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Ahstrati-A definition of the polarity of a solvent as due only to the physicochemical properties of the pure solvent 
is proposed. The physicochemical properties involved are the dipole moment, the dielectric constant, the molar 
refraction and Hildebrand’s 6. A multivariate statistical analysis shows that about 90% of the variance of ET, AN, 
Z (but onlv 70% of the variance of II*) are exnlained by these properties. The first three parameters should be 
considered-as genuine solvent polarity iarametek. 

The notion of solvent polarity is often used to choose a 
solvent or to explain solvent effects. With the exception 
of some mixtures of two solvents, solvent polarity is not 
conveniently measured either by the dipole moment p or 
by the dielectric constant Q. However vey useful cor- 
relations were obtained with empirical solvent polarity 
parameters (for reviews see Refs. l-3). Empirical solvent 
polarity parameters such as Z4, ET5 or II*6 are derived 
from a model reaction involving one or several solutes. 
The model reaction is implicitly or explicitly supposed to 
involve only the solvent polarity, with the exclusion of 
all sorts of specific effects. 

On the other hand, numerous empirical parameters 
were also designed to measure the capacity of the 
solvent to act as an acid or a base, a donor or acceptor of 
electron pairs (or of hydrogen bond), such as AN, DN, a, 
etc.. . 

The polarity parameters should correlate very poorly 
or not at all with the acidity and/or basicity parameters. 
However a surprisingly good correlation is found be- 
tween two of the most useful parameters, namely: E, 
which measures the solvent polarity and AN which 
measures its acidity. E, is based on the transition energy 
for the longest wavelength of the absorption band of a 
pyridinium N-phenoxide betaine? AN is based’ on the 
solvent dependent “P NMR chemical shift of the 
triethylphosphine oxide. 

The relation (1) is observed’ for 29 solvents: 

AN = 1.60 E, - 50.5 r = 0.956 n = 38. (1) 

Mayer’ made the following comments: “Various clas- 
sical empirical solvent parameters such as the 2, ET or Y 
oalues, which in part have been quite successfully used in 
the study of solvent efects, do not represent a general 
measure of solvent polarity or soloent ionizing power but 
are obviously closely related to the solvent acceptor pro- 
perties”. 

Other authors’o’1’ give divergent interpretations of 
these parameters. Taft et al. recently proposed” to 
reconcile the different views by showing that both AN 
and Z depend on the parameters II* and a previously 
proposed by these authors. II* is a measure of solvent 
polarity and a measures its acidity. The following 

regression equations are obtained: 

AN=O.l6t 16.7II*t32.9a r=0.996 n= 16 (2) 

Z = 51.46 t 19.4II* t 20.5a r = 0.998 n = 14. (3) 

This approach is interesting if we accept the hypo- 
thesis that II* and a entirely and only measure the 
polarity (for II*) and the acidity (for a) of the solvent. It 
seems to us that further progress can be made only if the 
polarity is more rigorously defined. 

The Notion of Polarity 
No generally acceptable measure of the solvent 

polarity was obtained when using only one physico- 
chemical parameter such as p or l . It was then a logical 
step to take several physicochemical quantities into ac- 
count.” The polarity was defined13’14 as the sum of all 
the molecular properties responsible for all the solute- 
solvent interactions. If this definition is accepted, it 
follows that it should be very difficult and perhaps im- 
possible to choose a single solute to measure that general 
polarity. In fact, any single solute has a fixed relative 
sensitivity to each of the different interaction 
mechanisms. 

We propose here a more restrictive definition of the 
polarity as the sum of the non specific solute-solvent 
interactions, (i.e. depending only on the solvent). In 
statistical terms polarity should be a linear combination 
of physicochemical properties of the pure solvent. It 
follows from this point that the measure of polarity does 
not require the use of a model solute. 

Rather than proposing a new polarity scale we try in 
this paper to: (i) examine if the usual solvent polarity 
empirical parameters follow that definition, (ii) find the 
meaning of the correlation between ET (or Z) and AN. 

METHOD 
Let P be a parameter accepted as a measure of the 

solvent polarity and X1, X2.. . . . .X, a set of physi- 
cochemical properties of the pure solvent. To test if P 
follows our definition we have to determine what part of 
the total variance of P is accounted for by a multiple 
regression on X1, X2.. . . . .X,. In other terms we est- 
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ablish the multiple regression equation: 

P=a0+alXlta2X2t......... alXit . . . ..a.X. 
(4) 

and calculate the correponding correlation coefficient r. 
If eqn (4) accounts for more than 90% of the 
variance of P (that is if r>0.95) we can say that P 
follows our definition, given the errors in the deter- 
mination of P. If on the contrary the eqn (4) accounts for 
only a small part of the total variance of P, P is not a 
measure of the solvent polarity, according to our 
definition. 

However a multiple regression on the Xi is not very 
convenient because, these properties being more or less 
dependent, the signification of r can be dubious. To avoid 
these difliculties we used the orthogonalized regression 
method.” In this method the tirst step is to perform a 
factorial analysis’* on the n properties Xi which leads to 
n abstract factors Fi, linear combinations of the Xi and 
perfectly independent. Then we perform a multiple 
regression on the factors Fi and obtain eqn (5). 

P=botblFlt . . . . . ,.., biFi+ ..,.,.... b,F,. (5) 

Conclusions upon P are then drawn from the eqn (5) and 
not from the eqn (4). 

The problem is now to make a correct choice of the 
physicochemical properties Xi to be involved in the 
treatment. In a previous workI in order to classify 22 
usual solvents, one of us used the dipole moment p, the 
molar refraction MR and the Kirkwood function of the 

dielectric constant E named KIR (KIR = (E - 1)/(2r t 1)). 
Acknowledging the great role played by the cohesion 
energy of the solvent in the solvation phenomena we also 
include the parameter 6, proposed by Hildebrand,” as a 
measure of the cohesion energy density. Finally our 
statistical analysis is based upon four more or less cor- 
related solvent properties. 

We selected 22 solvents (the same as in our previous 
work) for which all the variables CL, MR, KIR, S, AN, ET, 
DN are known (Table 1). We also analysed the 
parameters II* and Z although they were unknown for 
some solvents (the experimental values were taken from 
Refs. l-3, 5-7, 16, 17). 

RFSULTSANDDISCUSSION 

(1) Analysis of some empirical parameters 
(a) Factorial analysis on the physicochemicol proper- 

ties. Factorial analysis’* of the data gives four independent 
factors Fi which are linear combinations of the Xi proper- 
ties (Table 1). It is of some interest to know in what 
proportion the factors Fi, which theoretically are devoid of 
physical signilicance, depend on the Xi variables. The 
correlation coefficient Fi/Xi are shown in Table 2. 

The factors F, which accounts for 51.5% of the total 
variance of the data is strongly correlated with KIR and 
fairly correlated with 8, while Fz (39.5% of the total 
variance of the data) is associated with the molar refrac- 
tion MR. The factor Fn accounts for 7.2% of the variance 
and Fq for 1.8%. When the hydroxylated solvents (Table 
1) are not included in the calculations similar results are 

Table 1. Variables Xi and parameters Fi 
i :: 1 

i 

VarIablea xi :: Pmmewm pi 
s&m& : :: ; 

: :: 
I :u :--: :m --_:--:--::-: : p;IR : 6 :: Fl : -_:-_:-) F2 : F3 : F4 ; 

Ltar : : 1.8 : 3.70 : 0.491 : 23.4 :: :: 0.426 : O-493 : 0.573 :-0.171! ) 

; 1.7 i 8.23 : : 0.477 ; 14.5 ii 0.164 i O-269 ;-0.112 +J.168 

: 1.7 : 12.9 : 0.470 : 12.7 :: 0.086 : 0.180 :-0.155 :-0.255 

j 3.1 ; 12.5 ; 0.481 ; 12.6 ii 0.161 i 0.084 i-O.184 ; 0.180 

: 3.4 : 11.1 : 0.480 : 11.9 :: 0.164 : 0.066 :-0.273 : 0.343 

i 3.9 ; 20.1 i 0.485 : 13.0 ;j 0.172 j-O.055 ; 0.037 ; 0.166 

: 3.8 : 19.9 : 0.480 : 1l.e :: 0.134 :-0.069 :-0.075 : 0.178 
f 2.7 i 16.2 : 0.465 ; 9.7 ;; 0.034 i 0.013 i-0.340 ; 0.049 
: 4.0 : 32.9 : 0.479 : 10.6 :: 0.045 :-0.268 : 0.121 :-0.184 

i 3.9 ; 31.6 i 0.471 ; 10.2 j; 0.030 i-O.248 ; 0.072 i-O.125 

: 5.5 : 47.7 : 0.475 : 8.9 ::-0.013 :-0.580 : 0.335 :-0.136 

; 2.2 i 24.1 ; 0.441 ; 10.7 ii-O.027 j-O.021 i-O.026 i-O.311 

: 1.7 : 19.9 : 0.405 : 9.3 ::-0.099 : 0.055 :-0.193 :-0.108 

; 0.4 ; 21.7 ; 0.222 ; 9.8 ii-O.343 i 0.208 ; 0.186 i 0.340 

: 1.2 : 22.5 : 0.340 : 7-e ::-0.239 : 0.052 :-0.174 :-0.008 
; 0.0 ; 26.2 i 0.232 ; 9.2 ii-O.388 ; 0.165 ; 0.221 i 0.017 
: 0.0 : 29.9 : 0.188 : 7.3 ::-0.498 : 0.100 : 0.204 : 0.143 
i 4.1 ; 27.0 ; 0.478 j 11.3 ii 0.094 i-O.183 ; 0.062 j 0.058 
: 3.8 : 24.2 : 0.480 : 10.2 :: 0.086 :-a.143 :-0.065 : 0.042 
; 1.7 ; 24.1 ; 0.400 ; 8.3 ii-O.151 i-O.017 j-O.176 i-O.222 

: 1.7 : 20.9 : 0.429 : 9.9 ::-0.064 : 0.041 :-0.159 :-0.290 
; 5.0 ; 21.6 ; 0.489 ; 13.5 ij 0.228 j-O.139 1 0.117 ; 0.463 

:: 1 
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: : : 1 
( P : 0,642 : -0.777 : 0,019 : 0,181 1 

: -0,456 i -0,834 : 0,292 : -0,110 ; 
: IXIR : : ) 

0,914 : -0,306 : -0,208 : -0,168 1 

: 0,777 : 0,486 : 0,400 : -0,016 ; 

obtained: FS accounts for 61.4% of the total variance, F2 
for 31.0% and Fj for 6.6%. 

(b) Analysis ofE=.t The orthogonalized regression of ET 
gives the equation: 

ET = 4.09OF, + 1.68OF2 t 0.705R -0.717F4 (6) 

The correlation coefficient (r = 0.967) shows that eqn 
(6) accounts for 93.5% of the variance of &. F, and F, 
account for 88.8% of the total variance of & (76% for F, 
alone). When the hydroxylated solvents are excluded the 
four factors F, account for 95.4% of the variance of &. 
Specific effects eventually associated with the model 
phenolbetaine amount to a maximum of 7% which is 
approximately the magnitude of the experimental error 
on ET.‘~ Thus ET is indeed a measure of the solvent 
polarity, according to our definition. 

(c) Analysis of Z. Z and ET are known to be well 
correlated’ and this analysis was made only as a 
verification. For the 17 solvents of the sample for which 
Z is known, one finds the regression equation: 

Z = 3.781F, t 1.839Fz t 0.916R (7) 

Equation (7) accounts for 86.6% of the variance of Z 
(r =0.931). Thus Z is an approximate measure of the 
solvent polarity but not so “pure” as ET. 

(d) Analysis of lI*. Equation (8) shows the depen- 
dence of Il* on the factors Fi. 

l-I* = 3.662F, - 1.367Fz (8) 

Thus ll* is influenced either by specific effects or by 

tin the eqns (6)-(M) the data concerning the empirical 
parameters have been standardized. AU the regression coefficients 
are significant with a critical probability lower than 5%. 

other non specific effects. These non specific eff ects should 
depend on a physical property of the pure solvent highly 
independant of the four properties used in this work. 
Thus II* does not seem to be a real measure of the soluent 
polarity according to our definition, although it is well 
correlated with Z and AN. 

(e) Analysis of AN. The regression eqn (9) accounts 
for 90.5% of the variance of AN (r = 0.951). 

AN = 3.414F, t 2.411Fz t l.O56F, - 1.145F, (9) 

Thus the part of the specific effects in the variance of 
AN cannot exceed 10%. AN must be considered as a 
measure of the solvent polarity, according to our 
dejinition. 

(f) Analysis of DN. The eqn (10) is obtained: 

DN = 2.135F, (10) 

Only 20.7% of the variance of DN are accounted for 
the equation [lo]. DN is completely different from the 
preceding parameters and cannot be considered as a 
polarity parameter. 

(2) Empirical parameters and physicochemicaf properties 
Through the factors Fi, the empirical parameters 

depend on the physicochemical properties Xi of the 
solvent. The percentages of variance of each parameter 
explained by each variable Xi are shown in the Table 3. 

On Table 3, we can immediately see that the influence 
of the cohesion energy density measured by S is very 
preponderant: S accounts for about 83% of the total 
variance of ET, AN and Z but for only 30% of the 
variance of Il*. A recent work of Larsen et alaM shows 
how the energy required to form a cavity in the solvent is 
important for the explanation of Z. Excellent cor- 
relations between 6 and Z (r = 0.912 for 13 solvents) or 

Table 3. Percentage of the variance of the empirical parameters P explained by one physicochemical variable Xi 

( 

I xi 
P i $ ; Z'L ; AN ;"ab i rN 

i 
(_---_:_-_- :_-____:--_-----_:------~ .__---_I 

I 
: : : ) 

11 : 7.2 : 0,08 : 0,2 : 52.3 : 14,8 I 

I m 
: : : 

: IQ,4 : 46,9 : 44,l : 0125 f 0,O ,' 
: 

I- : 
: : 

44,6 : 25,8 : 25,0 i 51,6 f 22,7 ; 
: 

I6 : 
: : L 

83,6 : 83,6 : 82.7 : 30,5 : 11,4 
( : I : : I 

a) for17 solvents 

b) for 22 solxwks, l'l‘for aolventr? 22~s calculated fmmANaccording 

to ref. 12. 
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E, (r = 0.920 for 21 solvents) were demonstrated earlier 
by Herbrandson and Neufeld.” The similarity between 
the three parameters is surprising because their model 
molecules differ very widely in their size, dipole moment, 
and polarizability. However it should be noted that the 
dissolution of a solute necessarily involves some energy 
to form a cavity whatever the solute can be. 

One should expect an important role of p in the 
magnitude of the polarity parameters. It can be seen that 
p is of importance only for II* and plays a negligable 
role in the other parameters. This is again unexpected 
because the model molecules used to define ET and Z are 
known3 to have high dipole moments. The triphenyl- 
phosphine oxide used to define AN must also possess a 
high dipole moment since there is a relatively high nega- 
tive charge on its oxygen atom: 

0 t P Et3 - a--;, Et,. 

The small differences between Z, AN and ET are 
related to the influence of the dielectric constant (KIR 
accounts for 45% of the variance of E, and only for about 
25% of the variance of Z and AN) while the molar 
refraction has the same influence on the three 
parameters. Again lJ* is very different from the others. 

CONCLUSION 

A definition of the polarity as only due to physi- 
cochemical properties of the pure solvent is proposed. 
ET and AN (and Z to a lesser extent) are true polarity 
parameters according to that definition, but II* is not. 
The multidimensional statistical analysis of three 
empirical parameters of solvent polarity shows that ET, 
Z and AN (but not n*) are closely related to the 
parameter 6 of Hildebrand. This could explain the good 
correlation between AN and ET or Z. It should be noted 
that the choice of the solvents included in the sample has 
a strong influence on the correlation coefficient. Further 
work is needed to understand how the physicochemical 

proper!ies of the solute influence the polarity 
derived from it. 
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