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1. I N T R O D U C T I O N 

S i m i l a r i t y models can be used for predic t ions on the basis o f only few 

exper imenta l data and are impor tan t for the the inves t iga t ion of solvent effects. 

The polar propert ies o f media play a key part in chemica l and biochemical 

reactions. The e f fec t of solvents on chemica l reactions may be as high as several 

powers o f ten in reac t ion ra te and the choice of the solvent may complete ly 

con t ro l the fo rmat ion o f reac t ion products; for a rev iew see (1-2). 

This has s t imula ted the development of emp i r i c a l po la r i ty scales and two w e l l -

known po la r i ty scales are given here as examples: see (1). The Winstein Y scale 

(3), defined in equation 1: 

Y = lg ( k / k Q ) [1] 

E T (30)= 28590 [kcal · ^of1]/^^ [2] 

has as a basis the ra te constant k o f a chemica l react ion; namely, the solvolysis 

o f t e r t - b u t y l chloride, w i t h the reference solvent 80% e thano l /wa te r ( k Q ) . On the 

other hand, the E^(30) scale o f D i m r o t h and Reichardt (4-7), the de f in i t i on of 

which is given in equation 2, is der ived from a spectroscopic e f fec t : the 

solvatochromism (the peak shif t λ in the uv/v is absorption) of dye 1. E~(30) is 
max 1 

the molar energy of e x c i t a t i o n of the dye in the corresponding solvent. 

The empi r i ca l po la r i ty scales are we l l established for pure organic solvents and are 

impor tan t tools for mechanis t ic - and prepara t ive-or ien ted chemists. However, hardly 

any chemical reactions are car r ied out in pure l iquid phases. Norma l ly a s ta r t ing 

ma te r i a l is dissolved in a solvent to run a chemical react ion, and thus the react ion 

m i x t u r e even at the beginning is binary or has even more components. Dur ing the 

reac t ion the products can be considered as fur ther components, and, as we l l as 

this, the solvents are usually of technical grade and contain other substances as 

impur i t i es , the most common and impor tan t of these being water . This is obvious 

when a sensit ive po la r i ty scale, e.g. the E-p(30) scale, is used to the de te rmine the 

po la r i t y of a solvent sample. 



1 
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2. B I N A R Y L I Q U I D M I X T U R E S 

The necessity to develop a q u a n t i t a t i v e r e l a t ion between the composi t ion and the 

po la r i ty of a binary m i x t u r e seems thus to be obvious. E m p i r i c a l po la r i t y scales 

are w e l l established for pure solvents - so the next aim should be their extension 

to binary mix tures . However, judging by the l i t e r a tu re , this has proved to be a 

serious prob lem. For pure solvents (1) general ly useful l inear cor re la t ions are 

obta ined between d i f fe ren t po la r i ty scales, for example between the Winstein Y 

scale and the E^(30) scale already ment ioned. Surpris ingly, however, the linear 

co r r e l a t i on which applies to pure solvents deter iora tes when solvent mix tures are 

included (1,8,9). Moreover the po la r i t i es of mix tures measured as a funct ion of 

the i r composi t ion in vol % or mole % give complex curves (4,8,10), in some cases 

even w i t h m a x i m a and min ima (11,12). 

F i g . l : P lo t of the E^(30) values against c for the binary m i x t u r e N -

t e r t - b u t y If orm amide/benzene. 
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Fig.2: a) Plot of the E T (30 ) values against In c p for the binary m i x t u r e 

N- t e r t -bu ty l fo rmamide /benzene - b) plot of E^OO) against In 

(c / c * + l ) according to equation 3. 
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Several a t t empts have been made to find a general solut ion to this problem, see 

for example (13,14,15), a typ ica l example o f which is given by f ig . 1, where the 

E^(30) values for the m i x t u r e N- t e r t -bu ty l fo rmamide /benzene are p lo t t ed against 

c , the molar concen t ra t ion of the more polar component ( N - t e r t - b u t y l f o r m a m i d e ) . 

But a solut ion of the problem f i r s t came about w i t h the observat ion that a plot of 

the E^(30) values against the logar i thm of the molar concen t ra t ion of the more 

polar component o f a binary m i x t u r e gave a s t ra ight l ine at high concentra t ions 

(16,17) as shown in F ig . 2a. 

A t low concentra t ions the plot deviates f rom a s t ra igh t line and as c^ —> 0, i t 

tends to E ^ ( 3 0 ) ° , the Ε^(30) value of the less-polar component. For the whole 

concen t ra t ion range the two-parameter equation 3 could be developed, w i t h which 

the en t i re curve, including the curved section, can be described in closed fo rm (16-

17): 

E T ( 3 0 ) = E D In ( c p / c * + 1) + Ε χ ( 3 0 ) ° [3] 

E^(30), E ^ ( 3 0 ) ° , and c^ were defined above, and E ^ and c* are the parameters of 

the equation. These l a t t e r can be de te rmined graphica l ly (16) or by using a 

computer program wh ich varies the parameter c* and takes the co r r e l a t i on 

coe f f i c i en t of the plot of E^(30) against In (c / c * + l ) as a test for l i nea r i ty . 

The va l id i t y of equation 3 can be demonst ra ted by a plot of E^(30) against In 

(c / c * + l ) which is given in f ig . 2b for the data of f i g . 1. The s t ra ight l ine which 

is shown covers a concen t ra t ion range of three orders o f magnitude. Deviat ions 

f rom the s t ra ight line are s t a t i s t i ca l in nature and correspond to exper imenta l 

e r ror . 

3. T H E P A R A M E T E R S O F E Q U A T I O N 3 

The parameter E ^ has the dimensions of energy and is a measure o f the 

sens i t iv i ty of the E^(30) scale towards r e l a t i v e changes of c . The parameter c* 

has the dimensions o f concen t ra t ion and is the concen t ra t ion of the polar 

component above which the in t e rac t ion between the two solvent components 

becomes i m p o r t a n t for the po la r i t y of the m i x t u r e . Thus c* divides the 
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concen t ra t ion region in to t w o parts. This is best i l l u s t r a t ed by the l i m i t i n g 

behaviour of funct ion 3. 

E T ( 3 0 ) = E D I n ( c / c * + 1) + E T ( 3 0 [ 3 ] 

c < < c 5 1 

Ρ 

E T ( 3 0 ) = — c + E T , ( 3 0 ) ( 

Τ ρ I 

[ 4 ] 

c > > c* 
Ρ 

Ε χ ( 3 0 ) = E j y l n c p + ( Ε χ ( 30 ) 0 - Ε ^ · 1 η c * ) 

[ 5 ] 

For low concentra t ions of the polar component, c^ << c*, one may obtain equation 

4 by applying a Tay lo r type series expansion to equation 3. Thus in this 

concen t ra t ion range, the con t r ibu t ions of both components to po la r i ty are 

cumula t ive (see below). 

For high concen t ra t ion , c^ >> c*, the quot ient c^/c* becomes large compared to 1, 

and equation 3 can be s imp l i f i ed to obtain equation 5. In this concent ra t ion region 

we have a l inear dependence of E^(30) on In c . This corresponds to the l inear 

part in f ig . 2a. 

The exper imen ta l ly accessible range of c extends f rom the pure, less-polar 

component, c = 0, to the pure, more-polar component , c = c m a x . i f the 
Ρ Ρ Ρ p-| 

parameter c* o f equation 3 for the m i x t u r e under test is large, c* >> c^ , a 

l inear re la t ionship is obtained over the whole concen t ra t ion region. In this case the 

frequent ly postula ted l inear re la t ionship between the po la r i t y and the composi t ion 

of a mixtures , see reviews (1,9-10,12,18), is sat isf ied. If , however, c* is small , say 

<0.06 mol /1 , the co r r e l a t i on between p o l a r i t y and c is non-l inear over the 
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exper imen ta l ly relevant concent ra t ion range. This is demonstra ted in f ig . 1 for the 

binary m i x t u r e N- t e r t -bu ty l fo rmamide /benzene , for which c* is low. 

There is s t i l l another impor tan t result f rom equat ion 3 due to the loga r i thmic 

re la t ion between the concen t ra t ion and the po la r i ty o f a binary m i x t u r e : the 

addi t ion of a small amount of a polar solvent to a solvent w i t h a low po la r i ty w i l l 

markedly increase the po la r i ty of the medium. On the other hand, the addi t ion of 

a l i t t l e solvent w i t h low po la r i ty to a polar solvent w i l l not result in a not iceable 

decrease in po la r i t y . This corresponds to p r a c t i c a l experience, for example, w i t h 

chromatography or the e f fec t of addit ives on reac t ion rates of chemica l react ions. 

From equation 3 i t is obvious that the magni tude of the e f fec t increases w i t h 

decreasing c* values. 

4. F U R T H E R P O L A R I T Y S C A L E S 

The exper imenta l v a l i d i t y of equation 3 for the E^(30) scale has also been found 

for other po la r i ty scales (18-21) and can be expressed in general fo rm by equation 

6. 

E D In ( c p / c * + 1) + P ° [6] 

In equat ion 6 Ρ is the po la r i ty o f a binary m i x t u r e measured by an empi r i ca l 

po l a r i t y scale. P ° is the po la r i t y of the pure, less polar component . E ^ , c*, and c 

have the same meaning as in equation 3. Essential ly both equations show s imi l a r 

l i m i t i n g behaviour when ex t reme values are considered. 

E m p i r i c a l po l a r i t y scales, a selection of which is shown in Table 1, are based on 

various effects , such as π —> π * absorption (Nos. 1,4-7), charge-transfer absorption 

(No. 3), fluorescence (Nos. 8,9) and solvolysis (No. 2). The Ej(\) scale (No. 5) 

responds not only to the po la r i ty of the medium, but also shows sensit ive response 

to i ts hydrogen-bonding donor character . 

In terms of the c r i t e r i a used in al l po la r i ty scales studied to date, equation 6 is a 

va l id descr ip t ion of polar behaviour of binary l iquid mix tu res as a funct ion of the i r 

compos i t ion (17,19). The linear relat ionship between Ρ or Ρ - P ° , respect ively , and 

In (c / c * + 1), for some po la r i ty scales ment ioned in Table 1 is i l l u s t r a t ed in 

f igure 3. 
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Table 1: Empi r i ca l solvent po la r i ty scales; see (1,17). 

No. po la r i ty solvent dependent 

scale probe process 

1 E T (30 ) 1 π -> π * absorption 

2 Y 2 solvolysis r eac t ion 

3 Ζ 3 CT-absorpt ion 

4 V 4 π -> Ή * absorption 

5 E T ( 1 ) 5 π -> π * absorption 

6 M O E D 6 π -> π * absorption 

7 X R 7 π -> π * absorption 

8 S l 8, R « C H 3 fluorescence 

9 S 2 9, R=H fluorescence 

l n ( c P / c * + ι ] 

Fig.3: Linear re la t ionship between Ρ and In (c^/c* + 1) for various 

po la r i t y scales (equation 3): • E^(30) ethanol - 1-decanol, χ = 1; 

• Y wa te r -me thano l , χ = 2; Η Ζ methanol-acetone, χ = 2; Τ π * 

ethanol - n-heptane, χ = 1, ordinate Ρ - Ρ 5.8 
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Table 2: The parameters E ^ and c* from equation 6 for binary solvent mix tures 

and various solvent po la r i ty scales G. 

No. components ' a) Ε 
D 

k c a l / m o l m o l / l k c a l / m o l 

G 

" k 
m o l / l 

1 butanol 

acetone 

2 e thanol 

acetone 

3 methanol 

acetone 

4 N - t e r t - b u t y l f o r m a m i d e 

acetone 

5 wate r 

acetone 

(water 

acetone 

6 ethanol 

a ce ton i t r i l e 

7 1-hexanol 

a c e t o n i t r i l e 

8 methanol 

a c e t o n i t r i l e 

9 wa te r 

a c e t o n i t r i l e 

(water 

a c e t o n i t r i l e b) 

1.99 

2.27 

2.53 

0.14 42.2 

10 N - t e r t - b u t y l f o r m a m i d e 

benzene 

3.59 

242 

1.83 

1.08 

1.83 

2.70 

132 

2.27 

0.14 

0.10 

1.87 0.27 

0.664 

1 0 0 0 c ) 

0.10 

0.08 

0.06 

0.293 

1 0 0 0 c ) 

0.01 

42.2 

1 

42.2 

1 

46.0 

1 

42.2 

1 

48.9 

1 

46.0 

1 

46.0 

1 

46.0 

1 

45.7 

1 

53.3 

34.5 

1 

0.9995 

31 

0.9994 

28 

0.9997 

29 

0.9995 

31 

0.9994 

11 

0.9956 

9) 

0.9997 

30 

0.9988 

29 

0.9988 

31 

0.9992 

11 

0.9921 

8) 

0.9985 

31 

12 
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No. components ^ c* r c^ 

k c a l / m o l m o l / l k ca l /mo l η m o l / l 

G 

11 wate r 1.33 1.98 49.8 0.9981 

1-butanol 1 22 

(water 33.8 10~ 4 -384 0.9901 

l - b u t a n o l b ) 1 6) 

12 water t e r t - b u t y l - 1.42 0.340 49.7 0.9984 

hydroperoxide 1 10 

13 water 2.82 1.01 43.3 0.9967 

t e r t - b u t y l alcohol 1 26 

14 water N - t e r t - b u t y l - 4.90 28.2 50.4 0.9965 

formamide 1 21 

15 1-butanol 2.42 0.03 32.6 0.9991 8 

carbon disulphide 1 30 

16 1-octanol 2.83 0.06 32.6 0.9968 4 

carbon disulphide 1 30 

17 pinacolone 9.30 7.89 32.6 0.9946 

carbon disulphide 1 16 

18 water 3.00 0.301 38.2 0.9996 

dimethoxyethane 1 12 

19 water 5.19 5.28 43.0 0.9984 

d imethy lace tamide 1 13 

20 wate r 9.49 11.0 42.5 0.9992 

D M E U d ' e ) 1 20 

21 i -bu tano l 3.20 1.64 43.8 0.9994 8 

D M F 1 30 

22 ethanol 2.78 0.607 43.8 0.9979 14 

D M F 1 30 
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No. components a) Ε 
D 

k c a l / m o l 

c* Ρ 

m o l / l k ca l /mo l 

G 

" k 
m o l / l 

23 

24 

25 

26 

27 

28 

29 

31 

32 

33 

34 

methanol 

D M F 

wa te r 

D M F 

1-butanol 

DMSO 

ethanol 

DMSO 

wate r 

DMSO 

a c e t o n i t r i l e 

1,4-dioxan 

1-butanol 

1,4-dioxan 

30 ethanol 

1,4-dioxan 

methanol 

1,4-dioxan 

n i t romethane 

1,4-dioxan 

p r o p i o n i t r i l e 

1,4-dioxan 

wa te r 

1,4-dioxan 

(water 

1,4-dioxan 

3.55 

9.56 

4.93 

3.95 

24.0 

3.23 

5.39 

4.99 

4.55 

3.49 

3.33 

4.33 

368 

0.696 

11.52 

4.29 

2.69 

53.8 

0.77 

0.90 

0.72 

0.35 

1.01 

1.41 

0.512 

1 0 0 0 c ) 

b) 

43.8 

1 

43.7 

1 

43.8 

1 

45.0 

1 

45.1 

1 

36.0 

36.0 

1 

36.0 

1 

36.0 

36.0 

1 

36.0 

1 

36.0 

1 

43.8 

1 

0.9975 

31 

0.9979 

18 

0.9953 

30 

0.9979 

30 

0.9997 

20 

0.9991 

29 

0.9997 

30 

0.9993 

30 

0.9992 

30 

0.9993 

31 

0.9983 

30 

0.9993 

27 

0.9969 

8) 

39 

14 
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No. components 
Ε 

D 
k c a l / m o l m o l / l k ca l /mo l 

G 

m o l / l 

35 wate r 

D M P U e,f) 

36 water 

ethanol 

(water 

ethano ,b) 

37 wa te r 

fo rmamide 

38 wa te r 

H M P A g) 

,b ) 

39 wate r 

methanol 

(water 

m e t h a n o l ^ 

40 water 

methoxyethanol 

(water 

methoxyethanol 1 " 

41 wate r 

N-me thy lpy r ro l idone 

42 1-butanol 

n i t romethane 

43 ethanol 

n i t romethane 

44 methanol 

n i t romethane 

10.5 

6.29 

14.3 

5.58 

563 

17.9 

9.13 

1.80 

271 

12.3 

1.43 

1.41 

1.66 

12.8 

38.1 

-4 10 

34.3 

ioo<r 

150 

10" 

12.4 

1000^ 

17.4 

0.06 

0.03 

0.01 

42.1 

1 

52.0 

-126 

55.9 

1 

40.9 

55.4 

1 

-57.9 

1 

52.2 

48.4 

42.2 

I 

46.3 

1 

46.3 

46.3 

0.9996 

18 

0.9987 

12 

0.9980 

9) 

0.9962 

10 

0.9989 

6 

0.9300 

25 

0.9920 

8) 

0.9802 

10 

0.9982 

6) 

0.9996 

18 

0.9991 

31 

0.9970 

30 

0.9995 

29 

34 

39 

37 

10 
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No. components a) Ε 
D 

k c a l / m o l 

c* 

m o l / l k ca l /mo l m o l / l 

45 wa te r 

n i t romethane 

46 wa te r 

1-propanol 

(water 
ι i b ) 1-propanol 

47 wa te r 

propylene carbonate 

48 acetone 

pyr id ine 

49 1-dodecanol 

pyr id ine 

50 ethanol 

pyr id ine 

51 1-hexanol 

pyr id ine 

52 methanol 

pyr id ine 

53 n i t romethane 

pyr id ine 

54 t e r t - p e n t y l alcohol 

pyr id ine 

55 wa te r 

pyr id ine 

4130 

1.69 

23.5 

3.09 

4.01 

2.90 

9.64 

2.90 

6.92 

6.46 

1.02 

7.09 

c) 1000 

4.22 

-4 10 

0.502 

32.1 

0.89 

12.8 

1.11 

5.84 

13.6 

0.95 

5.48 

46.3 

50.5 

1 

-126 

1 

46.0 

1 

40.2 

1 

40.2 

1 

40.2 

1 

40.2 

1 

40.2 

1 

40.2 

40.2 

1 

40.2 

1 

0.9997 

3 

0.9956 

25 

0.9952 

11) 

0.9990 

9 

0.9871 

28 

0.9990 

30 

0.9955 

31 

0.9976 

30 

0.9981 

31 

0.9938 

30 

0.9934 

29 

0.9960 

29 
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No. components ' 
ι) 

D G 1 " k 
k c a l / m o l m o l / l k c a l / m o l η m o i / l 

56 

57 

58 

water 

t e t rahydrofuran 

(water 
te t rahydrofuran 

1-butanol 

T M U h ) 

ethanol 

b) 

59 

T M U 

water 

T M U h ) 

(water 

T M U b ' h ) 

60 methanol 

acetone 

61 

62 

63 

64 

water 

ethanol 

water 

ethanol 

ethanol 

n-heptane 

ethanol 

ace ton i t r i l e 

65 methanol 

acetone 

4.03 

302 

3.56 

3.51 

5.82 

300 

2.25 

2.04 

-1.71 

-3.19 

2.15 

4.66 

0.449 

1000^ 

0.91 

0.81 

4.02 

c) 1000 

0.31 

5.47 

3.08 

3.05 

0.48 

0.65 

37.4 

45.1 

1 

41.0 

1 

41.0 

1 

41.0 

1 

45.9 

49.3 

6 

55.9 

6 

72.9 

4 

78.7 

4 

72.1 

3 

66.3 

3 

0.9997 

20 

0.9690 

20) 

0.9994 

31 

0.9993 
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κ ι a) Ε * ο 
No. components ^ c* Ρ^. r c .̂ 

k c a l / m o l m o l / l k c a l / m o l η m o l / l 

G 

66 methanol 8.52 2.66 63.7 0.9938 

1,4-dioxan 3 31 

67 wa te r 6.67 49.7 35.2 0.9974 25 

ethanol 5 34 

a) The more polar component is ment ioned f i r s t . - b) For high concentra t ions o f 

polar component (c > c^). - c) More than 1000 m o l / l . - d) l , 3 - D i m e t h y l - 2 -

imidazol id inone (70). e) Subst i tu te for H M P A . f) 1 ,3 -Dimethy l -3 ,4 ,5 ,6 - te t rahydro-

2 ( l H ) - p y r i m i d i n o n e . - g) Caut ion (71,72) - h ighly tox ic ! - h) Te t r ame thy lu rea . 

Table 2 gives an impression of the range of v a l i d i t y of equation 6, and shows the 

result o f applying i t to various po la r i t y scales. The number and va r i e ty o f the 

components used - polar p ro t i c , dipolar aprot ic , and non-polar solvents, inc luding 

a romat ic solvents - lead to the conclusion tha t equat ion 6 provides a general 

descr ip t ion of the po la r i t y of binary mix tu res and is not confined to ce r t a in types 

(22) of solvent. Us v a l i d i t y for scale 5 and the m i x t u r e e thano l /wa te r (19), which 

has a s t rong tendency to form hydrogen bonds, is pa r t i cu l a r ly notable. Thus 

po la r i ty ef fects caused by hydrogen bonding are also described by equation 6. 

5. S P E C I A L B I N A R Y M I X T U R E S 

Special features are observed w i t h the solvent m i x t u r e wa te r /1 ,4 -d ioxan . I t was 

postulated in another con tex t that 1,4-dioxan acts as a "so lvent -s t ruc ture-breaker" 

(23). This special proper ty of the solvent can be invest igated using equation 3. 

Normal behaviour according to equation 3 is observed w i t h the E^(30) scale up to 

a water content of ca. 50%\ this is seen in the le f t region o f F ig .4 . A t a c e r t a in 

concen t ra t ion c^, however, the l inear relat ionship abrupt ly gives way to a second 

steeper re la t ionship w i t h other E n and c* values (19). 
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In the fo l lowing discussion, the concen t ra t ion ranges c^ < c^ and c p > c^ are 

designated region I and region I I . For the m i x t u r e water /1 ,4-d ioxan , the sudden 

change at c^ (d iscont inui ty in the 1st der iva t ive) can even be de tec ted i f E^(30) is 

p l o t t e d against In c p , i.e. w i t h o u t in t roducing fur ther parameters . 

60 

50 

40 

2 , 4 

In cp 

Fig.4: Double l ine for the m i x t u r e wate r /1 ,4 -d ioxan - E^(30) versus In c p 

according to equation 3 (see t ex t ) . 

The existence of two regions of v a l i d i t y for equation 3 w i t h a c r i t i c a l change at 

c^ could be in t e rp re t ed by assuming that in region I , at low wa te r concentrat ions, 

the water molecules remain isolated and that the fo rma t ion of a three-dimensional 

hydrogen bonded s t ruc tu re o f wa te r occurs in region I I . This model is consistent 

w i t h the postula ted ac t ion o f 1,4-dioxan as a "solvent -s t ruc ture-breaker" (see 

above). 

In Fig.4, the l ine of region I can be ex t rapo la ted in to region II (broken line). Thus, 

for c = c r n a x a v i r t u a l po l a r i t y value is obtained for water E^(30) = 56, wh ich ρ ρ r j 1 ν 
is smaller than the ac tua l po la r i ty value o f 63.1 (6). E T ( 3 0 ) is the po la r i t y w i t h 
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which water , as the more polar component, affects 1,4-dioxan w i t h i n region I . 

Since the e f f e c t i v e po la r i ty of wa te r is substant ia l ly lower at high d i l u t i on , than in 

concen t ra ted solutions, one might venture to conclude that specif ic i n t e rac t ion of 

wa te r molecules in molecular associates is responsible for the high po l a r i t y of pure 

water , ra ther than the character is ics of the isolated wa te r molecule . 

The occurrence of a second, steeper l ine according to equat ion 3 is not confined 

to the m i x t u r e wate r /1 ,4 -d ioxan , but can also be observed w i t h o ther mixtures , 

especial ly w i t h those including water , al though the e f fec t is not as pronounced as 

w i t h wa te r /1 ,4 -d ioxan . The m i x t u r e wa te r / e thano l , which is very impor t an t for 

studies of reac t ion mechanisms, has been studied extensively using several po la r i ty 

scales (19). A l l scales studied produced double s t ra ight lines ( three examples are 

shown in Fig . 5). 

Fig.5: Double lines according to equation 6 for the m i x t u r e 

wa te r / e thano l : · Υ, χ = 2, y = 1; • Ε τ ( 1 ) , χ = 1, y = 4; A 

π j , χ = 1, y =4, ordinate: Ρ - P ° + 7.7 (x and y are scaling 

factors for f ig.5) . 
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Ε τ ( 3 0 ) 

50 

46 
0 10 

Fig.6: E^(30) values of 1-butanol /ni t romethane as a funct ion of the molar 

concen t ra t ion of 1-butanol. 

a) 

/ 

/ 

ln(cp/c**1) 

UJ 
50-

b) 

l n ( c u / c * * l ) 

Fig.7: a) Relat ionship between E^(30) and In {c^fc* + 1), b) relat ionship 

between E^(30) and In ( c u / c * + 1). Both for the m i x t u r e 1-

bu tano l /n i t romethane . 
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It is remarkable that the various po la r i ty scales produce c^ values which coincide 

w i t h i n the l i m i t s of exper imenta l error; in Fig.5 the break points appear at 

d i f f e ren t abscissae since the c* values vary for each po la r i t y scale. Thus, the 

double line phenomenon is not peculiar to the E^(30) scale, but must be taken as a 

cha rac te r i s t i c o f the binary m i x t u r e wa te r / e thano l . The solvent po la r i ty scale is 

only an indica tor for the change in solvent s t ruc ture . A fur ther s t r i k ing evidence 

for the change in solvent s t ruc ture is the the dependence of ra te constant for the 

reac t ion between U(IV) and U(V1) (24) as a funct ion of the compos i t ion of an 

e t h a n o l / w a t e r m ix tu re . 

Even more in te res t ing than the examples ment ioned above are mix tures o f 1-

butanol and a c e t o n i t r i l e or nitromethane., and o f e thanol and n i t romethane , which 

represent a fur ther type of binary m i x t u r e (21). Here the p o l a r i t y of the m i x t u r e 

increases and reaches a max imum at c, . As c increases fur ther , however, the 
k ρ 

po la r i t y again decreases and a t ta ins the po la r i t y value o f the pure, more polar 

component at C p m a x . This is i l l u s t r a t ed in Fig.6. 

This phenomenon is known for alcohols as "elevated p o l a r i t y " (21) and for mix tures 

w i t h ch lo ro fo rm as "synerget ic po la r i ty e f f ec t " (11). 

Equation 3 holds even in this case. Wi th in region I , c p < c^, and normal behaviour 

is observed (see Fig.7a). However, w i t h i n region I I n i t romethane , which as pure 

substance is less polar, acts w i t h 1-butanol l ike a more polar addi t ive . Acco rd ing ly 

in this region there is a linear relat ionship between E^(30) and In ( c u / c * + 1), 

where c u is the molar concen t ra t ion of the less polar component 1-butanol (see 

Fig.7b). By analogy to the previous examples, a v i r t u a l po l a r i t y can be defined for 

the polar component 1-butanol. Con t r a ry to previous cases, however, i t is greater 

than the actual po la r i ty of the alcohol. 

Here, also, two s t ra ight lines are observed. The second line, however, has a 

negat ive slope unlike in the previous cases. This can be explained by a hydrogen 

bond donor-acceptor model w i t h the alcohol or ch lo ro fo rm as a hydrogen bond 

donor: the other component in each case as an addi t ive , which i t s e l f has a low 

po la r i t y , promotes the fo rmat ion o f a polar solvent s t ruc ture . This behaviour is 

remarkable in so far as i t cont rad ic t s the usual view tha t the p o l a r i t y of a solvent 

m i x t u r e lies w i t h i n the l i m i t s of i ts components; fu r the rmore the po l a r i t y o f 

solvents can be enhanced by adding less polar components. 
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6. S O L U T I O N S O F E L E C T R O L Y T E S 

The influence of the addi t ion of e lec t ro ly tes on the po la r i ty of an organic solvent 

is an in teres t ing problem, but has received l i t t l e a t t en t i on (25-28). The fu l l charge 

separation of the ions could influence the solvent s t ruc tu re in a very profound 

manner. On the other hand, in media w i t h low po la r i ty , ion-pairs are formed by 

sel f -solvat ion which causes a lower i n t e r ac t i on w i t h the solvent. The e f fec t o f 

e lec t ro ly tes on reac t ion rates is we l l -known as the "salt e f f ec t " (10,29) in 

mechanis t ic studies and has been a t t r i b u t e d to the d i rec t i n t e r ac t i on o f ions. 

However, the influence on solvent po la r i ty should be examined. 

One main problem in the inves t iga t ion of the p o l a r i t y of solutions of e lec t ro ly tes 

is the aggregation of po la r i t y probes, for example dyes added to these media (25). 

The aggregat ion o f dyes as H - and J-aggregates (30) w i t h d i f f e ren t types o f 

s tacking is w e l l - k n o w n and cause a hypsochromic or a ba thochromic shif t of the 

uv/vis-absorpt ion. This aggregation occurs even w i t h dye chromophores as smal l as 

p-d ie thylaminoni t robenzene (4) (25), which is the basis for the ?Tj* p o l a r i t y scale 

(31) and excludes the use of this scale. 

In order t o overcome the problems w i t h the dye aggregation (the 

pyr id in iumphenola te betaine 1 of the E^(30) scale aggregates too, as ind ica ted by a 

change in line shape) the so lva tochromic fluorescent dye 8 can be used, and this 

forms the basis o f Ze l insk i i ' s po l a r i t y scale (32-34) S - the S values being 

ca lcu la ted f rom ^ m a x of the fluorescence according to equation 2. 

Even dye 8 forms Η - a g g r e g a t e s in e l e c t r o l y t e solut ion (25). However, fluorescence 

w i l l not be obtained from Η - a g g r e g a t e s , but f rom the non-aggregated molecules in 

equ i l ib r ium, as was pointed out by F ö r s t e r (30). Because o f this, the 

so lva tochromism of isolated dye molecules can be studied in solutions conta in ing 

e l ec t ro ly t e . The dependence of solvent po l a r i t y on the concen t ra t ion of salt is 

given by equation 3 or 6, which hold even for e l ec t ro ly t e solutions. 

6.1 Lithium Perchlorate in A c e t i c Ac id 

The special salt e f fec t o f L i C l O ^ in acet ic acid is the exper imen ta l basis for the 

postula t ion of the solvent separated ion-pair (35). However, l i t t l e is known about 

the influence of the salt concen t ra t ion on solvent po la r i t y . This can be invest igated 

by the S scale ment ioned above. The l inear re la t ion between S and In (c / c * + 1) 
Ρ 

according to equat ion 6 is shown in F ig . 8. 
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63 η 

Fig.8: Linear re la t ionship between S and In (c / c * + 1) for L i C l O ^ in 
Ρ ο 

ace t ic acid according to equation 7: = -0.724 and S = 6 2 . 1 

k c a l / m o l , co r re l a t ion coef f i c i en t r = -0.9987 w i t h 16 points, c 
Ρ 

and c* in m o l / l 

A 2 molar solut ion o f L i C l O ^ in ace t ic acid increases the po l a r i t y of solvent f rom 

S = 61.1 to S = 59.8. This corresponds to 2 units on the E^(30) scale. The ef fec t 

is noticeable, but not high enough to explain the special salt e f f ec t . 

The linear co r r e l a t i on of Fig.8 can be used to ex t rapo la te the s t ra ight line up to 

the concen t ra t ion of pure L i C l O ^ . This would then be the po l a r i t y of L i C l O ^ i f i t 

were a l iqu id . A n S value of 58.1 is obtained which character izes i t as a polar 

addi t ive , but i t is not as polar as wate r (S = 47.2). 

6.2 Lithium Perchlorate in Ether 

L i t h i u m Perchlorate is very soluble in d i e t h y l e ther and solutions up to 6 Μ sal t 

can be obtained (36,37). A c c o r d i n g to Pocker and Buchholz (38) (see also (39)) 

highly concen t ra ted solutions of L i C l O . in e ther can be regarded as fused salts 
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w i t h small amounts of solvents added. Unusual r eac t iv i t i e s are observed in these 

solutions - see for example (40-43). Surpris ingly only l i t t l e is known about the 

solvent po la r i ty of this m ix tu re . The f i rs t measurements were made by Sauer and 

coworkers (44) who applied the Berson Ω scale (45). They obtained a curved 

funct ional line by p l o t t i n g weight per cent L i C l O ^ against the Ω values. This 

complex line can be analysed by the appl ica t ion of equation 6. F i r s t l y , the weight 

per cent values of L i C l O ^ have to be conver ted to m o l - l 1 . This can also be done 

by the appl ica t ion o f equation 6 (see below). A plot of the Ω values against the 

molar concen t ra t ion of L i C l O . is shown in F ig . 9. 

Fig.9: The po la r i ty of L i C l O ^ / e t h e r mix tures (44) by Ω scale as a 

funct ion of the molar concen t ra t ion (see below) of L i C l O ^ . - The 

funct ion p l o t t e d is ca lcu la ted by the appl ica t ion of equat ion 6 

( E D = 0.047, c* = 0.0015 m o l / l , Ω 0 = 0.499, r = 0.973, η = 13). 

The corresponding funct ion 6 is p l o t t e d as a l ine in Fig.9. I t is remarkable that 

the c* value of the m i x t u r e is very low, and one can conclude f rom this that the 
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in t e rac t ion of the solvated salt s tar ts to take place even at very low 

concent ra t ions . On the other hand, only one single re la t ionship according to 

equat ion 6 is observed - no double s t ra ight lines. Therefore , the solvent s t ructure 

is un i fo rm up to a salt concen t ra t ion of 40% by weigh t . 

6.3 The Polarity of Alcoholic Electrolyte Solutions 

The poss ibi l i ty of extending equation 6 even to solutions of e l ec t ro ly tes was first 

pointed out by Rezende and coworkers (26). They used the equat ion to give a 

q u a n t i t a t i v e descr ipt ion o f the inf luence of salts on various chemica l reactions (27) 

known in the l i t e r a tu r e . In fur ther studies (28) the E^,(30) po l a r i t y scale was 

applied to the po l a r i t y of e l e c t r o l y t e solutions in the alcohols methanol , ethanol, 1-

propanol , 1-butanol, and 2-butanol. The a lka l i me ta l salts L i C l , L i B r , L i l , NaBr. 

Na l , K I , L i C 1 0 4 , N a C l 0 4 and the a lka l i ear th salts C a ( C 1 0 4 ) 2 , S r ( C 1 0 4 ) 2 , and 

Ba(C10 4 )2 were inves t iga ted - equat ion 3 holds in a l l cases. 

The parameters E ^ and c* of equation 3 vary considerably both w i t h the nature of 

the salt and the alcohol (28). The parameter c* decreases w i t h decreasing polar i ty 

of the alcohol . This result is consistent w i t h the fact that c* is the concent ra t ion 

of salt at which the salt i n t e r ac t ion must be taken in to account - the lower the 

p o l a r i t y of the alcohol , the lower is the concen t ra t ion o f salt at which the 

i n t e r a c t i o n becomes essential, for the solvat ion of the salt is g e t t i n g worse. The 

c* value varies only l i t t l e w i t h the nature of the ca t ion when i t is monovalent. 

Wi th d ivalent cations the c* value decreases markedly w i t h decreasing ion size. 

This is consistent w i t h the increasing surface charge of the ions and the increasing 

so lva t ion demand. W i t h the anions the e f fec t is very s imi la r - there is very l i t t l e 

v a r i a t i o n in the series; chlor ide , bromide and iodide anions give s imi la r c* values. 

Only the Perchlorate ion, which has a very low po l a r i zab i l i t y , results in markedly 

lower c* values. 

The linear cor re la t ions according to equation 3 were ex t rapo la ted for the alcohol-

sal t -solut ions up to the concen t ra t ion of the pure salts given by the i r density and 

molecular weigh t . One migh t naively expect the same p o l a r i t y for the same salt 

regardless of alcohol , but this was not found - the ca lcu la ted po l a r i t y o f the pure 

sal t depends on the alcohol used as second component , i t decreases s l igh t ly wi th 

decreasing po la r i t y o f the alcohol . This migh t be due to a possible change in 

solvent s t ruc tu re (double s t ra ight lines) which would occur i f one could increase 

the concen t ra t ion of salt continuously from the pure solvent up to the pure salt . In 
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other words, a pure mol ten salt might have a comple te ly d i f fe ren t "solvent" 

s t ruc tu re from a d i lu ted salt solut ion in some alcohol . 

Nevertheless one can roughly ca lcu la te the po la r i t y of the salts ment ioned i f they 

were pure liquids at room tempera ture . The ca lcu la ted E^,(30) values are of the 

order of magnitude of the value for water . 

7. S O L I D S O L U T I O N S 

The solvent po l a r i t y is p r i m a r i l y defined for l iquids and i t is d i f f i c u l t to define a 

po la r i t y for c rys t a l l i ne solids; for example, these solids have anisotropic propert ies 

and a po la r i t y probe becomes a l a t t i c e defect . However, glasses have many things 

in common w i t h liquids, for example the i r propert ies are usually isotropic . 

Organic glasses, for example po ly (me thy l methacry la te ) , can be examined w i t h 

e m p i r i c a l p o l a r i t y probes. The use o f the E^,(30) p o l a r i t y scale is d i f f i c u l t for this 

purpose because o f the low so lub i l i ty of dye 1 in the po lymer ic medium and the 

fac t that a good op t i ca l qual i ty o f the sol id sample is required for the absorption 

measurement. 

Solva tochromic fluorescent dyes are to be prefer red for the examina t ion of solids, 

because fluorescent l ight can be de tec ted w i t h high sens i t iv i ty and the fluorescence 

o f the sample being examined is a l ight source which can easily be focussed onto 

a detector . There are no problems w i t h op t i ca l inhomogeneit ies . Therefore 

Ze l insk i i ' s S scale (32) w i t h f luorescent dye 8 as a p o l a r i t y probe is useful for 

solids. By the l inear co r r e l a t i on between the S scale and the E^(30) scale (E^(30) = 

-1.93-S + 160.4) the l a t t e r can be ca lcu la ted for po ly (methyI methacry la te ) - an 

E,p(30) value of about 37 is obtained (46), which is s imi la r to that of t e t r ahydro

furan. 

The po la r i ty of polymers is increased by polar addit ives. Both the influence of low 

molecular we igh t addi t ives and copolymer i sa t ion are q u a n t i t a t i v e l y described (46) by 

equat ion 6. F ig . 10 is given as an example for the copo lymer i za t i on between me thy l 

me thac ry l a t e and the polar component 2 -hydroxye thy l me thac ry l a t e . 

The v a l i d i t y of measurements of the po la r i ty of polymers is fu r ther established by 

the appl ica t ion of equation 6. Solvent o r i en t a t i on of liquids is replaced by chain 

r eo r i en t a t i on in the solid or the r eo r i en t a t ion o f the low molecular weigh t 
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addit ives. In this way the emp i r i ca l l y defined po l a r i t y of media is meaningful even 

for solids. 

67 

65 

63 

61 

59 

I n ( C p / 0 . 704 + 1) 

Fig . 10: Po l a r i t y of the binary copolymer of m e t h y l me thac ry l a t e and 

2-hydroxye thy l me thac ry la t e using the p o l a r i t y scale S. c p is the 

molar concen t ra t ion of the unit 2 -hydroxye thy l me thac ry l a t e 

( E D = -3.193, c* = 0.704 m o l / l , S ° = 66.5, r = -0.9995, η = 17). 

8. R E G I O N S O F L I M I T E D M I S C I B I L I T Y 

The phenomenon of double s t ra ight lines (see section 5) is re la ted to the fo rma t ion 

of two d i s t i nc t solvent s t ructures . For b inary mix tures between η - a l c o h o l s and 

wa te r the inf luence o f chain length o f the alcohols on the po l a r i t y o f the mix tu res 

can be inves t iga ted (47). Double s t ra ight lines are obta ined even w i t h methanol as 

shown in F ig . 11. 
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0 χ ln(c / c * + l ) 2 
Ρ 

F ig . 11: E^,(30) values of binary mix tures between n-alkanols and water as 

a funct ion of In i c^ / c* + 1) according to equation 1. - H: 

Wate r /me thano i (X = 0.157); some values are taken from (4). -

T: Wate r /e thano l (X = 0.318); some values are taken from (4). -

Wate r /1 -propanol (X = 1.349). - · : W a t e r / l - b u t a n o l (X = 

1.705) 

With methanol as a component w i t h lower po la r i t y the slope o f the two lines is 

not very d i f fe ren t , but this d i f fe rence increases w i t h the chain length o f the 

alcohols. The longer the chain length o f the alcohols, the less s imi la r is the 

solvent s t ruc tu re to that of water and f ina l ly w i t h 1-butanol t w o d i f fe ren t phases 

are formed. 

It can therefore be concluded that the f o r m a t i o n of t w o solvent s t ructures is not a 

funct ion o f l i m i t e d m i s c i b i l i t y and occurs even w i t h lower alcohols. However, the 

fo rmat ion o f t w o separate phases is de te rmined only by the surface tension 

between the two solvent s t ructures - this is too small between lower alcohols and 

water to get t w o phases, but high enough w i t h higher alcohols. This may be 
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addi t iona l ly influenced by the fact that the two solvent s t ruc tures are more s imi lar 

in the case of lower alcohols than w i t h higher alcohols. 

This behaviour described for binary mix tures of components w i t h l i m i t e d m i s c i b i l i t y 

is not r e s t r i c t ed to water as polar component. Binary mix tures of a c e t o n i t r i l e w i t h 

octylbenzene or D M F w i t h cyclohexane have essential ly the same behaviour (48). 

9. S L O W A N D F A S T P R O C E S S E S 

The ma jo r i ty of po la r i ty scales show mutua l l inear co r r e l a t i on and w i t h the Y and 

E.p(30) scales, as far as pure solvents are concerned. This fact is con f i rmed by 

pr inc ipa l components analysis (22,49) and by m u l t i - p a r a m e t e r analysis (31). A few 

scales form an except ion, but these also mutua l ly cor re la te . This behaviour 

t y p i c a l l y occurs w i t h weakly polar merocyanines which have posi t ive 

so lva tochromism (10,50). One of the f i rs t cases to be studied was Brooker ' s (51) χ,-̂  

scale, which is based on the solvatochromism of dye 7. Po la r i ty scales l ike x R w i l l 

be discussed extensively here, p a r t i c u l a r l y the i r appl icat ions to binary solvent 

mixtures . 

Studies of the solvatochromism o f the ph tha l imide de r i va t i ve 8 indicates that this 

exhibi ts s t rongly posi t ive solvatochromism in fluorescence phenomena, and this was 

proposed as the basis for the S po l a r i t y scale by Ze l insk i i and colleagues (32-33); 

for the influence o f oxygen see (34). The absorption by this dye is also 

so lva tochromic (21). A l inear re la t ionship w i t h the E.^.(30) scale exists for 

fluorescence, but a l inear relat ionship w i t h the χ ^ scale is observed for absorption 

(see Fig . 12). Thus, dye 8 is especially sui table for c l a r i f y i n g the previously 

mentioned exceptions, since i t supplies a common basis for both groups of po la r i ty 

scales. 

It is known that the ground s tate ( S q ) of 8 has only a small dipole moment; 

however, the f irst e l ec t ron ica l ly exc i t ed state (Sj) , has a large dipole moment (18). 

The d i f fe ren t behaviour of 8 in absorption and emission can be explained by 

assuming that states w i t h large dipole moments are s t rongly solvated by 

r eo r i en ta t ion of polar solvents, whereas states w i t h small dipole moments are 

solvated weakly by this e f fec t : the Franck-Condon pr inc ip le for e l ec t ron ic 

t ransi t ions applies to the solvat ing shell of a dye (52). The e lec t ron ic t r ans i t ion 

takes place in such a short period o f t i m e that the solvat ion is unable to fo l low 

by reor ien ta t ion of the solvent molecules. 
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Fig . 12: Linear co r r e l a t i on between a) the fluorescence of dye 8 and 

E^,(30) and b) the absorption w i t h χ ^ for pure solvents. The 

ordinates are ca lcu la ted according to equation 2. 

Fig . 13: Schemat ic representat ion of absorption and emission processes of 

dye 8 in polar solvents. 
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Consequently the o r i en t a t i on of these w i l l only inf luence solvat ion in the i n i t i a l 

s ta te of an e lec t ron ic t rans i t ion , but not the f inal s tate. The l a t t e r w i l l s t i l l bear 

the solvat ing shell of the i n i t i a l state, and can be s tab i l i zed only by polar iza t ion 

effects . Absorp t ion and fluorescence of 8 proceed as given in the scheme in 

F ig . 13. 

The i n i t i a l s tate, S , is l i t t l e inf luenced by the polar solvents. The exc i t ed state, 

S j , has a large dipole moment , but is surrounded by the so lvat ing shell of the S Q 

state. Thus solvent po la r iza t ion effects are c r u c i a l for absorption - by analogy to 

the X p scale. E x c i t a t i o n is fo l lowed by r e l axa t ion o f the so lva t ing shell; the 
-8 -9 

l i f e t i m e of the exc i t ed state (Sj) of ca. 10 to 10 s is long enough to pe rmi t a 

more favorable o r i e n t a t i o n o f the solvent molecules sourrounding the dye 

molecules. The t rans i t ion f rom S j to S^' corresponds to the mod i f i c a t i on (M) as 

described for reac t ion of the exc i t ed states in wh ich the e x c i t a t i o n energy is 

conserved (53,54,55-56). F ina l ly the t r ans i t ion f rom S j 1 to S 1 occurs by 

fluorescence, the energy o f which is fu l ly inf luenced by solvent o r i en ta t ion 

phenomena (besides po la r i za t ion effects) because the dipole moment of the i n i t i a l 

s ta te o f this e l ec t ron ic t rans i t ion is large. I t is therefore reasonable that the 

fluorescence of 8 corre la tes w i t h the E^(30) scale. The absorption of dye 1 is 

s imi la r (1). However, in most cases the behaviour of other dyes is by no means as 

ex t reme as the absorption of 1 or 7, and a combina t ion o f po la r i za t ion and 

o r i en t a t i on effects is observed. These, fu r thermore , are not independent o f each 

other , but in t e rac t . Frequent ly , however, the o r i en t a t i on effects p reva i l and this 

results in co r r e l a t i on w i t h the E^(30) scale. These considerat ions a l low the 

conclusion to be made that dye 7 ( x R scale) is a po l a r i t y ind ica to r for short 

measuring t imes, cf . the concept proposed by Bakhshiev (57). In organic chemis t ry 

the reor ien ta t ion of the solvent, a r e l a t i ve ly slow process, is o f c ruc ia l influence. 

Thus, i t is reasonable that such processes are c o r r e c t l y described by the E.p(30) 

scale. 

Equat ion 6 character izes the polar behaviour of binary l iquid mix tures according to 

the Xp scale or to an absorption scale using dye 8 as a reference. Thus i t can be 

concluded that equation 6 w i l l also describe the polar behaviour of binary solvent 

mix tu res in fast processes. Equation 6 cannot, therefore , be solely a t t r i b u t e d to 

the concen t ra t ion of the polar solvent on the surface of the dye (58-59). Fur ther 

i n f o r m a t i o n on solvent s t ruc tu re is provided by compar ing the c* values of dye 8 

in solvent mix tu re s for absorption and emission (21). 
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10. A P P L I C A T I O N S O F E Q U A T I O N S 3 A N D 6 

The va l i d i t y of equation 6 is w e l l established for binary solvent mix tures and very 

d i f fe ren t po la r i ty scales. On this basis the equation i t se l f can be used as a tool 

for the in te rpo la t ion o f E^(30) values (60) or d i f fe ren t other purposes, for example, 

for mechanis t ic studies. 

10.1. Determination of Water in Water-Containing Solvents 

The residual content of wa te r in dr ied solvents is impor t an t for many chemica l 

reactions, meta l lo rgan ic reactions for example, and may de termine yields, react ion 

products, and se lec t iv i t i e s . There is no problem for solvents l ike ether which are 

commonly stored over a lka l i metals; however, a great number of very hygroscopic 

solvents such as d i m e t h y l sulphoxide, d ime thy l fo rmamide , or ethanol have to be 

s tored neat or over molecular sieves. General ly for prepara t ive work the water 

content of these solvents is unknown, especially when the samples are o ld . The 

Kar l -F i scher t i t r a t i o n (61) is a useful method for the de t e rmina t ion of water , but 

the t i t r a t i o n needs special equipment (dead-stop method) and "know-how" . Fur ther 

compl ica t ions occur in the presence of redox systems. So this t i t r a t i o n is not 

ca r r i ed out as a standard procedure w i t h prepara t ive work . 

A simple and uncompl ica ted method for the de te rmina t ion of water can be 

developed using the fact that wa te r has a very high solvent po la r i t y (e.g. w i t h the 

E^,(30) po la r i ty scale) compared w i t h most solvents. So even smal l amounts o f 

wa te r can marked ly increase the po la r i t y o f a solvent . This has been used by 

D i m r o t h and Reichard t (62) for the de te rmina t ion of water by the peak shif t of 

dye 1, wh ich is very sensit ive to the wate r content of a solvent sample. However, 

the re la t ion between the peak shif t and the wa te r content gives very non-linear 

ca l ib ra t ion plots . This handicap has prevented the general use of the method, 

although the ca l i b r a t i on curves have been measured for some binary mixtures 

(4,8,62-63). 

The problem w i t h the non-linear plots can be solved by the appl ica t ion o f equation 

3 (64-68). This gives a further , and essential, s i m p l i f i c a t i o n for the procedure of 

de t e rmina t ing water . For p r ac t i ca l applicat ions, equat ion 2 and 3 are t ransformed 

to equation 7 w i t h E ^ = 28590 [ k c a l - n m ] / E n . 
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c = cff • exp ( Ε ^ / λ - Ε ^ / λ ° ) - cff [71 K max max 

c in equation 7 is the concent ra t ion of water in g/1 or m o l / l corresponding to the 
Η Ή 

dimension of c . c is the c* value in the dimensions of c. λ is the absorption 
max 

wavelength of the pyr id in iumphenola te betaine 1 in the wa te r - con ta in ing solvent 
Q Η 

and λ is the λ value of the pure dry solvent. Ε is g iven above. The max » ~ max K J 

parameters Ε , c , and λ m Q x are given in Table 3 for a number of f requent ly 

used solvents for the pyr id in iumphenola te betaine 1. 

Table 3: Parameters of equation 7 and dye 1 for f requent ly used solvents at 2 0 ° C . 

solvent E * λ ° 
max 

Ε ^ / λ ° 
max 

m o l / l nm nm 

(g/D 

acetone 0.664 

(12.0) 

7960 677.5 11.7 

ace ton i t r i l e 0.293 

(5.28) 

10600 625.5 16.9 

1-butanol 1.98 

(35.7) 

21500 574.1 37.4 

t e r t - b u t y l alcohol 1.01 

(18.2) 

10100 660.3 15.3 

N - t e r t - b u t y l  28.2 5830 567.3 10.3 

formamide (508) 

t e r t - b u t y l h y d r o - 0.340 20100 575.3 34.9 

peroxide (69) (6.13) 

d imethoxyethane 0.301 

(5.42) 

9530 748.4 12.7 

Ν , Ν ' - d i m e t h y l a c e t a m i d e 5.28 

(95.1) 

5510 664.9 8.29 
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solvent cff Eff X° Eff I\° 
max max 

m o l / l nm nm 

(g/D 

D M E U a ' b ) 

1,4-dioxan 

D M F 

D M P U b ' c ) 

DMSO 

e thanol 

f o r m a m i d e 

H M P A d ) 

methanol 

2 -methoxyethanol 

N - m e t h y l p y r r o -

l idone b ^ 

n i t rome thane 

1-propanol 

11.0 3010 

(198) 

0.512 6600 

(9.22) 

11.52 2990 

(208) 

12.8 2714 

(230) 

53.8 1190 

(969) 

38.1 4550 

(686) 

34.3 5120 

(618) 

1000 50.8 

(18020) 

150 1600 

(2700) 

12.4 15900 

(223) 

17.4 2320 

(313) 

1000 6.92 

(18020) 

4.22 566.1 

(76.0) 

672.7 4.47 

794.2 8.31 

654.2 4.57 

679.5 3.99 

633.9 1.88 

549.8 8.28 

511.4 10.0 

699.0 0.0727 

516.1 3.10 

547.7 29.0 

677.5 3.42 

617.5 0.0112 

29.9 
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solvent J Eff X° Eff / \° 
max max 

m o l / l nm nm 

(g/D 

propylene carbonate 0.502 9264 621.5 14.9 

(9.04) 

pyr id ine 5.48 4030 711.2 5.67 

(98.7) 

T H F 0.449 7090 764.4 9.28 

(8.09) 

T M U e ) 4.02 4910 697.3 7.04 

(72.4) 

a) l , 3 -d ime thy l -2 - imidazo l id inone (70). b) subst i tute o f H M P A . c) 1 ,3-dimethyl-

3 ,4 ,5 ,6 - t e t r ahydro-2 ( lH) -pyr imid inone - d) caut ion (71,72) - highly tox ic ! - e) 

t e t r amethy lu rea . 

The de te rmina t ion o f wa te r can easily be ca r r ied out. - A smal l amount of the 

so lva tochromic pyr id in iumphenola te betaine is dissolved in the solvent sample so 

tha t the e x t i n c t i o n of the long wavelength λ m Q x of dye 1 lies between 0.7 and 

1.0. λ is de te rmined and the content of water is ca lcu la ted by means of max J 

equation 7 and the parameters of Table 3. The accuracy of the method depends 
Ή 

only on the precision o f the spect rometer and the magnitude of c and is typ ica l ly 

o f the order of 5% at a wa te r content of 10 g / I w i t h spect rometers having 1 nm 

resolut ion. The sens i t iv i ty of the de te rmina t ion of wate r in a c e t o n i t r i l e which is 
Η 

obtained w i t h such a spec t rometer is for example 0.2 g/1. The c value is 
ϋ 

impor t an t for the e r ror of the de te rmina t ion . For c < c the absolute e r ror in the 

concen t ra t ion de te rmina t ion is constant, whereas for c > c the r e l a t i ve error is 

constant; for a more deta i led discussion see (64-66). 
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For high precision wate r de terminat ions the maximum wavelength U m a x ) must be 

measured w i t h high accuracy. This could be done by the ca l cu la t ion of the f i rs t 

d e r i va t i ve of the uv/vis spect rum. However, this would result in a decrease of the 

signal to noise r a t io of the spec t rometer (73) and would give higher uncer ta in t ies 

in the de te rmina t ion method. Therefore , be t te r results are obtained by applying 

Mathias ' rule (74), which connects the ha l f - r ad i i of the secants according to F ig . 

14. A ca l i b r a t i on of the spect rometer should be done w i t h ho lmium glass (75) and 

Mathias ' rule d i r e c t l y before and af ter the de te rmina t ion . 

Fig . 14: The precise local isa t ion of A m a x of a broad absorption band by 

the use of Mathias ' rule - the lines should be drawn in the 

region of 10 to 15 % f rom ^ m a x -

For a rough rou t ine test for the wa te r content of a solvent, a comparison o f the 

colour o f the dye solut ion w i t h a co lour scale of absorption wavelengths is 

su f f i c i en t and can give the wavelength to an accuracy o f between 5 and 10 nm 

when the dye concen t ra t ion is not very high and the person doing the test is 
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experienced in colour comparison. Colour scales, absorption wavelength and colour, 

are given, for example, in (76-77). 

The parameters of equation 7 for f requent ly used solvents and dye 1 are given in 

Table 3. The parameters for fur ther solvents can be easily measured in the known 

manner. 

The v a l i d i t y o f equation 3 is w e l l established for a number o f p o l a r i t y scales; 

therefore the de t e rmina t ion of wate r can be ca r r i ed out w i t h these other polar i ty 

probes. The advantage o f dye 1 is the high sens i t iv i ty o f the solvatochromism 

versus p o l a r i t y . Therefore dye 1 should be used for a l l rou t ine wa te r 

de te rmina t ions . Problems come about when the samples do not have good op t ica l 

qua l i ty , for example tu rb id liquids; dye 1 should be replaced in these cases by the 

so lva tochromic fluorescent dye 8 (66). 

λ o f the fluorescence can easily be de te rmined even w i t h o u t a fluorescence max 

spec t rometer by a s imple th ree -po in t -method (66). Equat ion 7 can also be applied 

for o ther physical ef fec ts . This has been done for the density and the index o f 

r e f r a c t i o n (65). W i t h gases a concen t ra t ion de t e rmina t i on w i t h an accuracy of 10 

ppm is possible by a simple pressure measurement (66). 

10.2. Analysis of Binary Mixtures 

The v a l i d i t y of equation 7 is not l i m i t e d to solvent mix tures invo lv ing water , but 

can be applied general ly to binary solvent mix tu res (65-66). The de te rmina t ion is 

more sensit ive, the higher the po l a r i t y d i f fe rence between the t w o components. 

App l i ca t ions include, for example, the de t e rmina t ion of solvent composi t ion during 

continuous chromatography or co lumn d i s t i l l a t i o n . 

10.3. Examination of Unusual Polarity Scales 

10.3.1 Perylene Dyes as Po la r i ty Probes 

Wi th the E^(30) po l a r i t y scale the negat ive so lva tochromism, or w i t h the Y scale 

the ra te enhancement o f the solvolysis reac t ion , is taken as an ind ica tor for the 

increasing po l a r i t y o f a medium. There is no doubt about the d i r ec t i on of the 

e f fec t , for i t corresponds exac t ly to chemica l experience and is a measure of the 

a b i l i t y o f the solvent to s tab i l i ze polar s t ruc tures o f a substrate by solvent 

r eo r i en t a t i on (17). However, this is not so obvious when p o l a r i t y scales are used 

which are sensi t ive towards other solvent ef fec ts . This is the case for the x R 

scale of Brooker (51), the solvatochromism of dye 7, wh ich is more a measure of 
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the p o l a r i z a b i l i t y o f the solvent than for the solvat ion e f fec t by solvent 

r eo r i en t a t i on (17). 

This e f fec t is even more pronounced w i t h the p o l a r i t y probe BHPD ( b i s - N , N ' - ( l -

hexy lhep ty l ) -pery lene-3 ,4 :9 ,10- te t racarboxyl ic -b i s imide (78)), dye 10, which has no 

dipole of the chromophore because of the point symmet ry of the molecule. Due to 

the special s t ruc tu re o f the dye, the so lub i l i ty is so high that so lva tochromism 

measurements are possible in a wide v a r i e t y of solvents, f rom media w i t h very 

high to very low po la r i t y . The solvatochromism is not very pronounced, but can be 

measured w i t h a precise spect rometer . Moreover the solvent e f f ec t can be checked 

by the inves t iga t ion o f the fluorescence. A decision as to what kind of solvents 

are polar for this dye is not simple, for there is no l inear co r r e l a t i on of the 

energy o f e x c i t a t i o n w i t h E^,(30) values, as is shown in F ig . 15 (cor re la t ion 

coe f f i c i en t as low as -0.046!, 15 points). A solut ion o f the problem (79) was 

possible by appl ica t ion of equation 3. A plot of the e x c i t a t i o n energy (E^(BHPD)) 

versus In (c /c* +1) gives a l inear re la t ion only when the concen t ra t ion c o f the 

polar component is used, but not w i t h the concen t ra t ion of the component w i t h the 

lower po la r i ty . The results of these measurements are given in Table 4 for pure 

solvents and in Table 5 for binary mix tures . 

The so lva tochromism of BHPD is very sensi t ive to p o l a r i z a b i l i t y effects of the 

solvent (79), but not very sensit ive to dipole ef fec ts . Therefore , the E^(BHPD) 

values can be used as a novel po la r i t y scale for these effects and might replace 

the scale. The l a t t e r re f lec ts main ly p o l a r i z a b i l i t y ef fects (17) o f the solvent, 

but is s t i l l s l i gh t ly inf luenced by solvent dipole effects . 

> < 10 
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Table 4: BHPD (dye 10) as a po la r i ty probe for pure solvents 

solvent max 
E T ( B H P D ) b ) E T ( 3 0 ) ( 

[nm] [ k c a l / m o l ] [ k c a l / m 

cyclohexane 516.6 55.34 39.9 

d i e t h y l ether 517.4 55.26 34.5 

acetone 519.2 55.07 42.2 

a c e t o n i t r i l e 520.2 54.96 46.0 

t e t r ahydrofuran 521.48 54.83 37.4 

methanol 521.54 54.82 55.4 

ethanol 521.81 54.79 51.9 

1-propanol 523.25 54.64 50.7 

1-butanol 523.5 54.61 50.2 

1,2-dichIoroethane 524.3 54.53 41.9 

methylene ch lo r ide 524.3 54.53 40.7 

d i m e t h y l f o r m a m i d e 525.5 54.41 43.8 

ch lo ro fo rm 526.4 54.31 39.1 

toluene 526.57 54.30 33.9 

d i m e t h y l sulphoxide 528.45 54.10 45.1 

1-methylnaphthalene 541.15 52.83 35.3 

a) M a x i m u m o f the long wavelength absorption. - b) Ca lcu la ted from 

according to equat ion 2. - c) See (1,4-6). 
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Table 5: BHPD (dye 10) as a po la r i ty probe for binary mix tures - appl ica t ion of 

equat ion 6 w i t h Ρ = E-JBHPD) at 2 0 ° C . 

s o l v e n t s 3 1 EQ c* E ^ ( B H P D ) 0 r b ) c k

d ) 

[ k c a l / m o l ] [m o l / l ] [ k c a l / m o l ] n c ) [ m o l / l ] 

DMSO -0.085 0.103 54.37 -0.9974 8.45 

toluene 23 

DMSO -1.413 24.06 54,79 -0.9963 

T H F 21 

DMSO -0.503 10.91 54.53 0.9994 

C H 2 C 1 2 25 

DMSO -1.974 23.30 55.06 -0.9988 

acetone 21 

DMSO -9.743 463 54.40 -0.9980 

D M F 23 

DMSO -13.3 328 54.81 -0.9974 8.45 

ethanol 20 

DMSO -24.46 480 54.85 -0.9945 

methanol 31 

1-methylnaphthalene -2.16 7.30 54.29 -0.99996 

toluene 22 

1-methylnaphthalene -3.861 10.14 54.84 -0.9994 

T H F 21 

1-methylnaphthalene -0.499 0.534 54.12 -0.9989 

DMSO 21 
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a) c* E T ( B H P D ) ° r b ) c R 

d) 

[kca l /mo l ] [ m o l / l ] [ k c a l / m o l ] n c ) [r 

1-methylnaphthalene 

ethanol 

1-methylnaphthalene 

methanol 

-1.295 0.558 54.80 0.9995 1.06 

1.032 0.296 54.83 0.9991 0.63 

21 

a) The f i r s t component is the more polar /polar izable concerning the E^(BHPD) 

scale. - b) Cor r e l a t i on coef f i c i en t . - c) Number of points, d) C r i t i c a l concen t ra t ion 

for change in solvent s t ruc ture . 

55 

Ω 
X 
CQ 

54 
30 40 50 

E T ( 3 0 ) 
60 

Fig . 15: Lack of co r re l a t ion between E^(BHPD) and E^(30) for the 

solvents of Table 4. 
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10.3.2 Sextet Rearrangements as Po la r i t y Probes 

New pola r i ty scales can be developed on the basis ot* reac t ion k ine t ics to measure 

solvent effects on microscopic processes. The Y solvent po la r i ty scale of Winstein 

and Grunwald (3) on the basis of the solvolysis react ion o f t e r t - b u t y l chlor ide has 

been a very impor tan t too l , both for the study of reac t ion mechanisms and for 

p r ac t i ca l applications; see for example (1,10). La te r on i t turned out that there are 

problems wi th this po l a r i t y scale, for i t is l i m i t e d to very polar solvents. Moreover 

there were mechanis t ic problems caused by d i f fe ren t ion-pairs ac t ing as 

in termediates , r eve r s ib i l i t y o f the e lementary steps, and specif ic solvat ion of the 

nascent ions, see for example (29). Therefore secondary po la r i t y scales on the basis 

of spectroscopic measurements were favoured. A general ly applicable po la r i ty scale 

on the basis of a chemica l reac t ion would be a good supplement to the other 

po la r i t y scales. The Berson Ω scale (45), which takes as a measure the solvent 

dependence of a Die l s -Alde r Reac t ion , is only pa r t i a l l y useful for this pupose, 

because i t is a b imolecu la r r eac t ion and therefore p r inc ipa l ly sensit ive to 

aggregat ion phenomena (26). Moreover there is no ion iza t ion in the ra te -

de te rmin ing step. 

On the other hand, the rate constant of the Beckmann rearrangement (80) is 

s t rongly solvent dependent. The mechanism of the Chapman-var iant (81) of the 

Beckmann rearrangement , the t he rma l reac t ion of ke tox ime picrates, has been 

thoroughly studied (82-88). The reac t ion pathway for a n t i - m e t h y l k e t o x i m e picrates, 

which can easily be prepared (84-88), is given by equation 8. 

C H 3 - C = N — C H 3 - C = N C H 3 - C E N - R C H 3 - C = N - R — C H 3 - C - N - R 

ox ^ - ο χ ox k 

X = 2 ,4 ,6 -Tr in i t ropheny l 

The ra t e -de te rmin ing step of the reac t ion is the mig ra t ion of R w i t h the fo rma t ion 

of a n i t r i l i u m ion (89). The reac t ion is fo l lowed by two fast steps - the 

recombina t ion of the ion-pairs and the f inal fo rmat ion of the N-p ic ry lace tamides . 

The rate constant of the Chapman-var iant of the Beckmann rearrangement might 

be especially useful as a solvent po la r i ty probe and has been used already by 

Fischer (90) for the inves t iga t ion of solvent effects . It is i m p o r t a n t therefore that 
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the r a t e -de t e rmin ing step, the ionisat ion, is an i r revers ib le reac t ion (80) - the 

s t rongly negative reac t ion enthalpy of -80 k c a l / m o l (91) and an a c t i v a t i o n enthalpy 

o f about 30 k c a l / m o l for the a l k y l mig ra t ion are addi t ional indicat ions tha t an 

endothermic step during the reac t ion should not be a l lowed. Ano the r advantage is 

that in the t r ans i t ion s tate o f the reac t ion there is a separat ion between the 

pos i t ive pa r t i a l charge, which is main ly concent ra ted in the m i g r a t i n g a lkyl group 

(88), and the negat ive charge on the leaving group; this averages solvent e f fec ts 

and makes speci f ic solvent e f fec t s less probable. F ina l ly the large molar 

coe f f i c i en t of e x t i n c t i o n al lows reac t ion k ine t i c measurements at high d i lu t ion and 

so the solvent is only l i t t l e per turbed by the po la r i t y probe. 

A l k y l and a ry l subsituents are possible as m i g r a t i n g groups. The a lky l m ig ra t i on 

should be chosen to exclude the possible fo rma t ion of π - c o m p l e x e s w i t h a romat ic 

systems. To exclude fur ther any possible backside so lva t ion of the mig ra t i ng group 

one can use bridgehead substituents which exclude such an a t t ack of a nucleophile. 

In order to have a test for specfic solvent e f fec t one can compare the solvent 

e f f ec t on bridgehead der iva t ives of ve ry d i f fe ren t s t ructures . 

11 12 13 14 

The rate constants for the mig ra t i on of the ox ime picrates w i t h these groups (92) 

in very d i f f e ren t solvents are given in Table 6. 

I t can easily be seen that the r a t i o of the m i g r a t i o n ap t i tude of the substi tuents 

11 ... 13 is about constant for d i f fe ren t solvents. This is demonstra ted by F ig . 16. 
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7 r - I , Table 6: Solvent dependence of the rate constants (k· 10 [s ]) of m e t h y l k e t o x i m e 

picrates at 2 5 ° C 

subst. R: 1 -b i cyc lo - 1 -b i cyc lo - 1 -ada manly 1 1 - b i cyc lo -

[2 .2 .2]oc ty l [ 3 . 2 . l ) o c t y l [3.2.2jnonyl 

solvent (11) (12) (13) (14) 

methano l (1) 35.2 88.8 338.3 396.7 

e thano l (2) 13.41 28.3 180.0 180.0 

1 -bu tanol (3) 9.03 17.5 107.8 133.3 

DMSO (4) 125.7 321.7 1833 2083 

D M F (5) 65.3 128.3 750.0 876.7 

C H 2 C 1 2 (6) 1 1.85 24.7 336.7 313.3 

C H C 1 3 (7) 4.67 10.01 116.7 120.3 

T H F (δ) 4.05 5.15 29.5 36.8 

l g k 

F i g . 16: Linear co r re la t ion between lg k of 13 and lg k of 11, 12, and 14 

for d i f fe ren t pure solvents (see Table 6). 
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Fig . 17: Linear co r r e l a t i on between lg k of the Beckmann rearrangement 

of 13 and theX R values of Brooker (51). 

l g k 

/ 

50 6G 

E T O 0 ) 

Fig . 18: L inear co r re l a t ion between lg k of the Beckmann rearrangement 

o f 13 and the E T (30) values of D i m r o t h and Reichardt (6) - • : 

alcohols (lg k = 0 . 0 9 · Ε Τ ( 3 0 ) - 9.4; r = 0.994), · : other solvents 

(lg k = 0 . 2 1 · Ε Τ ( 3 0 ) - 13.3; r = 0.990). 
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So specific solvent in terac t ions w i t h the substrates are essentially excluded. On the 

other hand, the rearrangement is very fast in D M F and DMSO (nr. (4) and (5) of 

Table 6). It was shown in ear l ier work that these solvents act mainly by their 

large microscopic po l a r i zab i l i t y (17,21). A useful measure of these effects is the 

X^-solvent po la r i ty scale of Brooker (51) - the reasonably good co r re l a t i on w i t h 

this po la r i ty scale is given in Fig . 17. On the other hand, solvent o r i en ta t ion 

phenomena are impor t an t too; this is demonstra ted by the linear cor re la t ions o f 

F ig . 18. However, not a single l inear co r r e l a t i on is obtained, but two: one for 

alcohols and another one for the other solvents. This is in contras t to the single 

good linear co r r e l a t i on of the E T (30 ) scale w i t h the Y scale of the S ^ l solvolysis 

r eac t ion of t e r t - b u t y l chlor ide . A possible explanat ion for these differences is given 

by the fact that w i t h the solvolysis reac t ion the charge separation in the t rans i t ion 

s ta te is local ized on only a few atoms; see (93) for a fur ther discussion of the 

so lva t ion of the educt. This can be e f f i c i e n t l y solvated by the r eo r i en ta t ion of the 

solvent , and especially by polar solvent s t ructures l ike the 0 - - - H - 0 - hydrogen bond 

s t ruc tu re of alcohols. In contrast , w i t h the Beckmann-Chapman rearrangement the 

charge separation in the t rans i t ion state is spread over a large number of atoms, 

see equation 8. In this case solvat ion by the o r i en t a t ion of solvent molecules and 

by the polar hydrogen bonding is not so e f f i c i en t as w i t h S ^ l - t y p e solvolysis 

react ions. So for alcohols one obtains the second s t ra ight l ine of F ig . 18, at lower 

values of lg k and not as steep. The po l a r i zab i l i t y of the solvent is of greater 

impor tance for the solvent s t ab i l i za t ion of the spread charge - therefore, the 

l inear co r r e l a t i on w i t h the scale is obtained. This result could be impor tan t 

also for o ther reactions, for example for S^2 reactions, and could explain the 

s t rong rate enhancement e f fec t (94) which is observed in some cases, when even 

small amounts of DMSO are added to polar p ro t i c solvents, for example to water . 

F ina l ly , the poss ib i l i ty should be excluded that the high reac t ion rate of the 

Beckmann rearrangement in DMSO or D M F is not due to complexa t ion . This can be 

done by the appl ica t ion of equat ion 3. To this end, the ra te constant of the 

rearrangement of 13 is measured in the binary m i x t u r e methylene ch lor ide /DMSO 

as a funct ion of the composi t ion . Equation 3 is t rans formed to equation 9. 

k 

k ° U p 
[ 9 ) 
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k is the rate constant for the rearrangement in the mix tu re and k in the pure 

component w i t h lower po la r i ty (methylene chlor ide) . The other symbols of the 

equat ion have been defined previously. Wi th equation 9 a linear re la t ion between 

lg k / k ° and In (c / c* + 1) is obtained. 

-0 . 1 ί 1 1 1 1 1 

G 0. 2 • . 4 0. 6 0. a 1 
In ( C p / 9 . 1 - 1 ) 

Fig . 19: Linear co r re l a t ion between lg k / k ° and in (c^/c* + 1) according 

to equation 9 for the m i x t u r e C h ^ C ^ / D M S O (oxime p icra te 13). 

The linear co r r e l a t ion in Fig.19 ( E ^ = 0.863 kcal -mol Κ c* = 9.73 mol- l \ 

co r r e l a t i on coef f i c ien t 0.991 for 14 points) indicates a normal solvent e f fec t by 

DMSO. The c* value as an ind ica tor for the in t e rac t ion w i t h the more polar 

component ranges from medium to large, see (17), just as for a normal solvent 

e f fec t . 

10.4. Calculation of Molar Concentration from Weight Percentages 

Concentra t ions in binary mixtures are of ten given in the l i t e r a t u r e in weigh t %. 

For many purposes, for example for the appl ica t ion of equation 3 or 6, the molar 
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concen t ra t ion of one component is required and this can be ca lcu la ted from the 

densi ty of the mix tu re . However, in many cases the densities at only a few 

concent ra t ions are known. 

The problem can be solved by the appl ica t ion of equation 6, which holds also for 

the densities of binary mix tures (67). This is demonstra ted for the example 

L i C l O ^ / E t h e r , in which the concent ra t ions of L i C I O ^ were needed for po la r i ty 

measurements (see above). The densities for nine salt concentra t ions were taken 

from (37) and p lo t t ed against In (c / c* + 1) as in F ig . 20. 

1 . 3 - 1 

R H O 

I n ( C p / 1 4 . 0 8 + 1) 

Fig.20: Densit ies of solutions of L i C l O ^ in ether (37) as a funct ion of 

In (c / c * + 1) w i t h c as the molar concen t ra t ion of L i C l O . 
Ρ Ρ 4 

( E D = 1.414293, c* = 14.08 m o l / l , p ° = 0.706135, r = 0.99996, 
η = 9). 

Wi th the linear co r re l a t ion of F ig . 15 the density of a solut ion of L i C l O ^ in ether 

can be ca lcu la ted d i r e c t l y and from this the content in weight % is found w i t h 

high precision. 
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The converse ca lcu la t ion of the concent ra t ion from weight % is more compl i ca t ed . 

Therefore equation 6a has to be t ransformed to equation 10 w i t h MW as the 

molecular weight of L i C l O ^ and G the content by weight . 

ρ = E D I n ( c p / c * + 1 ) + p ° [ 6 a | 

c -MW/G = EL.- I n ( c / c * + 1 ) + p ° [ 1 0 ] 
Ρ D p 

6 = E

D ' l n ( c p / c * + 1) + p ° - c p ' I v W / G [ I I ] 

Equation 10 cannot be solved d i r e c t l y to g ive the concen t ra t ion in closed f o r m , but 

by the t r ans fo rma t ion to equation 11 the concen t ra t ion can be i t e r a t i v e l y 

de te rmined using a computer program which min imizes the residue δ . 

10.5. Studies of Reaction Mechanisms 

10.5.1 Solvolysis of t e r t - B u t y l Chlor ide in Ethanol -Water 

The discovery of the Winstein relat ionship (3), wh ich is based on the solvolysis of 

t e r t - b u t y l chlor ide , played a key role in the development of the e m p i r i c a l po la r i ty 

concept . Subsequently Winstein studied the inf luence of t empera ture on the 

solvolysis of t e r t - b u t y l chlor ide in e thano l /wa te r mix tures (95). The free energy of 

a c t i va t i on , AG^, of this reac t ion increases as a monotonic funct ion, w i t h o u t s t rong 

curva ture , as the water content of the m i x t u r e is increased: the course of Δ H ^ a n d 

AS^, however, is more complex and max ima and m i n i m a occur (see Fig.21). 

This unusual and surprising behaviour led to numerous speculations (10,23,93,96-101) 

and an explanat ion has been given in (17). It seems to con t rad ic t experience that 

the A G ^ value, which is composed of enthalpy and entropy terms, has a s imple 

funct ional course, whi ls t the apparent ly s impler quant i t ies Δ Η ^ and A S ^ appear so 

compl i ca t ed . Since the solvolysis of t e r t - b u t y l ch lor ide is sensi t ive to p o l a r i t y 

changes in the medium, an analysis of Winstein and Fainberg's measurements using 

equat ion 6 appears appropriate . As shown in Fig.22, the free enthalpy o f a c t i v a t i o n 

A G ^ g g of the solvolysis of t e r t - b u t y l ch lor ide in e thano l /wa te r mixtures and the 
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correspondingly propor t ional quant i t ies In l ^ g g o r ^ c a n ^ e described quan t i t a t ive ly 

by equation 6 as a funct ion of composi t ion . 

Fig.21: Thermodynamic data for the solvolysis of t e r t - b u t y l ch lor ide in 

e thanol -wate r (95). 

A n in te res t ing point is, as w i t h other po la r i ty scales (see sect ion 5), that two 

regions of va l i d i t y of equation 6 are observed w i t h a c r i t i c a l t r ans i t ion point at c^ 

* 25 m o l / l (double lines). Thus the free enthalpy of a c t i v a t i o n shows nothing 

anomalous. The high precision of Winstein 's k ine t i c measurements must be stressed; 

this is expressed by the c o n f o r m i t y of the exper imenta l points to the lines in Fig . 

22. 

The ac t i va t i on enthalpy ΔΗ 1 and the ac t i va t i on entropy Δ S ' o f the react ion were 

ca lcu la ted from the ra te constants at only t w o temperatures (95); in the range 0 

to 45 vo l . % wate r at 2 5 ° and 5 0 ° C and in the range of 50 to 100 vo l . % wate r 

at 0 ° and 2 5 ° C . I t can be shown tha t equation 6 holds for the series of 
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measurements at 0 ° C and 5 0 ° C (see Table 7); thei r and c* values are only 

s l igh t ly d i f fe ren t from the measurements at 2 5 ° C . 

AS' 

In (cD/c*+ 1) 

Fig.22: Analysis of solvolysis data of t e r t - b u t y l ch lor ide in e thanol -water 

according to equation 6. 

Table 7: A p p l i c a t i o n of equation 6 to the Winstein scale. 

Range b) c) c* d) yO e) 

25 I 2.9 11.6 -1.79 0.9991 9 

50 I 2.4 9.7 -0.52 0.9998 7 

0 II 2.6 0.001 (-26.9) 0.9845 12 

25 II 2.7 0.001 (-26.1) 0.9935 10 

( A H + ) b ) I -0.944 1* 0.26 ( 2 6 . 1 ) h , i ) 0.9996 6 

a) Tempera tu re in ° C . b) See t ex t , c) In Y units, d) m o l / l . e) ex t rapo la ted Y 

value for e thanol . f) Cor r e l a t i on coe f f i c i en t , g) Number o f points, h) A c t i v a t i o n 

energy, i) In k c a l / m o l . 
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The change of tempera ture from 0 ° to 5 0 ° C for the ca lcu la t ion of the ac t iva t ion 

data was conducted in water concentra t ions of ca. 25 m o l / l (the second 

tempera ture was 2 5 ° C in al l cases). By chance this value coincides approximate ly 

w i t h the value of c, corresponding to the in te rsec t ion point of the two lines in 

+ 
Fig . 22. Based on this the course of the funct ional curve of Δ Η 1 in Fig . 21 can be 

charac te r ized . 
For c < c^ (region I , Δ Η ^ ~ In 1^98 - In ^ 3 2 3 ) ' A H ^ is a monotonic funct ion of 

Ρ ο 
the water content . The E^ and c* values of In k are only s l igh t ly d i f fe ren t at 25 

and 50 C. Thus even the solvent dependence of ΔΗ ' is approximate ly described by 

equation 6 ( table 7). In this co r re l a t ion the expansion of the l iqu id must be taken 

into account, since at a given concent ra t ion in vol % the molar wa te r content is 

tempera ture dependent. 

In the region c p * c^ a number of factors cause Δ Η ^ to have a rather complex 

dependence on concen t ra t ion . Going beyond c^, the t empera tu re dependence o f 

composi t ion and the t empera tu re change have the e f fec t tha t the individual 

measurements for de te rmin ing Δ Η ^ are made par t ly in region I and region I I . This 

+ 
results in the unusual funct ional course of Δ Η 1 . 
Final ly , in the region c > c, (region II) a monotonic dependence of the Δ Η ^ ρ κ 

values on the solvent composi t ion is observed, as in region I . The addi t ional 

maximum at very high wate r content may be a result of mix ing problems and w i l l 

not be discussed here; this is dealt w i t h in (96,102). The concen t ra t ion dependence 

of A S ^ (Figs. 22 and 23), can be explained in an analogous manner to the 
dif ference between A H ^ and A C J . 

The solvolysis of t e r t - b u t y l ch lor ide in e thanol-water , discussed here at length, is 

charac te r i s t i c of other solvolysis react ions in solvent mix tures (23,101-102,103-104), 

which can be t rea ted in a s imi la r way, and is also generally typ ica l of mechanist ic 

studies in them. Fur the rmore the reference point of the Y scale, 80 vol % 

e thanol /water , may present problems i f the t empera tu re d i f fers substant ia l ly from 

2 5 ° C . 

Another result o f the previous analysis is of general in teres t : for react ions 

influenced by the po l a r i t y o f the medium, the free energy o f ac t iva t ion , A G ^ , 

should, at least in solvent mixtures , be a s impler parameter than Δ Η ^ and Δ S^, 

since these always conta in cont r ibu t ions f rom the the rma l expansion of the l iqu id 
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which are not react ion-speci f ic . Special a t t e n t i o n is therefore required when a 

solvent m i x t u r e exhibi ts two regions of v a l i d i t y of equation 6 (cf. also sect ion 5.). 

10.5.2 Non-l inear Winstein Relationships 

The results just ment ioned lead to other appl icat ions of equation 4 to mechanist ic 

studies: linear co r r e l a t i on o f a process w i t h the Winstein re la t ionship is of ten used 

as a mechanis t ic c r i t e r i o n , by analogy to other linear free energy (LFE) 

relat ionships, e.g. see (3,105-108). In the f i r s t place the value m, the slope of the 

s t ra ight line, is in te rp re ted as a measure o f the sens i t iv i ty of the reac t ion studied 

to solvent po la r i ty ef fects and is of ten re la ted to increase or decrease o f charge 

separation leading to the t rans i t ion state. Fur the rmore , a l inear c o r r e l a t i o n over a 

large range of solvent p o l a r i t y is used as an ind ica t ion o f un i fo rm react ion 

mechanism in d i f f e ren t solvents. In order to obta in a suf f ic ien t number of 

measurements, reactions are usually studied using solvent mixtures , o f t en ethanol-

water . 

As the po la r i ty of these mix tures is governed by equation 6, i t seems w o r t h w h i l e 

to redefine the previously ment ioned mechanis t ic c r i t e r i a on the basis o f equation 

6. 

From equation 6, the slope m of a re la t ionship between two polar i ty-dependent 

processes P j and P 2 is described by equation 12. 

d P . E n | ( c + c* ) 
η = = - ^ - 2 2 — [ 1 2 ] 

d P 2 E D 2 ( c p + C V 

A good linear re la t ionship between Pj and P 2 requires that the slope m in 

equat ion 12 is independent of c , and hence one of the fo l lowing three condit ions 

must be fu l f i l l ed : 

1. The c* values o f both processes are s imi l a r ( c* j Ä c *2^- ^he t e r m s o f 

equat ion 12 in brackets are very s imi la r and the slope is concen t ra t ion 

independent. The loga r i thmic t e rm in equation 6 has an approx imate ly equal 

numer ica l value in both cases for a given value o f c . Consequently, P j and 

P 2 are l inear ly dependent. 

2. The c* values are d i f fe ren t in both cases, but considerably larger than c ^ ™ 3 * 

( c * p c* 9 >> c m a x ) . The c values in equation 12 become small compared 
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to the c* values for any exper imenta l ly possible concen t ra t ion and the slope 

becomes concent ra t ion independent. Equation 6 can be expanded both for Pj 

and P 2 as a Taylor series, which as usual is t runcated . A l inear relat ionship 

between Ρ and c results, and l ikewise a linear re la t ion between P . and P 0 . 

3 . The c* values are d i f f e ren t , but both very smal l compared w i t h 

exper imenta l ly re levant concentra t ions . Equat ion 12 can s impl i f i ed by 

neglect ing the c* values and m becomes independent of c p . In each case Ρ 

and In c are l inear ly dependent and therefore also P . and P ? . 

One of these three condi t ions is o f ten f u l f i l l e d . However, i f a non-l inear 

re la t ionship is found, e.g. w i t h the Winstein scale, it does not necessarily fo l low 

t h a t there is a change in mechanism, or even that a continuous t rans i t ion f rom 

one mechanism to another occurs upon vary ing the medium, cf . also (109). This 

i n f o r m a t i o n is only obtained by e s t ima t ing the c* values. 

Even more c o m p l i c a t e d is the influence of the solvent and its dependence on c p 

when mixtures w i t h c r i t i c a l t r ans i t ion points (double lines) are used. These are 

observed pa r t i cu l a r ly when solvolysis react ions are ca r r i ed out in frequently-used 

b inary mix tures such as acetone-water , 1,4-dioxan-water and e thanol -wate r (see 

Table 2) (19,65). An example for the m i x t u r e e thanol -water is described here. 

Bent ley , Brown and coworkers (110) studied the solvolysis of isopropyl, cyc lohexyl , 

and 2-adamantyl tosylates in e thanol -water . The free energies of ac t iva t ion show 

good linear co r r e l a t i on w i t h the Y scale up to a wa te r content o f ca. 50%. A t 

higher wa te r contents , substantial deviat ions are observed, which represent a 

regular break in the L F E rela t ionship, F ig . 1 in (110). Nuc leophi l i c solvent 

p a r t i c i p a t i o n w i t h a change in reac t ion mechanism was discussed. This appears to 

be con t rad ic t ed by the behaviour of isopropyl tosylate , which , because i t is hardly 

shielded and easily accessible to nucleophi l ic a t tack , shows the smallest deviat ions. 

These were f ina l ly a t t r i b u t e d to a specif ic solvat ion of the leaving anion, since the 

corresponding mesylates show linear relat ionships w i t h the Y scale. 

The solvolysis data can be analysed on the basis of equation 6 . The break in LFE 

re la t ionship is observed at a water content of ca. 50% and can be in te rpre ted as a 

c r i t i c a l t r ans i t ion point (see section 5). Since s imi la r c* values are found for the 

solvolysis of t e r t - b u t y l ch lor ide (Y scale) and the various tosylates, a discussion of 

the E n values according to equat ion 12 is su f f ic ien t . For t e r t - b u t y l chlor ide and 
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cyc lohexyl mesylate (Table 8, Nos. 1 and 2), the r a t i o of the values is almost 

equal in region I and 11. Thus an approximate LFE relat ionship is observed for the 

en t i r e wa te r concen t ra t ion range. The r e l a t i ve ly low E ^ value o f No. 2 even 

explains the sl ight deviat ions at high wa te r contents. 

Table 8: Solvolysis (95,110) in solvent m i x t u r e at 2 5 ° C . 

No. Substrate Region I Region 11 

E D I c * l In k m Ε c* c II In k 0 1 , 

a) b) c) a) b) c) 

1 t e r t - B u t y l chlor ide 6.7 11.6 -16.1 6.3 0.001 -7.16 

2 Cyc lohexy l mesylate 4.7 10.8 -17.3 4.6 ( 0 . 0 0 1 ) d ) -
3 2 -Adaman ty l tosylate 4.7 8.3 -21.6 9.9 0.001 -11.7 

4 2-Propyl tosyla te 3.2 12.9 -14.7 5.0 (0 .001 ) d ) -
5 Cyc lohexy l tosyla te 8.3 32.8 -16.8 7.7 0.001 -9.1 

a) In In k2^g units , b) In m o l / l . c) Value for pure alcohol ex t rapola ted f rom 

equat ion 6. d) Es t imated , since too few points are avai lable for ca lcu la t ion . 

The tosylates, however, behave qui te d i f f e r e n t l y (Table 8, Nos. 1,3, and 4). The 

much higher values of E ^ in region II result in L F E relat ionships whose slopes are 

almost tw ice as large as those in region I . Therefore , breaks in the relat ionships 

must exist at c^, F ig . 1 in (110). The c* value of cyc lohexy l tosylate (Table 8, 

Nos. 1 and 5) no longer coincides w i t h that o f No. I . Approp r i a t e ly the resul t ing 

LFE re la t ionship is considerably worse. In this case a s imple comparison of the E ^ 

values is not suf f ic ien t . De ta i l ed analysis, however, shows, that No. 5 behaves in 

the same way as Nos. 3 and 4. The solvolysis reac t ion in acetone -water mix tu res 

can be analysed in an exac t ly analogous manner. 

Sridharan and V i t u l l o (108) studied the solvolysis of geminal dihalides in 1,4-dioxan-

wate r . Here, also, the L F E relat ionship w i t h the Y scale turned out to be non

linear, w i t h t w o s t ra igh t lines. This was a t t r i b u t e d to a change of reac t ion 

mechanism and t rans i t ion to nucleophi l ic solvent p a r t i c i p a t i o n . I t can be shown, 
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however, that the c r i t i c a l t rans i t ion point of 1,4-dioxan-water mix tures coincides 

w i t h the point of in te rsec t ion of the two lines. 

The last examples show that the existence of an LFE relat ionship is only a l i m i t e d 

mechanist ic c r i t e r i o n for s tudying solvent dependent processes in solvent mixtures . 

Therefore , when examining such processes, binary mixtures should be checked for 

c r i t i c a l t rans i t ion points. 

10.6 Further Applications 

By means of equation 3 or 6 the po la r i ty o f a medium can be exac t ly adjusted to 

a problem, when reac t ion mechanisms are d i f fe ren t in polar or non-polar media. A n 

example is the thermolysis of percarboxyl ic esters, for a rev iew see (111), which, 

in non-polar media, general ly proceeds h o m o l y t i c a l l y w i t h radical fo rmat ion ; in 

polar media, however, he tero ly is occurs according to the Criegee mechanism. I f 

generat ion in polar media is desired, i t is advantageous to adjust the po la r i t y of 

the medium to a point at wh ich homolysis just prevails . 

In other cases, where the addi t ion of a small amount of polar addi t ive should 

enhance the solvent po la r i t y as much as possible (53), c* plays a key role. I f c p < 

c*, the po la r i ty is s t rongly dependent on c , but i f c > c* this is t rue only to a 

smal l ex ten t (the re la t ionship is roughly loga r i t hmic ) . In order to employ a 

m i n i m u m of polar addi t ive , c p should be adjusted to approximate ly c* ( i f c* is 

small) . 

Other applications are in chromatographic methods, where small amounts of polar 

add i t ive increase the po la r i ty of a solvent markedly, or are in polymer chemis t ry 

where one can get more i n fo rma t ion about the parameters o f copo lymer i za t ion by 

the appl ica t ion of the knowledge about binary mixtures . 

11. O U T L O O K - F U R T H E R E X T E N S I O N S 

A p a r t f rom the previously described areas of chemis t ry , equation 6 can be u t i l i z e d 

in many others which can only be ment ioned b r i e f ly here. For the polymer 

chemis t ry , equation 6 might be very useful, e.g for the planning and inves t iga t ion 

of copolymerisates, addit ives of polymers and polymer blends. 

Ano the r f ie ld is the extension of the equation to te rnary and even more complex 

mixtures . I n i t i a l exper imenta l results demonstra te tha t this is in pr inc ip le possible 

though there are compensating effects (112). 
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Fina l ly , the equation might be extended even to explain the po la r i ty o f a single 

pure substance. This has been demonstra ted for pure gases (66) and n-alkanols 

(113). The l a t t e r can be thought to be a binary m i x t u r e o f the polar OH-group 

w i t h the hydrocarbon residue. If one calculates the molar concen t ra t ion of the OH-

groups in pure alcohols from molecular weight and density the same behaviour as 

w i t h a binary m i x t u r e of alcohols and a l ipha t ic hydrocarbons (113) is found. 

One might expect to be able to ca lcula te the po la r i ty o f a pure substance from 

increments of i ts polar funct ional groups. These calculat ions , however, are non

linear. 
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