (3) 
b = 1, (4) b = 2 The null hypotheses were tested by usmg the Student t-test 
The t values of b were calculated by means of the expression t = (b - B)/S, 

(where B = 0, 0 5, 1, 2, S, 1s the standard devlatlon of 6) and were 
compared with values from standard t-tables If t > tc L ,,_*, where n - 2 1s 
the degree of freedom of the system and C L the confidence level for the 
slgmflcance of the regression, then for C L < 0 95 the null hypothesis IS 
accepted (chermcal hypothesis), whJe for C L > 0 999 its rejection 1s highly 
significant 

RESULTS AND DISCUSSION 

Tables 1 and 2 show AHI* values of processes (l), (4) and (5) for the 2,6- 
and 3,5-dlchlorosubstltuted benzolc acids For the sake of companson, It 1s 
convenient to express the lomzatlon enthalpy values AH,* as the difference 
between the values obtamed m the mured solvent at X mole fraction and 
those m pure water, so that 

~AH, = (AH?),- (AH~),=, 



298 

TABLE I 

Enthalpy values (kcal mol-‘) of processes (l), (4) and (5) for 2,4-dlchlorobenzolc acid m 
water-DMSO rmxtures of vanous mole fractions at 25 o C 

X(DMS0) A HI” A Ha* A H;t 

00 -066 -080 -146 

01 -153 2 59 106 

02 -106 3 26 2 20 

03 -051 2 25 174 

04 0 50 0 99 149 

05 1 37 -012 125 

06 208 -082 126 

07 3 13 -106 2 07 

08 4 33 -203 2 30 

These values are relative to the transfer of the lomzatlon process, while 
8AH4* and SAH5e values represent the transfer enthalpy of the undlssocl- 
ated molecules and of the two ions H+ and Y, Z( Cl) ,PhCOO-, respectively, 
from pure water to mured solvent 6AH4* and 6AHS* represent solvatlon of 
the molecule and the ions at the various mole fractions, with respect to pure 
water (Figs 1 and 2) The 6A HI* term, as shown m Fig 1, IS favourable to 
process (l), with respect to that occurrmg m water, up to X,,,, = 0 3 
Beyond ths mole fraction the opposite IS true Thus IS due to the mverslon, 

at XDMSO = 0 3, of the amon solvatlon with respect to that of the undlssocl- 
ated molecule 

As regards the 3,5-dlchlorosubstltuted species (Fig 2), the lomzatlon 
process, m the whole mole fraction range, IS always favoured, with respect to 
that occurrmg m pure water Thus IS agam due to the greater solvatlon of the 
ion with respect to that of the undlssoclated molecule 

TABLE 2 

Enthalpy values (kcal mol-‘) of processes (l), (4) and (5) for 3,5-dlchlorobenzolc acid m 
water-DMSO rmxtures of vanous mole fractions at 25 o C 

X( DMSO) A Hle A H4* A H5* 

00 443 -032 411 

01 2 40 7 08 9 48 

02 0 75 7 42 8 17 

03 114 7 17 8 31 

04 208 5 77 7 85 

05 2 75 4 42 7 17 

06 3 61 3 64 7 25 

07 423 3 03 7 26 

08 5 42 2 69 8 11 



299 

6 r- 

I 

4 -Is a 
X 

ohlsc 

Fig 1 Enthalpy transfer of the lomzatlon process 6AHI* (A) and transfer enthalples of the 
undlssoclated molecules 6A H4* (0) and then amons SA H5* (0) of the 2,6-dlchloro benzolc 
acid m water-DMSO nuxtures 

A compmson between the couples of the dlssoclatlon, molecule and ion 
solvatlon processes of the dlchlorosubstltuted compounds (Fig 3), shows 
that the different solvatlon enthalples of the ions play a major role m the 
differentiation of the acidity between the 2,6-dlchloro and 3,5-dlchloro-ben- 
ZOIC acids The order based on the lomzatlon enthalples IS 2,6(Cl) *PhCOOH 
> 3,5(Cl),PhCOOH For the undlssoclated molecule solvatlon, it can be 
inferred that 2,6(Cl),PhCOOH > 3,5(Cl),PhCOOH For the ions, the scale 
of solvatlon shows the followmg order, 2,6(Cl),PhCOO- > 3,5(Cl),PhCOO- 

Fig 2 Enthalpy transfer of the lomzatlon process SAHI* (A) and transfer enthalples of the 
undlssoaated molecules SA H4* (0) and then amons SA H5* (0) of the 3,5dxhlorobenzolc 
acid m water-DMSO rmxtures 



Fig 3 Differences m the enthalpy of lomzatlon ( AH~~,6~c1~2P,,CooHl - AHI~,,~cl~2PllCOOHI 

(A) and m enthalpy of solvatlon between undlssoclated molecule couples 

~ff~26(C1)2PhCOOHl-[3 5(Cl),PhCOOH] (0) and the 10n couP1es AH [2,6(Cl),PhCoO-l-13 5(CI)zPhCOO-] 

(0) of the 2,6-dlchloro- and 3,5-dlchlorobenzolc acids m vanous DMSO-water nuxtures 

The larger solvatlon of the 2,6-dlchloro amon wth respect to the 3,5-dl- 
chloro one, m the whole mole fraction range, can be ascribed to the fact that 
chlorme atoms m posltlons 2 and 6 stablhze the amon by means of charge 
delocahzatlon due to the two internal bonds (between chlorme atoms and 
carboxylate group), with a consequent cychc form of the ortho-amon 

2,6-Dlchlorobenzolc acid also shows a stenc effect as a function of the 
mole fraction variation As the DMSO percentage increases, the amon 
solvatlon decreases (Fig l), reachmg a mmmum value at X = 0 2 Beyond 
this mole fraction the mmmum value becomes constant The presence of 
two methyl groups m the DMSO molecule sterlcally hmders the cychc form 
of the 2,6-chloro amon 

For the 2,6-dlchlorobenzolc undlssoclated molecule, It can also be hy- 
pothesized that a cychc form, with a consequent dipole, which m turn 
stablhzes the charge and makes the molecule more easily solvated than the 
3,5-undlssoclated one 

The amon solvatlon processes play a major role m the lomzatlon processes 
for both the dlchlorosubstltuted compounds T~H opposes the hypothesis 
that the solvatlon of the undlssoclated molecules 1s the key factor of the 
lomzatlon processes for the dlsubstltuted compounds [l-7] A monopara- 
metnc hnear regresslon analysis, applied to 2,6-, 3,5- and 2- and 3-chlorode- 
nvatlves could gve a satisfactory statlstlcal answer Indeed, as previously 
shown, statlstlcal analysis presents a useful method for comparmg and 
explamng the substltuent effects m the benzene rmg m terms of probablhty 
Using, for example, a hnear monoparametnc regression between the en- 
thalpy values of 2,6-dlchloro and 2-chloro denvatlves, for the lomzatlon and 



301 

TABLE 3 

Results of monoparametnc regrewon analysis of lomzatlon process for 2,6-dxhlorobenzolc 
acid as a function of the 2-chlorodenvatlve lomzatlon processes 

A HI: versus AH,- 

n 8 

Intercept -152 

Slope 040 

S D of intercept 0 55 

S D of slope 0 06 

S D of regression 0 76 

r 0 94 

n h slope = 0 c L > 0 999 

n h slope = 0 5 CL <095 

nh slope=1 c L > 0999 

n h slope = 2 c L > 0999 

Key n, number of points, S D , standard dewatlon, r, correlation coeffxlent, n h , null 

hypothesis, C L , confidence level 

solvatlon processes, one obtams the equation y = a + bx where, y = AH,,6, 
x = AH2, a IS the mtercept and b the slope, the b value 1s related to the 
so-called “addltlve prmclple” 

2,CDlchloro derwatlve versus 2-chloro denvatwe 

Ionlzatzon process 
The linear regression equation IS highly slgmflcant (Table 3) 
The null hypothesis (n.h.) b = 0 5 shows that the coefflclent value does 

not slgmfxantly differ from 0 5 The dlsubstltuted denvatlves show values 

TABLE 4 

Results of monoparametnc regression analysis of undlssoclated molecule solvatlon for 
2,6-dlchlorobenzolc acid as a function of the 2-chlorobenzolc denvatwe molecule solvatlon 
process 

AH27 versus A Hz* 

8 
4 17 
108 
0 34 
0 11 
052 
0 97 
CL > 0999 
0 99 < c L < 0 999 
CL co95 
c L > 0 999 

n 

Intercept 
Slope 
S D of intercept 
S D of slope 
S D of regression 
r 
n h slope = 0 
n h slope = 0 5 
nh slope=1 
n h slope = 2 

See Table 3 for key 
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TABLE 5 

Results of monoparametnc regresslon analysis of Ion solvatlon process for 2,6-dlchloroben- 
zotc acid as a function of the 2-chlorobenzolc denvatlve ions solvatlon process 

AH27 versus AH** 

8 
2 58 
0 10 
0 26 
0 04 
0 36 
0 72 

n 

Intercept 

Slope 
S D of intercept 
S D of slope 
S D of regression 
r 
n h slope = 0 
n h slope = 0 5 
nh slope=1 
n h slope = 2 

095CCL CO99 
c L > 0 999 
c L > 0 999 
c L > 0 999 

See Table 3 for key 

halved with respect to those of the monosubstltuted ones The additive 
prmclple 1s inverted 

Solvatlon process of undlssoaated molecules 

The regression equation IS hghly significant (Table 4) The b value does 
not slgmflcantly differ from 1, so the enthalplc term displays the same 
statistical weight for the mono- and dlsubstltuted compounds The additive 
prmclple IS violated 

TABLE 6 

Results of monoparametnc regression analysis of lomzatlon process for 3,5-dxhlorobenzox 
acid as a function of the 3-chlorobenzolc denvatlve lomzatlon process 

AH;; versus AH3* 

n 

Intercept 
Slope 
S D of Intercept 
S D of slope 
S D of regression 
r 
n h slope = 0 
n h slope = 0 5 
nh slope=1 
n h slope = 2 

_ 
8 
344 
0 36 
0 56 
009 
0 89 
0 85 
0 99 < c L < 0 999 
CL CO95 
c L > 0999 
c L > 0 999 

See Table 3 for key 
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TABLE 7 

Results of monoparametnc regression analysis of undlssoclated molecules solvatlon for 
3,5-dxhlorobenzolc acid as a function of the 3-chlorobenzolc denvatlve molecules solvatlon 

process 

AH37 versus AH;, 

n 8 
Intercept 7 57 

Slope 125 

S D of mtercept 0 25 

S D of slope 0 11 

S D of regresslon 045 

r 0 98 

n h slope= 0 CL > 0999 

nh slope=05 c L > 0 999 

nh slope=1 CL CO95 

n h slope= 2 c L > 0 999 

See Table 3 for key 

Solvatlon process of Ions 
Linear monoparametnc regresslon IS uncertain (Table 5) The b value 

(0 1) shows that the contnbutlon to the additive prmclple IS neghgble 

3,SDlchlorosubstltuted derwatwe versus 3-chloro derwatwe 

Ionization process 
The linear regression IS slgmfxant (Table 6) The value of b 1s not 

slgmflcantly different from 0 5 The enthalplc term of the dlsubstltuted 
compound IS agam halved wth respect to that of the monosubstltuted one 

TABLE 8 

Results of monoparametnc regression analysis of Ion solvatlon process for 3,5-dlchloroben- 
ZOK acid as a function of the 3-chlorobenzolc derlvatlve ion solvatlon process 

A%? versus A H3* 

n 8 

Intercept 4 27 

Slope -013 

S D of mtercept 0 49 

S D of slope 0 13 
S D of regression 0 76 
r 0 39 
n h slope = 0 CL CO95 
nh slope=05 095CCL CO99 
nh slope=1 c L > 0 999 
n h slope = 2 c L > 0 999 

See Table 3 for key 
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TABLE 9 

Results of monoparametnc regression analysis of lomzatlon process for 3,5-dlchlorobenzolc 
acid as a function of the 3,5-dlmtrobenzolc denvatlve lomzatlon process 

A H3f; versus A H$ 

n 7 

Intercept 2 60 

Slope 0 54 

S D of intercept 0 53 

S D of slope 009 

S D of regression 062 

r 0 94 

n h slope = 0 0 99 < c L < 0 999 

n h slope = 0 5 CL CO95 

nh slope=1 0 99 < c L < 0 999 

n h slope= 2 c L > 0999 

See Table 3 for key 

Molecule solvatlon process 
The linear regression IS lxghly slgmflcant (Table 7) The coefflclent b does 

not slgmflcantly differ from 1 

Ion solvatlon process 
The hnear regression IS mslgmflcant (Table 8) The value of b does not 

slgmflcantly differ from 0 The contnbutlon to the additive prmclple IS ml 
From ths ewdence it can be inferred that the molecule solvatlon process IS 
the prevailing factor m the lomzatlon process, m accordance wth the 

TABLE 10 

Results of monoparametnc regression analysis of undusoclated molecules solvatlon process 
of 3,5-dlchlorobenzolc acid as a function of the 3,5-dlmtro derwatlve molecule solvatlon 
process 

n 

AH.j; versus AH3f; 

7 

Intercept 
Slope 
S D of intercept 
S D of slope 
S D of regression 
r 
nh slope=0 
n h slope = 0 5 
nh slope=1 
nh slope=2 

- -008 
0 96 
0 13 
005 
0 22 
0 99 
c L > 0 999 
c L > 0 999 
CL (095 
c L > 0 999 

See Table 3 for key 
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TABLE 11 

Results of monoparametnc regresslon analysis of ion solvatlon process of 3,5-dlchlorobenzolc 

acid as a function of the 3,5-dlmtrodenvatlve ions salvation process 

AH3f; versus AH,ft, 

n 7 

Intercept -091 

Slope -023 

S D of intercept 0 58 

S D of slope 0 16 

S D of regression 0 45 

r 0 56 

nh slope=0 CL CO95 

n h slope = 0 5 0 99 < c L < 0 999 
nh slope=1 c L > 0 999 

n h slope = 2 c L > 0 999 

See Table 3 for key 

general behavlour of the dlsubstltuted denvatlves The additive prmclple 
fouls mostly because of the ml contnbutlon of the ions 

A comparison between the dxhloro substituted denvatlves with dlsubstl- 
tuted denvatlves whch bear different groups m the same positions can gve 
a deeper insight mto the lomzatlon processes 

3,SDlchloro derwatwe versus 3,.5-dmtro denvatwe 

Iomzation process 
The linear regression IS slgmflcant (Table 9) The coefficient value (0.54) 

shows that the -NO, groups m posltlons 3 and 5 halve the AH values of 
lomzatlon process with respect to those of the 3,Sdlchloro denvatlves. 

TABLE 12 

Results of monoparametnc regression analysis of lomzatlon process for 2,6-dlchlorobenzolc 
acid as a function of 2,6-dlhydroxy denvatlve lonlzatlon process 

A H2ff6 versus A H2ff6 

8 
3 35 

14 00 
0 89 
5 84 
160 
0 70 
CL CO95 
CL (095 
CL CO95 
CL (095 

n 

Intercept 
Slope 
S D of intercept 
S D of slope 
S D of regression 
r 

n h slope = 0 
n h slope = 0 5 
nh slope=1 
n h slope = 2 

See Table 3 for key 
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Results of monoparametnc regresslon analysis of ion solvatlon process of 2,6-dlchlorobenzolc 
acid as a function of the 2,6-dlhydroxy denvatwe Ion solvatlon process 

AH*% versus AH2: 

8 
3 01 
0 02 
0 36 
0 06 
0 51 
0 15 
CL CO95 
c L > 0 999 
CL > 0 999 
c L > 0 999 

n 

Intercept 
Slope 
S D of mtercept 
S D of slope 
S D of regression 
r 
nh slope=0 
n h slope = 0 5 
nh slope=1 

n h slope= 2 

See Table 3 for key 

Molecule solvation process 
The hnear monoparametnc regresslon IS lllghly slgmflcant (Table 10) The 

b value (whch does not agmflcantly differ from 1) slgmfles that there IS the 
same substltuent effects for the chlorme atom and the -NO, group 

Ions solvatron process 
The linear regression 1s mslgmflcant (Table 11) agam m the ion solvatlon 

process no relation&p IS found Finally, a comparison between 2,6-dlchloro 
and 2,6-dlhydroxy denvatlves shows that the monoparametnc equations for 

TABLE 14 

Results of monoparametnc regresslon analysis of un&ssoclated molecules solvatlon process 
of 2,6-dlchlorobenzolc acid as a function of the 2,6-dlhydroxy denvatwe molecules solvatlon 
process 

AH2% versus AH2$, 

8 
4 24 
0 57 
0 56 
0 10 
0 81 
0 92 
0 99 < c L < 0 999 
CL CO95 
0 99 < c L -=C 0 999 
CL > 0999 

n 

Intercept 
Slope 
S D of intercept 
S D of slope 
S D of regression 
r 

n h slope = 0 
n h slope = 0 5 
nh slope=1 
nh slope=2 

See Table 3 for key 
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dlssoclatlon (Table 12) and ions solvatlon (Table 13) are mslgmflcant, while 
that for the undlssoclated molecule solvatlon (Table 14) IS significant 

This can be explamed by consldermg the mtermolecular hydrogen bonds 
m the ortho-hydroxy amon, wbch makes the 2,6-dlhydroxy compound 
different from all the hydroxy dlsubstltuted denvatlves [1,5] 
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