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ABSTRACT: The linear solvation energy relationship (LSER) analysis of liquid—liquid distribution constants of 8-hydroxyquinoline and
its derivatives has been performed in terms of hydrophobicity of solutes, property parameters of diluents in the organic phase, and ionic
strength of the aqueous phase. The effect of temperature has been also discussed. The obtained correlations permit the evaluation of
unknown values of distribution constants of 8-hydroxyquinoline and/or its derivatives in the given extraction system. The set of available
systematic experimental data reflects only the effect of temperature on the distribution of 8-hydroxyquinoline and its 2-methyl derivative;
however, the distribution constants of the other 8-hydroxyquinolinols were determined sporadically at the different ionic strengths of the
aqueous phase and lower or higher temperatures than 298 K. The correlation describing the effect of temperature can be used for the raw
estimation of unknown values of distribution constants of 8-hydroxyquinoline and/or its derivatives in the given extraction system within

the temperature range from (20 to 50) °C.

1. INTRODUCTION

8-Hydroxyquinoline and its derivatives are known as che-
lating ligands, forming stable complexes with a great number
of metal ions. In chemical analysis, 8-hydroxyquinoline and its
alkyl and/or halogen-substituted derivatives of different hy-
drophobicities are frequently used as chelating extractants
suitable for separation and preconcentration of trace
elements.' The hydrophobic derivative of 8-hydroxyquinoline
substituted at position 5 with an octyloxymethyl group has
been used for the extractive sezparation and spectrophoto-
metric determination of copper.

Strongly hydrophobic derivatives of 8-hydroxyquinoline,
particularly substituted at position 7 with a long alkyl or
alkenyl group, are important industrial chelating extractants.
Kelex 100 (Ashland, Sherex) is a well-known trade name for an
industrial extractant which has been designed for the extrac-
tion of copper and germanium from acidic solutions and
gallium from alkaline solutions.® ® The active component of
Kelex 100 (Ashland) is 7-(5/,5',7',7'-tetramethyl-1'-octenyl)-
8-hydroxyquinoline. Since 1976, Kelex 100 (Sherex) has
contained  7-(4-ethyl-1’-methyloctyl)-8-hydroxyquinoline.
The next extractant of this kind, Kelex 108 (Sherex), contains
7-(2'-ethylhexyl)-8-hydroxyquinoline.” LIX 26 (Henkel) is
composed of a mixture of 7-alkyl derivatives of 8-hydroxy-
quinoline.® A series of hydrophobic TN extractants substi-
tuted at position 7 with a C;o—C;3 hydrocarbon chain has
been synthesized especially for the separation and recovery of
the platinum group metals. Extractants TN 1911 and TN 2181
contain 7-alkenyl derivatives, whereas TN 2221 and TN 2336
are 7-alkyl derivatives of 8-hydroxyquinolines.”'® Further
examples of highly hydrophobic derivatives of 8-hydroxyquino-
line are 7-(1"-vinyl-1',5',9',13'-tetramethyltetradecanyl)-8-hydroxy-
quinoline and 7-(1'-ethyl-1',5',9’,13'-tetramethyltetradecanyl)-8-
hydroxyquinoline, which exhibit the extraction ability of Cu(II)
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similar to that of Kelex 100."" Special attention has been paid to the
hydrophobicity of S-alkoxymethyl-8-hydroxyquinolines, particularly
to their 2-methyl-, 2-butyl-, and 2-t-butyl derivatives, which are
responsible for the effective extraction of Ga(Ill) from acidic
solutions and its separation from Al(III)."*

It should be noted that different 8-quinolinols and their
complexes with Cu(I) are biologically active. They exhibit
antifungal action'*'® and antimalarian activity'” and inactivate
some types of viruses.'® Recently, a series of compounds with
8-hydroxyquinoline moiety has been synthesized as potential
HIV-1 integrase inhibitors."

The distribution of organic solutes in two-phase liquid systems
depends on the temperature, pH, and concentration of electro-
lytes in the aqueous phase and on the composition of the organic
phase, respectively.

The distribution of 8-hydroxyquinoline, HQ, in organic
solvent—water systems can be written as follows:

HQ () < HQ, (1)

where indices a and o refer to the aqueous and organic phases,
respectively.

The distribution constant, Kp, is expressed as the ratio of
equilibrium concentrations of 8-hydroxyquinoline in both phases:

[HQ,
[HQ],

KD:

(2)

The distribution ratio, D, is defined as the ratio of analytical
concentrations of 8-hydroxyquinoline in both phases:
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Table 1. Distribution Constants of 8-Hydroxyquinoline and Its Derivatives in the Solvent Extraction Systems

solute and solvent

HQ
hexane
hexane
heptane
heptane
octane
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
benzene
toluene
toluene
toluene
toluene
toluene
m-xylene
p-xylene
i-propylbenzene
dichloromethane
chloroform
chloroform
chloroform
chloroform
chloroform
chloroform
chloroform
chloroform
chloroform

chloroform

t

*C

25
25
25
30
25
25
25
25
25
25
35
45
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
35
45
30
25
20
25
25
18
25
25
25
30
35
45
S0
20
25

0.10
0.10
0.10
0.15
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.25
0.25
0.25
0.25
0.50
0.50
0.50
0.75
0.75
0.75
0.75
1.00
1.00
1.00
1.00
125
125
125
1.50
1.50
0.10
0.10
0.10
0.10
0.15
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.20
0.50

log Kpy

1.33
1.34
135
1.34
1.34
2.35
2.42
2.36
2.27
2.32
2.30
2.28
2.41
2.39
2.26
2.2
2.44
2.28
2.29
2.46
2.49
2.28
2.30
2.52
2.51
2.31
2.38
2.55
2.32
2.31
2.58
2.32
221
2.24
222
2.20
2.32
2.12
2.09
2.03
2.58
2.70
2.58
2.63
2.64
2.60
2.60
2.53
2.50
2.37
2.55

ref

25
26
26
27
26
26
28
28,29
28
28
29
29
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28, 30
28
28
28
28
28
26, 31
29
29
29
27
26
32
26
25,26, 31
33
26
29
25,31, 34
33
29
29
29
35
30
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solute and solvent

HQ
tetrachloromethane
tetrachloromethane
1,2-dichloroethane
1,1,22-TCE*
trichloroethylene
chlorobenzene
1,2-dichlorobenzene
nitrobenzene
nitrobenzene
dibromomethane
1-bromobutane
3-pentanone
4-methyl-2-pentanone
4-methyl-2-pentanone
i-pentyl acetate
1-butanol

1-octanol

1-octanol

1-octanol

1-octanol

1-octanol

2-M-HQ

heptane

heptane

heptane

toluene

toluene
dichloromethane
chloroform
chloroform
tetrachloromethane
1,1,2,2-tce”
1,2-dichlorobenzene
3-pentanone
4-methyl-2-pentanone
i-pentyl acetate
1-butanol

1-octanol

4-M-HQ

toluene
dichloromethane
chloroform
chloroform
tetrachloromethane
1,2-dichlorobenzene
3-pentanone
4-methyl-2-pentanone
i-pentyl acetate
1-butanol

1-octanol

1-octanol

t

*C

25
25
25
20
25
25
25
25
3S
25
25
25
25
25
25
25
25
25
20
25
25

25
45
30
25
30
25
25
25
25
20
25
25
25
25
25
25

25
25
25
20
25
25
25
25
25
25
25
25

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.50
0.10
0.10
0

0.01
0.10
0.10
0.10

0.10
0.10
0.15
0.10
0.15
0.10
0.10
1.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.10
0.10
0.10
0.20
0.10
0.10
0.10
0.10
0.10
0.10
0

0.10

22,2554

log Kp

2.05
2.06
2.56
2.64
2.38
2.39
248
2.59
2.58
2.65
2.20
2.18
2.13
2.15
2.24
1.65
1.94
1.97
1.94
1.96
1.85

1.93
2.03
1.90
2.75
2.71
3.10
322
3.16
2.64
3.18
3.00
2.52
2.50
2.61
1.92
2.33

2.77
3.17
3.27
2.65
2.73
3.01
2.52
2.63
2.69
1.96
2.36
2.41

ref

26
25, 31
25
32
25, 31
26
25
29, 30
29
25
25
31
31
30
31
31
22,37
38
32
31
39

40
41
27
31
27
31
31, 34
36
31
32
31
31
31
31
31
31

31
31
31, 34
35
31
31
31
31
31
31
22
31
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Table 1. Continued

solute and solvent

chloroform
5-M-HQ
chloroform
chloroform
chloroform
1-octanol
1-octanol
7-M-HQ
chloroform
7.E-HQ
chloroform
5-0-HQ
chloroform
tetrachloromethane
4,5-DM-HQ
1-octanol
5,7-DM-HQ
chloroform
7-Dodecenyl-HQ
chloroform
1-octanol
5-00M-HQ
heptane
1,2-dichloroethane
2-M-5-MOM-HQ
heptane
2-M-5-EOM-HQ
heptane
2-M-5-BOM-HQ
heptane

heptane
2-M-5-HOM-HQ
heptane

S-F-HQ

heptane

toluene

1-octanol
4-CLHQ
1-octanol
5-CILHQ

heptane

toluene
chloroform
1-octanol
1-octanol
1-octanol
5-Br-HQ.
chloroform
S-1-HQ
chloroform

1-octanol

*C
25

25

20

25

25

25

25

25

25
25

25

25

25
24

25
25

25

25

25
45

25

30
30
25

25

30
30
25
25
25
25

25

25
25

I
1.00

0.10

0.20
1.00

1.00

1.00

0.10
0.10

0.10
1.50

0.10
0.10

0.10

0.10
0.10

0.15
0.15

0.15
0.15
0.10

0.01
0.10

0.10

0.10
0

“1,1,2,2-TCE: 1,1,2,2-tetrachloroethane.

log Kp
2.49

3.28
2.83
3.19
2.37
2.38
3.38

427

5.52
4.92

2.71

3.38

5.52
6.70

4.60
S.00

1.63

1.97

3.23
3.35

427

1.68
2.41
2.30

2.67

2.30
3.11
3.32
291
2.88
2.51

3.51

3.75
3.27

ref

36
42
35
36
22
37
36

36

43
43

22

44

45
46

47
47

48

40

40
41

40

27
27
49

22

27
27
34
37
38
39

34

34
37,49
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solute and solvent

5.NO,-HQ
benzene
chloroform
chloroform
tetrachloromethane
1,2-dichloroethane
carbon disulfide
1-octanol
4-NH,-HQ
1-octanol
5,7-DCLHQ
toluene
chloroform
tetrachloromethane
chlorobenzene
5-Cl-7-1-HQ
chloroform
5,7-DBr-HQ
benzene

toluene
chloroform
chloroform
tetrachloromethane
1,2-dichloroethane
diethyl ether

butyl acetate
1-butanol
5,7-DI-HQ
chloroform
2-M-5,7-DCI-HQ
hexane

hexane

hexane

hexane

hexane

hexane

hexane

hexane

benzene
chloroform
chloroform
chloroform
chloroform
chloroform
chloroform
chloroform

chloroform

=C

25
25
25
25
25
25
25

25

25
25
25
25

25

25
25
25
20
25
25
25
25
25

25

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

0.01
0.01
0.10
0.01
0.01
0.01
0.01

0.10
0.10
0.10
0.10

0.10

0.10
3.00

o O © O

0.10

0.10
0.50
1.00
1.00
1.00
1.00
2.00
3.00
0.10
0.10
0.50
1.00
1.00
1.00
1.00
2.00
3.00

log Kp

2.53
2.81
2.64
1.85
2.70
1.89
1.98

—0.11

3.25
3.86
321
3.68

2.29
227
4.15
4.35
2.02
2.57
2.12
2.29
1.54

4.15

3.37
3.33
3.35
3.54
3.39
3.51
3.33
3.67
4.34
4.55
4.59
4.52
4.87
4.70
4.86
4.51
4.90

ref

50
50
34
50
50
NU
38

22

43
51
43
43

52

52
52
S1
S3
52
52
52
52
52

S1

54
54
54
54
54
54
54
54
54
54
54
54
54
54
54
54
54
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Table 2. Test Set of Distribution Constants of 8-Hydroxyquinoline and Its Derivatives in the Solvent Extraction Systems>*>">*~%

t t
solute and solvent *C I log Kp, ref solute and solvent °C I log Kpy ref
HQ 5-PrOM-HQ
heptane 45 0.10 1.3 SS heptane 25 0.10 222 60
octane 25 0.10 133 56 chloroform 25 0.10 3.98 60
toluene 20 0.01 1.94 57 1,2-dichloroethane 25 0.10 345 58
tetrachloromethane 20 1.00 2.10 30 5-BuOM-HQ
tetrachloromethane 20 1.00 1.97 30 heptane 25 0.10 2.73 60
tetrachloromethane 30 0.10 2.30 30 5-POM-HQ
1,2-dichloroethane 20 1.00 2.49 30 heptane 25 0.10 342 60
1,2-dichloroethane 20 1.00 2.25 30 toluene 25 0.10 4.37 61
1,2-dichloroethane 25 0.10 2.26 58 chloroform 25 0.10 513 60
4-methyl-2-pentanone 25 0.10 2.18 30 1,2-dichloroethane 25 0.10 4.52 S8
dioctyl phtalate 25 0.10 1.78 59 5-HOM-HQ
Octane/1-Octanol heptane 25 0.10 3.94 60
xron = 0.050 25 0.10 1.41 56 heptane 45 0.10 3.51 5SS
xron = 0.163 25 0.10 1.50 56 5-O0M-HQ
xron = 0.325 25 0.10 1.64 56 heptane 25 0.10 5.08 60
xron = 0.643 25 0.10 1.82 56 1,2-dichloroethane 25 0.10 >5 58
3-methyl-1-butanol 25 0.10 1.79 31 dioctyl phtalate 25 0.10 4.38 59
3-methyl-1-butanol 25 0.50 1.79 30 2-M-5-BOM-HQ
3-methyl-1-butanol 25 1.00 1.80 30 heptane EN 0.10 335 SS
3-methyl-1-butanol 25 1.00 1.85 30 2-M-5-HOM-HQ
3-methyl-1-butanol 25 2.00 1.97 30 heptane 4S 0.10 4.08 SS
3-methyl-1-butanol 25 2.00 2.09 30 S-F3EOM-HQ
3-methyl-1-butanol 25 2.00 2.00 30 heptane 45 0.10 1.33 N
3-methyl-1-butanol 25 2.00 1.95 30 5-Cl-8-HQ
3-methyl-1-butanol 25 2.00 1.85 30 heptane EN 0.10 227 S5
1-octanol 25 0.10 1.94 56 1-octanol 37 0.10 2.57 62
2-M-HQ 5,7-DCI-HQ
heptane 45 0.10 2.03 SS chloroform 18.5 1.00 3.55 63
3-methyl-1-butanol 25 0.10 2.13 31 chloroform 18.5 1.00 3.93 63
4-M-HQ chloroform 25 0.10 4.05 30
3-methyl-1-butanol 25 0.10 2.19 31 pentyl acetate 25 0.10 3.70 30
5-MOM-HQ 5,7-DI-HQ
heptane 25 0.10 1.03 60 chloroform 18.5 1.00 4.03 63
toluene 25 0.10 2.13 61 2-M-5,7-DCI-HQ
chloroform 25 0.10 2.88 60 3-methyl-1-butanol 25 0.10 3.29 54
1,2-dichloroethane 25 0.10 2.56 58
5-EOM-HQ
heptane 25 0.10 148 60
1,2-dichloroethane 25 0.10 2.86 58
b _ Q) 3) HQ ) < Hf) + Qg Kz (6)
CHQ(a)
In acidic solutions 8-hydroxyquinoline is protonated, and its HT][Q ],
cationic form, H,Q", behaves as a weak diprotic acid: Ko = W (7)
HZQ—z;) < HQq) + H?ra) Ka (4) The analytical concentration of 8-hydroxyquinoline in the aqu-
eous phase is equal to the sum of equilibrium concentrations of
. its neutral and ionic species:
. _ [, . ]
QY o = Q'] + [HQJ, + [Q7], (8)

3974 dx.doi.org/10.1021/je2003397 |J. Chem. Eng. Data 2011, 56, 3971-3983
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From eqs S, 7, and 8, it follows that:

cnay = a2k 4 g, + Kaz—[;%L
[H'], Ka
= [HQ], <K +1+ [H+]a> (9)

Assuming that 8-hydroxyquinoline does not associate in the
organic phase, one can write:

(o) = [HQJ, = Kp[HQ], (10)
The substitution of eqs 9 and 10 into eq 3 leads to the expression:

K
D=—— D (11)
[H ]a + 1 + Kﬂz
Ky [HT]

a

which permits us to evaluate the distribution ratio of 8-hydro-
xyquinoline within the whole range of pH of the aqueous phase
from the corresponding values of distribution constant and both
dissociation constants. The above considerations are also valid
for other 8-quinolinols because their behavior in the extraction
systems is similar to that of 8-hydroxyquinoline.

The diluents applied in metal extractions influence both the
physical properties of the organic phase (e.g, density and
viscosity) and the interfacial Gphenomena, as well as extrac-
tion equilibria and kinetics."**° Solvating and nonsolvating
diluents are used in metal extraction systems involving
8-quinolinols."*'""'* The distribution constants of drugs in
cyclohexane—water, chloroform—water, and 1-octanol—water
systems are used to characterized their lipophilicity.”" Also, the
biological activity of compounds involving 8-hydroxyquinoline
moiety has been correlated with their distribution constants in
the 1-octanol—water system.'*?

The empirical model of solvent effects developed by Kamlet
et al” can be used for interpretation of the effect of diluents
upon phenomena and processes governing an extraction system.
In the previous paper™* this model has been applied for the
analysis of liquid—liquid distribution constants of 8-hydroxyqui-
noline, its 2-, 4-, and S-methyl derivatives, and Kelex 100
(Ashland) in 20 organic solvent—water systems, using three
aliphatic and four aromatic hydrocarbons, nine halogenated
aliphatic and aromatic hydrocarbons, 4-methyl-2-pentanone, i-
pentyl acetate, 1-butanol, and 1-octanol. The present work deals
with the following subjects: (i) the hydrophobicity and lipophi-
licity of 8-quinololinols of different structures, which are the
factors governing their distribution in a given system of organic
solvent/water or aqueous solution; (ii) an analysis of solvent and
ionic strength effects on the distribution of 8-hydroxyquinolines
at 25 °C; (iii) the effect of temperature on the distribution of
different 8-quinolinols.

The structures and names of considered 8-quinolinols are
indicated in Appendix A. The distribution constants of 8-hydro-
xyquinoline and its derivatives determined experimentally in
organic solvent/water and/or organic solvent/aqueous solution
systems®>*> % are collected in Tables 1 and 2.

2. MODELS AND COMPUTING

The model of Kamlet and Taft of solvents effects is a multi-
parametric linear model:

Table 3. Dimensionless Solvatochromic Parameters>>®* %
and Cohesive Energy Density of Solvents®
O
solvent a B T MJ-m

hexane 0.00 0.00 —0.04 225.00
heptane 0.00 0.00 —0.08 231.04
octane 0.00 0.00 0.01 243.36
benzene 0.00 0.10 0.59 353.44
toluene 0.00 0.11 0.54 334.89
i-propylbenzene 0.00 0.12 0.51 327.61
m-xylene 0.00 0.12 0.47 334.89
p-xylene 0.00 0.12 0.43 327.61
dichloromethane 0.13 0.10 0.82 392.04
chloroform 0.20 0.10 0.58 357.21
tetrachloromethane 0.00 0.05 0.28 309.76
1,2-dichloroethane 0.00 0.10 0.81 416.16
1,1,2,2-tetrachloroethane 0.00 0.00 0.95 392.04
trichloroethylene 0.00 0.05 0.53 353.44
chlorobenzene 0.00 0.07 0.71 380.25
1,2-dichlorobenzene 0.00 0.03 0.8 416.16
nitrobenzene 0.00 0.30 1.01 497.29
dibromomethane 0.00 0.00 0.92 441.00
1-bromobutane 0.00 0.13 0.5 316.84
diethyl ether 0.00 0.47 0.27 228.01
3-pentanone 0.00 0.45 0.72 324.00
4-methyl-2-pentanone 0.02 0.48 0.65 313.29
butyl acetate 0.00 045 0.46 302.76
pentyl acetate 0.00 045 0.46 302.76
i-pentyl acetate 0.00 0.45 0.49 292.41
dioctyl phthalate 0.04 0.39 0.65 331.24
1-butanol” 0.85 0.81 0.68 827.00
1-pentanol” 0.80 0.78 0.63 625.00
1-octanol” 0.81 0.77 0.52 500.00
carbon disulfide 0.00 0.07 0.61 420.25

“ Alcohols saturated with water.

log P = f(*,a,B,01”) (12)

where P stands for a solvent-dependent property of solute.
Model 12 operates with the dimensionless parameters of di-
polarity/polarizability (77*) and hydrogen-bond donating (c) and
accepting (/3) abilities of solvents.”>**~% The cavity formation term
in this model is proportional to the cohesive energy density of
solvents expressed as a square of their Hildebrand solubility
parameters, 5H.69 According to Melrcus,65767 the organic solvents
saturated with water can be considered as “dry” and “wet” solvents,
respectively. The “dry” water-saturated solvents exhibit substantially
the same properties as neat solvents when the mole fraction of water
does not exceed 0.13. The typical “wet” solvents are higher alkanols,
for example, 1-butanol and 1-octanol.5¢’

In the present work, the property P denotes the distribution
constants, Kp, of all 8-quinolinols as solutes partitioned between
the phases of an extraction system. The property parameters of
considered organic solvents are given in Table 3. The unknown
property parameters of water-saturated 3-methyl-1-butanol have

3975 dx.doi.org/10.1021/je2003397 |J. Chem. Eng. Data 2011, 56, 3971-3983
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Table 4. Molar Intrinsic Volumes, V,, Hydrophile—Lipophile Balances, HLB®®, of 8-Hydroxyquinoline and Its Derivatives’°

Vs
solute cm’-mol ! HLB®®
HQ 110.30 6.28
2-M-HQ 124.39 5.81
4-M-HQ 124.39 5.81
5-M-HQ_ 124.39 5.81
6-M-HQ 124.39 5.81
7-M-HQ 124.39 5.81
7-E-HQ 138.48 5.33
7-Pr-HQ 152.57 4.86
7-i-Pr-HQ_ 152.57 4.86
7-Propenyl-HQ 148.27 5.00
7-Allyl- HQ 148.27 5.00
2-B-HQ 166.66 4.38
7-sB-HQ 166.66 438
7-+B-HQ 166.66 438
7-s-P-HQ_ 180.75 391
5-0-HQ 223.04 248
7-Dodecenyl- HQ 275.08 0.73
2,4DM-HQ 138.48 533
2,7-DM-HQ 138.48 5.33
3,4-DM-HQ 138.48 5.33
4,5-DM-HQ_ 138.48 5.33
5,7-DM-HQ_ 138.48 5.33
3-i-Pr-4-M-HQ 166.66 4.38
5-MOM-HQ 144.35 6.64

,71

|
solute cm’-mol ! HLB®®
S-EOM-HQ 158.44 6.16
5-PrOM-HQ 172.53 5.69
S-BOM-HQ 186.62 5.22
S-POM-HQ 200.71 4.74
S-HOM-HQ 214.80 4.27
5-OOM-HQ 242.98 3.31
S-F3EOM-HQ 163.72 5.98
2-M-5-MOM-HQ 158.44 6.16
2-M-5-EOM-HQ_ 172.53 5.69
2-M-5-BOM-HQ_ 200.71 4.74
2-M-5-HOM-HQ 228.89 3.79
2-M-5-OOM-HQ 257.07 2.84
S-F-HQ 112.06 6.22
4-CLHQ 122.54 5.87
S-CI-HQ 122.54 5.87
S-Br-HQ_ 127.80 5.69
S-I-HQ 142.68 S.19
5-NO,-HQ 127.72 5.70
4-NH,-HQ 120.28 7.45
5,7-DCI-HQ 134.78 5.46
5-Cl-7-I-HQ 148.37 5.00
5,7-DBr-HQ. 145.30 S.10
S5,7-DI-HQ 161.96 4.54
2-M-5,7-DCI-HQ 148.87 4.98

been assumed to be the same as those of water-saturated
1-pentanol.

According to McGowan,”®”" the hydrophile—lipophile bal-
ance, HLB, of a given 8-hydroxyquinolinol is defined as follows:

HLB = 7 —0.0337V, + 1.5n (13)

where V, is its molar intrinsic volume and n denotes the
number of oxygen and nitrogen atoms which are able to
interact with molecules of water. There are the alkyl-, alke-
nyl-, and halogen derivatives of 8-hydroxyquinoline, involv-
ing only a nitrogen atom in the pyridyl ring and an oxygen
atom in the hydroxyl group of the phenyl ring. Therefore, for
these solutes the parameter # in eq 13 is equal to 2. Alkyloxy-
methyl derivatives of 8-hydroxyquinoline, however, involve
one nitrogen atom in pyridyl ring and two oxygen atoms of
substituents. As a result, the parameter n in eq 13 for alkylox-
ymethyl-8-hydroxyquinolines is equal to 3. Let us compare
now the hydrophobicity of 4-amino-8-hydroxyquinoline and
S-nitro-8-hydroxyquinoline. The molar intrinsic volumes of
these compounds are equal to (120.28 and 127.72) cm®-mol ",
respectively. However, 4-amino-8-hydroxyquinoline is more
hydrophilic than S-nitro-8-hydroxyquinoline since its distribu-
tion constant in octanol/water system (I = 0) is 2 orders of
magnitude lower than that of S-nitro-8-hydroxyquinoline in the
octanol/aqueous solution (I = 0.01) system. This behavior of
4-amino-8-hydroxyquinoline is justified since its HLB is deter-
mined, taking the parameter n equal to 3, in accordance with
two nitrogen and one oxygen atoms involved in its molecule,
whereas the value of HLB of S-nitro-8-hydroxyquinoline has

been calculated assuming that parameter n in eq 13 is equal to 2,
irrespective of nitrogen and oxygen atoms involved in the NO,
group. The latter assumption seems to be justified since the
nitro group is an electron-withdrawing substituent; however, its
polar character and ability to form the hydrogen bonds with
donors of protons do not promote the solubility of nitro
compounds in water and aqueous solutions.”> The molar
intrinsic volumes and HLB of considered 8-hydroxyquinolinols
are listed in Table 4.

The distribution constants of different 8-quinolinols can be
correlated with the property parameters of solvents and corre-
sponding values of molar intrinsic volumes or HLB:

log Kp = f(JT*, Q, ﬂ; (SHZ) Ve sz) (14)

log Kp = f(*, a,8,0u", HLB, HLB?) (15)

where the squared V, or HLB are the empirical correction terms
for the negative deviations from the straight line dependences log
Kp versus V,, or HLB.”>~77

The effect of solvents on the distribution constants of different
8-quinolinols, which differ in the number of oxygen and nitrogen
atoms in their molecules, is adequately described by the model in
eq 1.

The ionic strength of the aqueous phase has been calculated
from the formula:

1
I= > Z cizf (16)
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where ¢; and z; stand for the molar concentration and charge of i-
th ion. Its effects upon the distribution constants of considered
8-quinolinols in a given system involve only the negligibly small
contribution of their dissociation and can be considered in terms
of the extension of the Hiickel—Debye equation.”® The exten-
sion applied in the present work is based on the linear combina-
tion of terms (I'’?)/(1 + 1'/?), I, and %, respectively. It is known
from a few decades of the previous century and was applied for
the description of the ionic strength's effect on the equilibria in
aqueous solutions.”” !

At a constant ionic strength of the aqueous phase, the
following dependence of distribution constant, Kp, on tempera-
ture:

dlog K AH
gogtp 27D (17)
a(1/T) 2.303R

makes possible the evaluation of thermodynamic functions of
distribution of 8-hydroxyquinolinol between the organic and the
aqueous phases of a given system. Assuming that the enthalpy
change of distribution is constant over the whole range of
temperature studied, its value can be found from the plot of
log Kp, versus 1/T. Then, the free enthalpy and entropy changes
of distribution can be easily calculated:

AGp = — 2.303RT log Kp (18)

Asp = Ao~ AGD (19)
T

At a constant ionic strength (0.1 M NaClO,) of the aqueous
phase, the enthalpy and entropy of 8-hydroxyquinoline distribu-
tion depend on the properties of organic solvents® and differ
from those which are characteristic for 2-methyl-8-hydroxyqui-
noline in the system with 1,1 ,2,2-tetratrochloroethane.>>3
Sporadically, the distribution constants of the other 8-hydroxy-
quinolinols were determined at the different ionic strengths
of the aqueous phase and lower or higher temperatures than
298 K.273394146:53,55,57,6263 A 4 result, the effect of tempera-
ture upon the distribution constants of different 8-hydroxyqui-
nolinols has been expressed according to the following model:

11/2
log Kp = ¢[(HLB, HLB?, LI, a, 3, 6H2) /T]

(20)

The liquid—liquid distribution constants of 8-hydroxyquino-
line and its derivatives from Tables 1 and 2 have been used as a
training and test sets, respectively. All calculations have been
performed as previously described”*”*~”” by means of multiple
regression analysis and the procedure of the stepwise selection.
The selected explanatory variables can be arranged in descending
order of their statistical importance, and consequently, some of
them can be considered as of primal or secondary statistical
significance. The assessment of statistical validity of derived
correlations has been made applying the values of the determina-
tion coefficient (R?), standard deviation (SD), and test function,
F, of Fisher—Snedecor (F-statistics) calculated for the N experi-
mental point. The predictive power of these correlations has
been also evaluated by means of the internal ( Q%) and external
(q%) cross-validation coefficients, respectively. The values of Q”
coeflicients have been calculated agplying the training set of
data and leave-one-out method.**® The test set of data, not

5,0 =
4,0 4
3,0 4
2,0
1,0 A
0,0 4
-1,0 4
2,0 -
-3,0 . T T T T T .
0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0

pH

log D

Figure 1. Distribution ratio of different 8-quinolinols: ¢, 2-M-5-HOM-
HQ; A, 2-M-5-BOM-HQ; @, 8-HQ; as a function of pH of the
aqueous phase.

6,0 -
5,0 +

4,0 4

log K,

3,0 4

2,0 q

1.0 . . . \
100,0 140,0 180,0 220,0 260,0
|4

X

Figure 2. Dependence of distribution constants on the molar intrinsic
volumes of 8-hydroxyquinoline, its alkyl and halogenated (A ) as well as
alkoxyl and alkoxymethyl (M) derivatives in the systems: alkane/
aqueous (I = 0.1) solution.

previously considered in the formulation of derived correlations,
has been used to calculate the g* coefficients.**

3. RESULTS AND DISCUSSION

3.1. Distribution of 8-Quinolinols of Different Hydropho-
bicities in the Given System. At a constant pH of the aqueous
phase, the distribution ratio of 8-hydroxyquinolinols depends on
their dissociation constants and hydrophobicity. In every case the
specific pH region can be indicated in which the distribution of a
particular solute is near constant. The effect of pH on the
distribution ratio of three different 8-quinolinols in the systems
with aliphatic hydrocarbons is presented in Figure 1. As can be
seen, the decrease of distribution ratios of 8-hydroxyquinoline,
2-methyl-5-butyloxymethyl-8-hydroxyquinoline, and 2-methyl-
S-hexyloxymethyl-8-hydroxyquinoline, observed at pH < S as
well at pH > 9, is simply related to their increased solubility in
acidic and alkaline solutions, respectively. In the whole range of
pH the values of distribution ratio depend on the hydrophobicity
of compared solutes and increase in the order: 8-HQ < 2-M-S-
BOM-8-HQ < 2-M-5-HOM-8-HQ. These results agree well with
the findings of Cote and Bauer,*® Izquierdo and Compano,** and
Ohashi and co-workers.*

Wionczyk and Apostoluk®* have demonstrated that the molar
intrinsic volume, V,, of 8-hydroxyquinoline and its alkyl homo-
logues is a primal measure of their hydrophobicity. However, this
is not the case when one compares 8-hydroxyquinoline and its
alkyl and/or halogenated derivatives with the series of analogues
involving alkoxyl or alkoxymethyl groups. Figure 2 proves that
there is no simple relationship between log D and V, of
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Figure 3. Distribution constants of 8-hydroxyquinoline, its alkyl deri-
vatives, and Kelex 100 in organic solvent/aqueous solution according
to eq 22.

8-hydroxyquinoline and its 2-methyl-, 2-methyl-5,7-dichloro-,
S-octyloxymethyl-, and 2-methyl-S-alkyloxymethyl-derivatives
distributed at pH 6 in the alkane/aqueous solution (I = 0.1)
system. As a result, the single correlation has been derived
applying the hydrophile—lipophile balance (HLB) of all com-

pared solutes in the McGowan scale:

logD = (6.22 + 0.21) — (0.127 + 0.008)HLB?

R* =0.9719, SD =025 F=2773, N=9 (21)

3.2. Distribution Constants of 8-Hydroxyquinoline, Its
Alkyl Derivatives, and Kelex 100 at 25 °C. Strongly hydro-
phobic alkyl-, alkenyl-, and alkyloxymethyl-derivatives of
8-hydroxyquinoline could be considered as a potential ex-
tracting agents in hydrometallurgical technologies of Cu(II),
Ga(III), and platinum group metals.> "> Therefore, it is
convenient to develop a simple method of estimation of the
distribution constants of such extractants in the systems
involving different organic solvents and the aqueous phase
containing significant electrolyte concentrations. On the basis
of the data reported in Table 1 the following correlation has
been derived:

logKp = —(3.58 £ 0.63) + (0.06015 £ 0.00728)V,
1/2

—(9.864 £ 1.977)-10 °V? + (1.86 % 0.66)m
—(0.93 £ 0.42)I + (0.50 £ 0.22)I
+(1.699 % 0.147)7%(1.018 + 0.227)a — (0.804 £ 0.153)8
— (2463 £ 0.440)-1030y"

Q* = 0.8840, SD = 0.19,

N = 82 (22)

R* = 0.9460,
F = 158.7,

Correlation 22, presented in Figure 3, is quite similar to
that obtained previously for 8-hydroxyquinoline, its 2-, 4-
and S-methyl derivatives, and Kelex 100 in chloroform/0.10
M (Na,H)ClO, (see eq 16 in ref 24). However, the deviations
of the distribution constant of Kelex 100 in chloroform/0.10
M (Na,H)ClO, and 1-octanol/0.5 M Na,SO, systems are
equal to —5.19 and +5.90 SD, respectively. It is also evident
that the contributions of I and I* terms are of secondary
importance. The elimination of both distribution constants
for Kelex 100 leads to the correlation in which the latter

7,0 1
6,0 1
5,0 1
4,0 1
3,0 1

log K, obs.

2,0 1

1,0 T T T T T |
1,0 2,0 3,0 4,0 5,0 6,0 7,0

log K ;,, pred.

Figure 4. Distribution constants of 8-hydroxyquinoline and its alkyl
derivatives in organic solvent/aqueous solution according to eq 24.

terms are absent:

logKp = — (3.65 & 0.76) + (0.06063 + 0.00981)V,
1/2

B L10—4172 _
(1.087 £ 0.299)-10 V> + (0.471 £+ 0.180)l T n

+(1.666 £ 0.120)7r* + (0.762 £ 0.169)a
—(0.912 £ 0.127)8 — (2.022 £ 0.342)-10 38y

R> =0.9309, Q? = 09199, SD = 0.16,
F = 1530, N = 80 (23)

As can be seen the value of standard deviation in eq 20 is
slightly lower that in eq 23; however, the decrease of its
statistical quality in terms of determination coeflicient and F-
statistics is also observed. Therefore, it is justified to exclude
only the distribution constant of Kelex 100 in chloroform/
0.10 M (Na,H)ClO, system and derive the final correlation
(Figure 4) of improved quality:

logKp = —(2.12 £ 0.59) + (0.04219 £ 0.00699)V.,

1/2

o . —Sy72 _—
(403 £ 1.96)- 107V} + (0.488 £ 0.189) ——7

+(1.701 £ 0.125)7* + (0.843 & 0.175)a
—(0.854 & 0.132)B — (2.185 4 0.355)-10 3dy"

R* =0.9529, Q% =0.9176, SD = 0.16,
F=12320, N =381 (24)

The derived correlations 22 to 24 prove that the specific
interactions in the organic phase, that is, donor—acceptor
interactions between 8-hydroxyquinoline and/or its alkyl
derivatives with diluent, play an important role in governing
their distribution in the investigated systems. However, it
should be emphasized that the contributions of hydrogen
bond donation and accepting abilities of diluents partly
cancel each other. The contribution of the square of V,,
used as an empirical correction term for the negative devia-
tions from the straight line dependence log Kp versus
hydrophobicity, is statistically significant and cannot be
omitted. The mentioned correlations prove that the effect
of ionic strength of the aqueous on the distribution constants
of considered solutes is also important.

3.3. Distribution of 8-Hydroxyquinoline and Its Deriva-
tives in the Extraction Systems at 25 °C. According to the argu-
ments indicated in Section 3.1, the hydrophobicity of compared
solutes has been expressed in terms of their hydrophile—lipophile
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Figure S. Distribution constants of 8-hydroxyquinoline and its various derivatives in organic solvent/aqueous solution at 25 °C. On the left, according

to eq 25; on the right, according to eq 26.
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Figure 6. Validation of eq 26 in terms of the test set of experimental
data at 25 °C from Table 2.

balances. The distribution constants of 8-hydroxyquinoline and its
derivatives in different extraction systems at 25 °C have been found
to fulfill the following correlations:

log Kp = (7.23 4 0.25) — (0.814 & 0.035)HLB

1/2

I
+(3.53 + o.ss)1 (1.11 £ 0.29) + (0.340 & 0.85)I

[T
+ (1.68 & 0.18)* + (2.00 & 0.29)a — (1.30 & 0.25)8
—(3.90 + 0.63)-10730>
R* = 0.8653, SD = 0.37,

F=1038 N =129 (29)

log Kp = (4.96 &+ 0.29) + (0.308 + 0.112)HLB
1/2

1+ 1'/2
—(1.28 £ 0.21)I + (0.335 £ 0.062)I* + (1.90 % 0.13)7*

+(1.99 + 0.22)a — (1.02 + 0.19)8 — (4.06 + 0.46)- 10 20y”

—(0.133 # 0.012)HLB? + (4.37 4 0.41)

R? = 0.9282,
F = 184358,

SD = 027, Q= 09120, g¢* = 0.8451,
N =129 (26)

A comparison of both correlations is presented in Figure S. It is
evident that the square of HLB used as an empirical correction term
in correlation 26 improves its statistical quality in comparison with
correlation 25. On the other hand, the conclusions concerning the
solute—solvent interactions in the organic phase remain the same as
those formulated in previous section. The external cross validation
coefficient of correlation 26 has been calculated taking from Table 2
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Figure 7. Distribution constants of 8-hydroxyquinoline and its various
derivatives in organic solvent/aqueous solution at temperature range
from (20 to 50) °C according to eq 27.

the distribution constants of 8-hydroxyquinolinols determined at
25 °C. The results are presented in Figure 6.

3.4. Effect of Temperature on the Distribution of 8-Hydro-
xyquinoline and Its Derivatives in the Extraction Systems.
Application of model 20 to the analysis of all data from Table 1
results in the following equation, which expresses the effect of
temperature on distribution constants of 8-hydroxyquinoline
and its derivatives in different systems:

1523 £85.0  70.9 & 33.1

log Kp = T + T HLB

7.11 + 3.76 .8 + 105. 2
3 37611 g2 N 999 5.5
T T 1+ 112

1771 + 210 113.3 £20.7 , 5643 £ 32.2
- I I Tk
T T T
529.0 + 58.6  285.9 &+ 52.3, 1.1224+0.134_,
o— B — Ou
T T T
R* = 09913, SD =027, Q*=0.9018, ¢* = 0.8531,
F=1797, N =159 (27)

It should be pointed out that no deviations exceed the value of £
3 SD and only the deviation of distribution constant of Kelex 100
(Ashland) in the system of aqueous solution (I = 1.5 M) and
octanol®® is equal exactly to +3.00 SD. Therefore, from the
formal point of view, the correlation 27 presented in Figure 7
seems to be of excellent statistical quality. However, the squared
cross-validation coefficients, internal Q” and external ¢” (Figure 8),
respectively, are significantly lower than the determination coeffient
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Figure 8. Validation of eq 27 in terms of all experimental data from
Table 2.

(R%). On the other hand, the correlation 27, fairly well reproducing
the distribution constants of 8-hydroxyquinoline and its derivatives
in different systems at 25 °C, should have squared cross-validation
coefficients similar to those in correlation 26. This conclusion is clear
since the substitution of temperature 298 K in correlation 27 leads to
a equation which is quite similar to correlation 26. The moderate
predictive power of correlation 27 indicates that it can be used for
the following purposes: (i) the rough estimation of unknown values
of distribution constants of considered solutes in the particular
system within the range of temperature from (20 to 50) °C; (ii) the
verification of distribution constants of 8-hydroxyquinolinols deter-
mined experimentally at temperatures ranging from (20 to 50) °C
or slightly lower than 20 °C. The latter case can be illustrated by
means of following examples:

e In terms of correlation 26, the distribution constant of Kelex
100 (Ashland), log Kp, = 6.5 estimated at (24 = 2) °C in the
system of aqueous solution (I = 1.5 M) and kerosene
containing 10 % of octanol*® seems to be overestimated.*®

e The distribution constants of 5,7-dichloro-, 5,7-dibromo-,
and §,7-diiodo-8-hydroxyquinolines determined experi-
mentally at room temperature [(17 to 20)] °C] in the
system 1 M NH,CI solution—chloroform®” can be com-
pared with those calculated from correlation 27 assuming
the mean temperature to be equal to 18.5 °C. The obtained
results prove that the experimental and calculated distribu-
tion constants of both §,7-dichloro- and 35,7-dibromo-
8-hydroxyquinolines are in satisfactory accordance, whereas
the experimental distribution constant of 5,7-diiodo-8-hy-
droxyquinoline is evidently overestimated.

On the other hand, correlation 27 has been derived from
model 20 under the assumption that the enthalpy and entropy of
distribution depend both on the properties of solutes and
diluents, as well as on the ionic strength of the aqueous phase
in different extraction systems. However, the available set of
systematic experimental data of temperature effect on the
distribution of 8-hydroxyquinolinols is limited to 8-hydroxyqui-
noline and 2-methyl-8-hydroxyquinoline.*”***> Therefore, the
further improvement and/or verification of model 20 and
correlation 27 is practically impossible as long as the new data
on the temperature effect on the distribution constants of
8-hydroxyquinoline and its derivatives will be available. As a
result, its application for the estimation of enthalpies and
entropies of distribution of 8-hydroxyquinoline and its deriva-
tives should be treated cautiously. Hence, further studies of
temperature effects on the distribution of considered solutes in

the extraction systems are necessary to validate the importance of
the derived correlations.

4. CONCLUSIONS

It has been demonstrated that the hydrophile—lipophile
balance in the McGowan scale is a convenient descriptor of
8-hydroxyquinoline and its derivatives distributed in the
different extraction systems. For the first time, the distribution
constants of 8-hydroxyquinoline and its derivatives have been
also correlated with the ionic strength of the aqueous phase.
The derived correlations prove that 8-hydroxyquinoline and
its derivatives interact with diluents in the organic phase. All
derived correlations involve a positive contribution of dipo-
larity/dipolarizabity term of diluents, which means that polar
solvents promote the organic phase in the distribution of these
solutes. On the other hand, however, the opposite contribu-
tions of hydrogen bond donation and hydrogen bond accept-
ing abilities of diluents correlation indicate that the nature and
range of their specific interactions with 8-hydroxyquinoline
and its derivatives in the organic phase are rather complicated.
Finally, the statistical parameters of quality and predictive
power of both correlations 26 and 27 can be compared with
the acceptable standards of quantitative structure—activity
relationships (QSAR): R* > 0.6, ¢* > 0.5, and 0.85 < k < 1.15,
where k is a slope of the regression line Ppeq = kP, passing
through the origin.** The parameters corresponding to the
derived correlations, where log P = log Kp, are as follows:

R* = 0.9282, Q* = 09120, ¢* = 0.8451,

k = 0.9812 (26)
R* = 0.9913, Q> = 0.9018, ¢* = 0.8531,

k = 0.9794 (27)

According to some authors®>®° the difference between the

values of R* and Q* should be close to 0. A difference greater than
or equal to 0.3 may indicate an overfitted model, the presence of
irrelevant explanatory variables, and/or the presence of outliers
(i.e., an observation that lies at an abnormal distance from the
other experimental points in the analyzed population). For
correlations 26 and 27 these differences are to 0.0162 and
0.0895, respectively.

Correlation 27, describing the effect of temperature on the
distribution of 8-hydroxyquinoline and its derivatives in consid-
ered extraction systems, is of good statistical quality; however, its
predictive power is rather moderate. As a result, correlation 27
can be used for the rough estimation of unknown values of
distribution constants of 8-hydroxyquinoline and its derivatives
in the particular system within the range of temperature from (20
to 50) °C. On the hand, correlation 27 proves that the enthalpy
of distribution of 8-hydroxyquinoline and its derivatives depend
both on the properties of solutes and diluents, as well as on the
ionic strength of the aqueous phase. However, the possible
application of correlation 27 for the estimation of thermody-
namic functions of distribution of 8-hydroxyquinoline and its
derivatives in the two-phase liquid systems should be treated
cautiously.
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T=X=Y=Z=H, HQ X=CH;, 2-M-HQ
X=CH;, T=Y=Z=H, 4-M-HQ X =C4H,, 2-B-HQ
T=X=7Z=H,Y =CHj;, 5-M-HQ X=Y=H, 7-M-HQ
T=X=Y=H,Z =CH,, 6-M-HQ X=Y= 7-E-HQ

X=Y = CH;, T=2-H 4,5-DM-HQ X=Y= 7-Pr-HQ
T=i-C3Hy, X=CHy, Y=2=H, 3-i-Pr-4-M-HQ X-= 7-i-Pr-HQ
T=X=7-H, Y = C;H.1, 5.0-HQ X= 7-Propenyl-HQ
T=X=Z=H,Y=F, 5-F-HQ X= 7-Allyl-HQ
X=ClLT=Y=Z=H, 4-C-HQ X= 7-s-B-HQ
T=XZ=H,Y=Cl, 5.CLHQ X = 7-+B-HQ
T-X-Z-H,Y -Br, S5-Br-HQ X- 7-5-P-HQ
T=X=Z-H,Y=1, 51-HQ X= Kelex 100

X =NH,, T=Y=Z=H, 4-NH,-HQ X= = 5,7-DM-HQ
T=X=Z=H, Y = NO,, 5NO,-HQ X=HY-= 5,7-DCI-HQ
T=X=Z=H,Y = CH;0CH, 5-MOM-HQ X= = 5,7-DBr-HQ
T=X=7Z=H, Y = C;H;0CH, 5-EOM-HQ X= = 5,7-DI-HQ
T=X=Z=H, Y = C;H;0CH, 5-PrOM-HQ X= = =1, 5-C1-7-I-HQ

T H,Y=CH,OCH, 5BOM-HQ X=CH,, Y=2=Cl, 2-M-5,7-DCI-HQ
T: LY = CsH,OCH, 5-POM-HQ X =CH;, Y=CH;0CH,, Z=H, 2-M-5-MOM-HQ
T: H, Y = CH;OCH, 5-HOM-HQ X=CH,;, Y=CH;0CH,,Z=H, 2-M-5-EOM-HQ
T: H,Y = CH,;OCH, 5-00M-HQ X =CH,, Y=CH;OCH,,Z=H, 2-M-5-BOM-HQ
T: H, Y =CFCH,OCH; S5-F3EOM-HQ X=CH; Y=CH;;OCHs,Z=H, 2-M-5-HOM-HQ

X=CH;, Y =CsHsOCH,,Z=H, 2-M-5-O00M-HQ

X=CH;,Y=2=Cl, 2-M-5,7-DCI-HQ
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