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ABSTRACT 

Three factors were found to affect adduct formation. These 

factors are: Lewis acidity of the acceptor, Lewis basicity of the donor 

base, and the steric hindrance. 

Two types of systems (the self-adduct and the pyridine adduct 

systems) were chosen for study. For all these systems under investi

gation, the one to one adducts of the formula, ZnQ2«(B) (where B repre

sents the neutral chelating agent for the self-adduct systems, and 

represents pyridine or methyl pyridines for the pyridine adduct systems) 

were formed. 

Equations were derived to evaluate the adduct formation 

constants from the solvent extraction data. In the pyridine adduct 

systems, the adduct formation constants were found to increase with an 

increase in the basicity of the pyridine base, Increase with a decrease 

in the stability of the metal chelate, and decrease whenever steric 

hindrance was encountered. 

8-Quinolinol, 4-methyl-, 5-chloro-, 5-bromo- and 5-nitro-8-

quinolinol formed self-adducts in the extraction of zinc. The adduct 

formation constants were found to increase only slightly with increasing 

basicity of the chelating agent. This may be attributed to the dual 

functions of the reagents which act both as a chelating agent and as a 

xii 



xiii 

donor base. As a result, the increase in the adduct stability due to an 

increase in the donor basicity was compensated to a certain extent by its 

ability to form a weaker acceptor-a more stable metal chelate. The for

mation of a self-adduct was, however, sterically hindered in the case of 

zinc 2-methyl-8-quinolinol, zinc might be extracted as a tetra- or 

pentacoordinate complexes (the anhydrous or monohydrated neutral 

chelate). With other 8-quinolinols which were capable of forming self-

adducts with zinc when the reagent concentration was sufficiently high, 

the neutral chelate extracted at low reagent concentrations are dihydrates 

(hexacoordinated). In forming a self-adduct (or pyridine or 4-methyl-

pyridine adduct), one of the water molecules is replaced by one 8-quino-

linol molecule and one remains. In the extraction of an adduct of 2-

methyl- or 2, 4, 6-trimethylpyridine, on replacing one molecule of water 

by these pyridines result in the other water molecule being pushed out of 

the coordination sphere by sterically hindering methyl groups. A penta-

coordinate adduct with pyramidal structure, probably would be the 

structure for the extractable species in the latter case. 

Thermogravlmetric analysis and spectral studies were used as 

complementary tools to the solvent extraction technique in confirming 

adduct formation. In the solid states, pyridine and 4-methylpyridine 

formed hexacoordinate diadduct with these two chelates. 



xiv 

Visible and ultraviolet spectra of the zinc chelates of 8-quino-

linol and its methyl analogs were taken in various inert as well as adduct 

forming solvents. The larger bathochromic shifts in comparison with 

those due to solvent effects alone were attributed to adduct formation. 



I. INTRODUCTION 

An adduct may be defined as a coordination compound in which 

one or a number of molecules of a Lewis base (the donor) is added to a 

Lewis  ac id  ( the  acceptor)  wi thout  any  proton d isp lacement;  e .g . ,  

BHg.NHg, SbCl5.(CH3)3P01 and Cu(Acac)2.C5H5N. 2 

In many cases, the formation of an adduct supplies valuable 

information in coordination chemistry; e.g., coordination number of the 

metal atom and the structure of the metal complex. From a practical 

point of view, adduct formation has also been exploited for the purpose 

of increasing the extractability of the metal ions into organic solvents. 

The extraction of a metal ion into an organic solvent can be 

accomplished by utilizing a chelating agent to form a neutral chelate. 

With a monoprotic bidentate ligand, a metal ion of valence n forms a 

neutral complex of the formula, MLn. (m-2n)H20 as indicated by the 

following equilibrium 

M(H20)m
+n + n L" = MLn.(m-2n)H2P 

where m is the coordination number and n is the valence of the metal ion. 

1. I. Lindqvist, Inorganic Adduct Molecules of Oxo-
compounds. Academic Press Inc., New York (1963). 

2 .  D.  P .  GraddonandE.  C.  Watton ,  J .  Inorg .  Nucl .  Chem. ,  
21 . ,  49  (1961) .  

1 



2 

The chelate is said to be "coordination-saturated" if 2n is equal torn, as 

in the case of bivalent metals of coordination number four or trivalent 

metals of coordination number six, e.g.,copper (II) and cobalt (III). The 

chelate is said to be "coordination-unsaturated" if 2n is smaller than m, 

as is the case for bivalent metals of covalence six, e.g., cobalt (II). 

The residual coordination sites are usually occupied by water molecules. 

Other Lewis base of sufficiently high donor ability may replace the water 

molecules; this can result in the formation of a more hydrophobic 

adduct. 

The extent of extraction due to chelation depends largely on the 

hydrophobic nature of the chelate formed. One would expect that the 

extraction of a coordination-saturated chelate which is primarily an 

organic compound of low polarity would exceed that of a coordination-

unsaturated chelate which contains polar water molecules. The 

extraction of the latter can be improved only when the water molecules 

are replaced by other less polar donors. Thus 8-quinolinolates of alka

line earth metals are not extracted under ordinary conditions (1% solution 

of the reagent). They are extracted, however, when a coordinating 



3 

solvent, butyl cellosolve^'^ or butylamine^'^'^ is added to the chloro

form layer. Similarly, the extraction of zinc with 8-quinolinol was found 

to  be  incomplete  due  to  the  format ion  of  d ihydrate .  The  extract ion  i s ,  

O 
however, greatly improved through alcohol and amine adduct formation. 

Adduct extraction systems previously investigated are almost 

exclusively those involving the ^-diketones and 8-quinolinol as 

chelating agents, and either oxygen-containing solvents-e.g., alcohols,ke

tones, organophosphorous compounds or nitrogen-containing bases, such 

as pyridine, quinoline or alkylamine as the donor. The work has been 

rev iewed by  severa l  authors .  ®^' 1 1 '  ̂  

3. C. L. Luke and M. E. Campbell, Anal. Chem., .26, 1778 
(1954) .  

4. C. L. Luke, ibid., 28, 1443 (1956). 

5 .  F .  UmlandandW. Hoffmann,  Angew.  Chem. ,  .68 ,  704  
(1956) .  

6. F. Umland, W. Hoffmann and K. U. Meckenstock, Z. Anal. 
Chem.  ,  173 /  211  (1960) .  

7. F. Umland and K. U. Meckenstock, ibid., 165 ,  161  (1959) .  

8 .  F .  UmlandandW. Hoffmann,  ib id . ,  168 ,  268  (1959) .  

9. Y. Marcus, Chem. Rev., 6^, 139 (1963). 

10 .  T .  V.  Healy ,  Nuclear  Sc ience  and Engineer ing ,  JLJ5,  413  
(1963) .  

11 .  H.  Fre iser ,  Anal .  Chem. ,  38 . ,  131R (1966) .  

12 .  Q.  Fernando,  Sep .  Sc ience ,  575  (1966) .  



13 
Alimarin and Zolotov on investigating the influence of the 

nature of organic solvent on the extraction of chelate compounds reported 

that in general the coordination-unsaturated chelates; e.g., the 

thenoyltrifluoroacetonates (TTA complexes) of neptunium (V), cobalt (II), 

and uranium (VI) and the 8-quinolinolates of thallium (I) and barium (II) 

are extracted better by polar oxygen-containing solvents-ketones,esters, 

and particularly by alcohols; and less well extracted by ethers, hydro

carbons and their halogen derivatives. The coordination-saturated che

lates, e.g., the TTA complexes of cerium (III), iron (III) and thorium (IV) 

and the 8-quinolinolates of lanthanum (III), thallium (III) and tungsten 

(VI) are, however, extracted equally well by solvents of different types, 

i.e., both the oxygen-containing solvents and non-oxygen-containing 

solvents. 

14 In a recent study by Schweitzer and coworkers it was reported 

that zinc 8-quinolinolate was extracted as a disolvate, ZnQ2»2S, with 

n-butanol and 4-methyl-2-pentanol as solvent, and as a monosolvate, 

ZnQg.S, when butyl ether and pentyl ether were used as solvent. 

The use of neutral organophosphorous compounds as donor 

solvents and dialkyl phosphoric acids or TTA as the chelating agent in 

13 .  I .  P .  Al imarin  and Y.  A.  Zolotov ,  Talanta ,  9 . ,  891  (1962) .  

14 .  G.  K.  Schwei tzer ,  R.  B .  Nee landF.  R.  Cl i f ford ,  Anal .  
Chim.  Acta ,  33 ,  514  (1965) .  



the extraction of various metals, i.e., alkaline earths, lanthanides (III), 

actinides (III), thorium (IV) and uranium (VI)have been studied extensively 

.  „  ,  15 ,16 ,17 ,18 ,19  T  .  ,  t  20 ,21 ,22 ,23  .  24 ,  
by Healy, Irving and Edgington and others. 

9 c 26 
' The enhancement of the extraction obtained with the combined 

8 
reagents over that using either of the components alone (up to 10 for the 

2 TTA and 10 for the dialkyl phosphoric acid systems) has been termed 

"synergism" or "synergic effect" . ̂  A summary1^ of Irving and Healy's 

15 .  T .  V.  Healy ,  J .  Inorg .  Nucl .  Chem. ,  _19 ,  314  (1961) .  

16 .  T .  V.  Healy ,  ib id . ,  .19 ,  328  (1961) .  

17 .  T .  V.  Healy ,  D .  R.  PeppardandG.  W.  Mason,  ib id . ,  24 . ,  
1429  (1962) .  

18 .  J .  R .  FerraroandT.  V.  Healy ,  ib id . ,  24 . ,  1463  (1962) ,  

19 .  T .  V.  Healy ,  J .  R.  Ferraro ,  ib id . ,  24 ,  1449  (1962) .  

20 .  H.  Irv ing  and D.  N.  Edgington,  ib id . ,  l j> ,  158  (1960) .  

21 .  H.  Irv ing  and D.  N.  Edgington,  ib id . ,  2_1 ,  169  (1961) .  

22 .  H.  Irv ing  and D.  N.  Edgington,  ib id . ,  .20 ,  314  (1961) .  

23 .  H.  Irv ing  and D.  N.  Edgington,  ib id . / .20 ,  321  (1961) .  

24 .  J .  G.  Cuninghame,  P .  Scargi l l ,  and H.  M.  Wi l l i s ,  
AERE C/M 215 (1954). 

25 .  D .  Dyrssen  and L.  Kuca ,  Acta  Chem.  Scand. ,  _14 ,  1945  
(1960) .  

26 .  D.  Dyrssen ,  J .  Inorg .  Nucl .  Chem. ,  8 . ,  291  (1958) .  

27 .  C .  A.  Blake ,  C .  R.  Baes ,  K.  B .  Brown,  C .  F .  Coleman,  
and J. White ,  Proc .  2nd Intern .  Conf .  Peacefu l  Use  Atomic  Energy  28 ,  
289  (1959) .  
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work indicated that the synergic effect is increased as the neutral 

organophosphorous compound is changed from the neutral alkyl phosphate, 

through phosphonate, to the phosphine oxides. The great enhancement of 

extraction or synergism in these cases is attributed to adduct formation. 

As was observed in other systems, alcohols, amines and ketones were 

also found capable of being donor solvents in the extraction of various 

17 
lanthanides with TTA. , 

The extraction of coordination-unsaturated chelates can, in 

some cases,be favored by the use of an excess of the reagent. For 

28 29 
example, Dyrssen ' succeeded in the extraction of strontium as the 

species, SrQ2.2HQ (where HQ represents the 8-quinolinol molecule). 

25 The same author also reported that in the extraction of uranium (VI) 

with £-isopropyltropolone (HIPT) in chloroform, a complex of the formula U02 

30 (IPT)2. (HIjPT) predominates in the organic phase. Stary studied the 

use of 8-quinolinol (0.1 and 0.01M) in the extraction of thirty-two 

metal ions, and reported the extraction of the species MJQ.HQ, 

MjjQ2»HQ,  MjjjQ2-2HQ and MjyQg.HQ (where  HQ i s  the  8-quinol ino l  

molecule ;  Mj  =  Ag(I ) ,  M n  = Ca(II )  andU0 2 ( I I ) ,  M m  = Sr(I l ) ,  Ba(II ) ,  

Co(II ) ,  Zn(II )  and Cd(II ) ,  and M J V  = Sc(III ) ) .  

28 .  D .  Dyrssen ,  Svensk  Kem.  Tidskr . ,  j55 ,  43  (1955) .  

29 .  D .  Dyrssen ,  ib id . ,  67 . ,  311  (1955) .  

30 .  J .  Stary ,  Anal .  Chim.  Acta ,  28 , ,  132  (1963) .  
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Adducts may be classified as follows on the basis of the number 

of total donor sites (including the sites for the chelating agent and those 

for the donor base) and the characteristic coordination number of the 

central atom. For simplicity, the chelating agent is assumed to be 

monoprot ic  and b identate ;  the  adduct  be ing  ML n . a£ .  

(I) Adducts in which 2n+& (i.e., the sum of chelated 

sites and the sites for adducting base^ is equal to the characteristic 

coordination number of the metal. The donor base is therefore coordi

nated directly to the central metal. Examples of this type are: CoCFTAjg. 

2TBP 3 1  and ZnQ 2 . 2 (BuOH). 1 4  

(II) Adducts in which 2n+$, is smaller than the characteris

tic coordination number of the metal. The decrease in the coordination 

number may well be the result of steric hindrance encountered in adduct 

32 31 
formation. The extractable species, Zn(IPT)2-TBP and ZnCTTA^.TBP 

may fall into this category. 

(III) Adducts in which the value of 2n+,g, is larger than the 

characteristic coordination number of the metal. These compounds are 

further divided into three subcategories. 

31 .  H.  Irv ing  and D.  N.  Edgington,  J .  Inorg .  Nucl .  Chem.  ,  27 ,  
1359  (1965) .  

32 .  T .  Sekine  and D.  Dyrssen ,  ib id . ,  2j5 ,  1727  (1964) .  
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(i) The coordination number of the central metal ion 

is expanded on adduct formation. Examples are the formation of adducts 

of the square-planar copper (II) acetylacetonate2 and copper (II) dimethyl-

33 glyoxlmate. The reluctance of copper (II) to form a five or six coordi-

34 35 nated complex ' because of its characteristic electron distribution is 

in agreement with the finding of weak pyridine adducts of these chelates. 

(ii) The normal coordination number is retained by 

rupture of the chelate rings in the formation of an adduct. Examples are: 

U02(TTA)2.T0P0, U02(TTA)2• 3TOPO, Th(TTA)4.TBP and Nd(TTA)3.2TOPO 

(where TTA represents the anion of thenoyltrifluoroacetone; TOPO, tri-n-

octyl phosphine oxide and TBP, tri-n-butyl phosphate). Infrared data1® 

indicate that in these compounds, one or two of the chelate rings are 

opened. The original coordination number of the metal thus is retained. 

(iii) In this case, the donor is attached to an atom 

other than the chelated metal and the coordination number of the metal 

remains unchanged. For example, it has been reported that chloroform 

forms crystalline di-adducts with the acetylacetonates of tervalent metals, 

Fe, Cr, and A1 which may fall into this category. A structure in which 

33 .  D.  Dyrssen  and D.  Petkovic ,  Acta  Chem.  Scand. ,  19 ,  
653  (1965) .  

34 .  H.  A.  Lai t inen ,  E . I .  Onstot t ,  J .  C .  Bai lar ,  and S .  Swann,  
J .  Amer .  Chem.  Soc . ,  71 ,  1550  (1949) .  

35 .  J .  Bjerrum,  Chem.  Rev . ,  46 . ,  381  (1950) .  

36 .  J .  F .  Ste inbach and J .  H.  Burns ,  J .  Amer .  Chem.  Soc . ,  8 .0 ,  
1839  (1958) .  
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the chloroform is sandwiched between the layers of the acetylacetonate 

crystals was proposed. A similar structure has been proposed for the 

mono- and di-adducts of several halomethanes with the acetylacetonate s 

37 of tervalent metals, Al, Fe, Sc, Ga, In and Cr. The energy of bond 

formation was calculated to be 2-6 Kcal/mole. This energy has been 

attributed to the hydrogen bonding of the halomethane to the carbonyl 

oxygen of the acetylacetonates. The formation of mono-solvate of zinc 

8-quinolinolate in chloroform and benzene reported recently by Schweitzer 

14 and coworkers may also fall into this category. 

In most of the cases discussed above, adduct formation has 

been inferred from equilibrium extraction data. There are only few in-

2 18 19 38 39 stances ' ' ' ' where the extraction species have been isolated and 

characterized, and their absorption spectra measured. 

The formation constants of a number of adducts have been deter

mined in non-aqueous solvents. Methods used are mainly spectrophoto-

. .  j  4.  ,  2 ,33 ,38 ,39  ,  .  *  *  10 ,31 ,32 ,38  metric determination and solvent extraction. 

Adduct formation constants measured by these two methods may not be 

37 .  F .  R.  Clarke ,  J .  F .  Ste inbach and W.  F .  Wager ,  J .  Inorg .  
Nuch Chem. ,  26 ,  1311  (1964) .  

38 .  H.  Irv ing  and N.  S .  Al -Nia imi ,  ib id . ,  27 ,  1671  
(1965) .  

39 .  W.  R.  Walker  and N.  C.  Li ,  ib id .  ,  27 ,  2255  (1965) .  
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strictly comparable to each other since in solvent extraction the organic 

solvents are invariably saturated with water; whereas in the other case 

the solvent is anhydrous. 



II. STATEMENT OF THE PROBLEM 

Much work has been done on the metal chelate systems in which 

only one kind of ligand is involved in chelation. The effect of such 

factors as ligand basicities, sizes of the chelate rings, steric factors 

and so forth has been evaluated in formation of chelate from the aquated 

metal ion and chelating agent. Very little is known, however, about the 

factors affecting the formation of a complex from a complexing agent and 

a metal ion that has some of its coordinated water molecules replaced by 

a strong complexing agent, e.g., a chelating agent. One approach to 

learning more about the relevant factors is through a systematic study of 

adduct formation. The adduct formation constants as well as the stoichi-

ometry of the adduct formed were used as tools in this study. Solvent 

extraction and thermogravimetric analysis techniques were used to deter

mine the adduct formation constants and stoichiometry of the adducts. 

Two types of systems, i.e., self-adduct and pyridine-adduct systems, 

were investigated. A series of substituted 8-quinolinols were chosen to 

permit examining the effect of steric hindering groups as well as electron-

withdrawing or electron-releasing groups on the extent of adduct for

mation in both systems. Furthermore, in pyridine-adduct systems, by 

using pyridine analogs containing methyl groups the extent of steric 

hindrance and donor basicities could be controlled. 

11 



III. EXPERIMENTAL 

A. Materials 

1. Reagents 

Preparation, purification and characterization of the reagents 

are described in Table I. 

2. Preparation of Anhydrous Zinc Chelates 

Zinc acetate dihydrate (0.34 grams, 1.55 mmoles) was dissolved 

in 100 ml of water, the pH was adjusted with 5 ml 10% acetic acid and 2 

grams of sodium acetate. After the mixture had been heated to 60°C, a 

solution of 2% 8-quinolinol in ethanol (3.72 mmoles in 27 ml) was added 

slowly with constant stirring. The solution was heated to boiling and 

allowed to stand overnight. The zinc chelate was then collected, washed 

with water and dried at 120°C for two hours. 

The anhydrous zinc chelate of 2-methyl-8-quinolinol was 

prepared in the same manner. A solution of 2% 2-methyl-8-quinolinol in 

ethanol (3.64 mmoles in 29 ml) was used to react with zinc acetate di

hydrate (0,34 grams, 1.55 mmoles). 

The zinc content of these chelates was determined by EDTA 

40 titration using Eriochrome Black T as indicator and a pH 10 buffer. 

Results are given in Table V. 

40 .  H.  A .  F laschka ,  EDTA Titrations, Pergamon Press Inc. , 
New York, London, Paris, Los Angeles (1959). 

1 2  



TABLE I. Preparation, Purification and Characterization of the Reagents 

Substances Source Method of Purification Characterization 

8-Quinolinol Mallinckrodt Chemical 
Company 

recrystallization from 
ethanol-water 

m.p .  72 .5 -73 .5°C 
(Lit; 72-76°C) 

2-Methyl-8-
quinolinol 

4-Methyl-8-
quinolinol 

5-Chloro-8-
quinolinol 

Eastman Kodak Chemical 
Company 

Synthesized by using 
Phillips, Elbinger and 

Merritt's Method9 

Aldrich Chemical 
Company 

recrystallization from 
ethanol-water 

vacuum distillation, 
followed by 

recrystallization from 
ethanol-water 

recrystallization from 
ethanol-water 

m.p .  73 .5 -74 ,5°C 
(Lit, 72.5-7.5°C) 

m.p .  140-142°C 
(Lit, 141°C) 

m.p .  125 .5 -126 .5°C 
(Lit. 125.5-l30°C) 

5-Iodo-8-
quinolinol 

Aldrich Chemical 
Company 

recrystallization from 
ethanol-water 

m.p .  119-121  C  
(Lit. 123-128°C) 

5-Nitro-8-
quinolinol 

Synthesized by using 
Petrow and Sturgeon's 

Method*3 

recrystallization from 
ethanol-water 

m.p .  180  C  
(Lit. 173-178°C) 

5-Bromo-8-
quinolinol 

recrystallization from 
ethanol-water and 

vacuum sublimation 

m.p .  124-125 .5°C 
(Lit. 124°C) 



TABLE I. continued 

Substances Source Method of Purification 

Pyridine 

2-Methyl -
pyridine 

4-Methyl-
pyridine 

J. T. Baker Chemical 
Company 

Matheson Coleman and 
Bell Chemical Company 

Matheson Coleman and 
Bell Chemical Company 

dried over KOH and 
distilled (115.2°C) 

dried over KOH and 
distilled (127°C) 

dried over KOH and 
distilled (141-142°C) 

2, 4, 6-Tri-
methyl-
pyridine 

Eastman Kodak Chemical 
Company 

dried over KOH and 
distilled (166-167°C) 

5-Bromo-8-quinolinol was synthesized by bromination of copper (II) 8-quinolinolate with N-bromosuc-
cinimide at room temperature following the method by Prasad et al, with minor modification. Themono-
bromo-chelate of copper (II), a product of selective bromination (at 5-position) of the copper 8-quino
linolate, was dissolved in 6N hydrochloric acid. The copper ion in the acid solution was precipitated 
by passing hydrogen sulfide. The solution was then filtered and neutralized with ammonia, sodium 
carbonate or sodium hydroxide. 

a J .  Phi l l ips ,  R .  E lb inger  and  L .  Merr i t t ,  J .  Amer .  Chem.  Soc . ,  .71 ,  3987  (1949) .  

*V. Petrow and B. Sturgeon, J. Chem. Soc. , 1954. p. 570. 

°R. Prasad, H. Coffer, Q. Fernando and H. Freiser, J. Org. Chem., .30, 1251 (1965). 
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3. Preparation of Pyridine Adducts 

The anhydrous zinc chelate of 8-quinolinol or 2-methyl-8-

quinolinol was dissolved in an appropriate pyridine; e.g., pyridine, 

2-methylpyridine, etc. On partial evaporation of the solvent, the adduct 

separated as a crystalline solid which was separated from the solvent 

by decantation. The still moist crystals were redissolved in a fresh 

portion of solvent. This procedure was repeated another time to ensure 

high purity. The final product was kept in the solvent until just before 

use. The crystals were filtered over a filtering funnel and dried under 

reduced pressure shortly before the thermogravimetric analysis was per

formed. The entire preparation was carried out in a dry box. 

4. Other materials 

cr —  r 
Carrier free Zn radiotracer solutions (10 to 10 M) were 

used in all the adduct extraction experiments. The solutions were 

_ o _ o 
buffered and the activities were between 10 to 10 mc/ml. 

Acetic acid-sodium acetate buffers were used in the pH range 4 

to 6, and ammonia-ammonium chloride buffer solutions in the pH range 7 

to 9. Sodium perchlorate was added to the buffers to maintain a constant 

ion ic  s trength  o f  0 .10 .  

A. R. grade chloroform was washed three times with an equal 

volume of water. 

All other chemicals were of A. R. grade and used without further 

purification. 
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B. Apparatus 

An Eberbach Box Shaker in which 45-ml cylindrical tubes, with 

plastic screw cap stoppers, could be accommodated, was used to equili

brate the solutions at 25.0 t 0.5°C. 

Radioisotope counting was carried out with a Nuclear-Chicago 

Model DS-55 Well Type Scintillation Detector. 

A Beckman model G pH meter with a glass and saturated calomel 

electrode pair which was calibrated with Beckman buffer solutions at pH 

4.01 and 7.00, was used for all pH measurements. 

Absorption spectra were recorded with the aid of a Cary 14 

spectrophotometer. Quantitative measurements were performed with a 

Beckman DU spectrophotometer having a photomultiplier attachment. 

Matched 1-cm and 10-cm silica cells were used. 

The thermogravimetric analysis apparatus used in this work is 

the one assembled by Dr. David Kingston^* at the University of Arizona. 

It incorporates a Cahn Electrobalance and a Moseley Autograph X-Y re

corder, a tube furnace by Hevi-Duty Electric Company, a temperature 

sensing termocouple manufactured by Thermal Electric Company, and a 

Wheelco Chronotrol as a temperature controlling unit. 

41 .  D .  W.  Kings ton ,  Thermal Stability Studies. Ph. D. disser
tation, University of Arizona (1966). 
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C. Procedures 

1. Distribution Studies of the Self-adduct Systems 

The distribution ratios of the zinc 8-quinolinol self-adduct 

fi ^ systems were determined by shaking 10 ml of buffered Zn solution at a 

constant ionic strength (0.1) and 10 ml of reagent solution (10~4 to 1.9 M) 

in chloroform, for half an hour, a time found adequate for attainment of 

equilibrium. The mixtures were then allowed to stand for half an hour to 

one hour for phase separation. After phase separation, equal volume 

aliquots of both phases were pipetted out and counted separately. The 

concentrations of the aliquots and the time for counting were adjusted so 

4 5 that the total counts were between 10 to 10 to minimize the statistical 

counting errors. The pH value of the aqueous phase after extraction was 

taken as the equilibrium pH value. 

2. Distribution Studies of the Pyridine Adducts 

The distribution ratios of the pyridine adduct systems were 

determined in the same manner except that 5 ml of the pyridine solution 

(0.006 to 3 M) in chloroform and 5 ml of 8-quinolinol in chloroform were 

used to replace 10 ml of 8-quinolinol solution. 

3. The K Determination for Pyridine and Methyl pyridines 
UK 

The Kj-^ values of the pyridines (where is defined as the 

distribution coefficient of the reagent between the organic and the aque

ous phase) were determined by shaking 10 milliliters of buffer solution of 
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suitable pH and at a constant Ionic strength (0.10) with 10 ml of the 

reagent solution (5 x 10~^M) in chloroform for half an hour. The 

mixture was allowed to stand for at least two hours for phase separation. 

The organic phase was then pipetted out, and passed through filter paper 

to remove small water droplets which might have been present. Concen

tration was measured spectrophotometrically. The concentrations of the 

a l iquots  were  adjus ted  so  as  to  have  an  absorbance  be tween  0 .3  and0 .5 .  

The absorbance measurements were prepared at the following wave 

lengths. 

pyridine 262 mp 

2-methylpyridine 264 mp. 

4-methylpyridine 256 my 

2, 4, 6-trimethylpyridine 264 mp 

4. Thermogravimetric Analysis of the Solid Pyridine Adducts 

The electrobalance was calibrated by first zeroing the balance 

and recorder with an empty sample pan. Then, an accurately known 

weight (about 50 mg) was placed in the pan and the suspension was cali

brated versus this weight. Calibration needed only be done once a week; 

however, the zero should be reset with every run. After the calibration 

had been made, the recorder span was set with the balance output 

41 
control. Matheson dry air was fed into the top of the combustion tube 

at a rate of 24 c.c. per minute. The heating rate was 100°C per hour. 

All samples were heated from room temperature to 600°C. 
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D. Calculation of the Equilibrium Constants Involved in the Extraction 

Despite the complicated equilibria involved, equations were 

derived which enable us to evaluate the various equilibrium constants 

(Appendix). 

(I) Simple 1:2 chelate system: From a plot of log D vs. pH 

(Figs. 1 and 2) at lower pH values, the slope gives the number of protons 

released on chelation, and the intercept gives the value for the extraction 

constants, K_„ (equation (13-a)). The value of the distribution coefficient vX 

for the neutral chelate, KD(~,, is obtained from the maximum value of D 

(at higher pH range) according to equation (15). Using this value and 

the value of Kgx together with Kq and KDR determined separately or ob

ta ined  from the  l i t eratures ,  the  over -a l l  format ion  cons tant  for  the  1 :2  

chelate in the aqueous medium (K^ or KjK ) may be calculated (equation 

(14)  ) .  

(II) Self-adduct system 

(i) The adduct formation constants in the organic phase, 

kAD,O 

When log D is plotted against log (hQ^ at constant pH 

values two straight lines, one of slope two at lower reagent concen

trations and the other of slope 2+a^.at higher reagent concentrations are 

observed (Figs. 3-7). The intersection of these two lines gives the 

va lue  for  K^ D  ^ (equat ions  (26)  and  (27)  ) .  



An alternative which takes into account the variations both in 

pH and in the reagent concentrations simultaneously is to plot log D 

2 s 2 32 

(H+j / [HQ] against log (HQJ q. Two straight lines are obtained. 

The horizontal line corresponds to log D = log K and the line of slope a 
6x ^ 

shows the number of neutral reagent molecules involved in the self-

adduct (Fig. 8). The intersection of these lines gives the adduct for

mat ion  cons tant ,  K AD,  Q  ( equat ions  (26-a )  and  (27—a)  ) .  

(ii) The over-all formation constants of the 1:2 chelate, 

The Kj values may be evaluated from the extraction 

constant, Kex, according to equation (21-b), the and Ka values 

being determined separately or obtained from the literatures. 

Alternatively, a plot of log D log [hq} q vs. 

log j which takes into account the variations in the pH and the re

agent concentrations simultaneously gives two straight lines according 

to equations (20-a) and (22-a) (where £= 1 and [q~] = the 8-quino-

linol anion concentration in the aqueous phase). The values may be 

obta ined  from the  in tersec t ion  o f  the  two  l ines ,  i . e .  

-log |q-} = 1/2 (log Kf) 

Such plots were constructed for 8-quinolinol and for 4-methyl- and 2-

methy l -8 -quino l ino l  (F igs .  9 ,  10 ,  and  11) .  

(iii) Distribution coefficient of the 1:2 chelate, KDq 

For a given reagent concentration at the higher pH 

values log D reaches a plateau, DmaX, which is a constant value if the 



extractable species is the simple 1:2 chelate and is, however, pro

portional to the reagent concentrations if the extractable species is a 

se l f -adduct  (equat ion  (22) ;  F ig .  12) .  The  in tercept  o f  the  log  D^ a v  vs .  lUaA 

log [hq] 0 plot gives the value of kADk' Dc/kDR (elation (22) ). This 

group of constants in combination with the adduct formation constants 

in the organic phase, kad, 0^gives the value of kdc (equation (29) ). 

(Ill) Pyridine adduct system 

At constant £hq}q and constant pH values, when log D is 

plotted against the logarithm of the pyridine concentration in the organic 

phase, log [b}0, two straight lines are obtained. The one at higher 

pyridine concentrations has a slope of ^ which gives the number of 

pyridine molecules involved in the adduct (equation (33) ). The inter

section of these two lines (equations (32) and (33) ) gives the value for 

the adduct formation constant in the organic phase. 
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PH 

Fig .  1 .—Dis tr ibut ion  o f  z inc  che la te  o f  2 -methy l -
8-quinolinol between chloroform and water at constant 
(HQ)0 values; a: (HQ)C = 0.62M; b: (HQ)0 = 0.36M; and 
c :  (HQ) 0  = 0 .17M.  
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(5-Iodo-8-quino-
_  i n ~ l « 8 8  linol)0 = 10 

# (5-Iodo-8-quino-
l ino l ) 0  = 10" 1 ' 5 7  

- 2  

3 4 5 6 7 9 8 

PH 

Fig .  2 .—Dis tr ibut ion  o f  z inc  che la te  o f  5 - iodo-8-
quinolinol between chloroform and water. 



24 

- 2  

-4 

I 
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Log (HQ)0 

Fig .  3 .—Dis tr ibut ion  o f  z inc  adduct  (or  che la te  o f  
8-quinolinol between chloroform and water at constant pH 
va lues ;  a  =  pH 4 .56;  b  =  pH 4 .00;  c  =  pH 3 .50 .  
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Fig .  4 .—Dis tr ibut ion  o f  z inc  adduct  (or  che la te )  o f  
4-methyl-8-quinolinol between chloroform and water at pH 
4 .53 .  



-4  -3  - 2 -10  1 

Log (HQ)0 

I 
F ig .  5 .—Dis tr ibut ion  o f  z inc  adduct  (or  che la te )  o f  

5-chloro-8-quinolinol between chloroform and water at pH 
4 .53 .  
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Fig .  6 .—Dis tr ibut ion  o f  z inc  adduct  (or  che la te )  o f  
5-bromo~8-quino l ino l  be tween  ch loroform and  water  a t  pH 4 .53 .  
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Fig. 7.—Distribution of zinc adduct (or chelate) of 
5-nitro -8 -quino l ino l  be tween  ch loroform and  water  a t  pH 3 .15 .  



A 5-Nlfro-8-qtinolinol 

H 5-todo-8-qufiolinol 

O 4-Methyl-8-quinolinol 

A 8-quinolinol 

X 5-Bromo-8-qiinolinol 
• 5-chloro-8-quinolinol 

• 2-Mettiyl-8-quinoSnol 
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Fig. 8.—Distribution of zinc chelates (or adducts) of 
8-quinolinol and substituted 8-quinolinols between chloroform and 
water. 
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-Log (Q~) 
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Fig .  9 .—Dis tr ibut ion  o f  z inc  adduct  (or  che la te )  o f  
8-quinolinol between chloroform and water at various (HQ)0 and pH 
values. 
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F ig .  10 .—Dis tr ibut ion  o f  z inc  adduct  (or  
chelate) of 4-methyl-8-quinolinol between chloroform 
and water at various (HQ)q and pH values. 



32 

3 

2 

1 

0 

1 

2 

3 

4 
6 9 10 7 8 5 11 

-Log (Q") 

Fig. 11.—Distribution of zinc adduct (or chelate) of 
2-methyl-8-quinollnol between chloroform and water at various 
(H0)o and pH values. 
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F ig .  12 .—Corre la t ion  between  D m a x  va lues  and  the  
reagent concentrations for zinc 8-quinolinol or substituted 8-
quinolinol systems. 



IV.  DISCUSSION 

A. Factors Affecting Adduct Formation Equilibria 

1. General Considerations 

Since an adduct is formed between a Lewis acid and a Lewis 

base, one would expect the adduct formation equilibria to be greatly 

affected by the Lewis basicity of the donor and the Lewis acidity of the 

acceptor, i.e., the neutral metal chelate, ML2. Furthermore, steric 

factors, which have played important roles in the field of structural 

chemistry, would also be important. 

Isolated cases tend to confirm the above considerations. For 

2 42 
example, it has been reported ' that 4-methylpyridine forms a more 

stable adduct with copper (II) j9-diketonates than does pyridine because 

of its higher basicity. 

By Lewis acidity of the metal chelate is meant the residual 

acceptor ability of the central metal atom after chelation. To a first 

approximation, one would expect the residual Lewis acidity of the 

central metal atom after chelation to decrease with the increasing stabili-

9 
ty of the metal chelate. For example, the stabilities of the adducts 

increase in the order 

42 .  W.  R.  May and  M.  M.  Jones ,  J .  Inorg .  Nuc l .  Chem. ,  
25 ,  507  (1963) .  

34 
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CufAcacJg CuCBzacJg <C Cu(Acest)2 

where "Bzac" is benzoylacetonate and "Acest" is ethyl acetoacetate, 

40 
This is the order of decreasing stability of the copper (II) chelates. 

The resolution of the visible absorption spectra in chloroform into 

44 45 Gaussian ' components shows that it is also the order of decreasing 

energy of the ligand field transitions, which occur as follows 

Cu(Acac)2 1.52x10^ and 1.88xl0^cm 1 

Cu(Bzac)2 1.48x10^ 1.86xl0^cm 1 

Cu(Acest)2 1.45x10^ 1.80xl0^cm-1 

It would be expected that the order of decreasing ligand field effect 

should be also the order of decreasing transfer of negative charge from 

the ligand to the metal atom and consequently of increasing residual 

positive charge on the metal atom, which accounts for the increasing 

32 
ability for further coordination. A similar effect has been observed for 

the metal chelates of ^-isopropyltropolbne (HIPT) and thenoyltrifluoro-

acetone (HTTA). The adduct formation constants follow the order 

CU(IPT)2 < Cu(TTA)2 

Zn(IPT)2 < Zn(TTA)2 

43 .  T .  S .  Moore  and  M.  W.  Young ,  J .  Chem.  Soc . ,  1932 .  2694 .  

44 .  R ,  L .  Be l ford ,  M.  Calv in  and  G.  Be l ford ,  J .  Chem.  Phys„ ,  
26 ,  1165  (1957) .  

45. D. P. Graddon, J. Inorg. Nucl. Chem., .H, 161 (1960), 
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This is again the order of the decreasing stability of the metal 

, 46 
chelates. 

As for steric factors, one might expect that the number of donor 

molecules which enter the coordination sphere as well as the stability of 

the adduct molecule formed depend largely on the steric factors. In 

support of this, several investigations on adduct formation by previous 

o 
workers should be mentioned. Copper (II) ethyl acetoacetonate can be 

recrystallized from both pyridine and 4-methylpyridine as di-adducts 

whereas the same compound when recrystallized from 2-methylpyridine or 

2,6-dimethylpyridine remained unchanged. The inability to form an 

adduct in the latter case might be attributed to steric hindrance. Like

wise, the adduct formation constant for the quinoline adduct of copper (II) 

dimethylglyoximate is considerably lower than that observed for the cor-

33 
responding pyridine adduct. With primary and secondary amines as 

donors for the same chelate, the difference in adduct formation may also 

33 
be explained by steric hindrance. 

In this study, a series of substituted 8-quinolinols were chosen 

to permit the examination of the effect of electron-withdrawing or electron-

releasing as well as steric hindering groups on the extent of adduct for

mation in both the self-adduct and the pyridine-adduct systems. 

46 .  L .  G .  S i l l en  and  A.  E .  Marte l l ,  Stability Constants of 
Metal-Ion Complexes, London: The Chemical Society, Burlington House, 
W.  1  (1964) .  



Furthermore, by using pyridine and its methyl-derivatives as adduct 

formers, the extent of steric hindrance and donor basicities could be more 

closely controlled. 

2. Self-adduct Formation in the Zinc-8-Quinolinol Systems 

In general, the extraction of a simple chelate can be described 

by a plot of log D vs. pH, at a constant reagent concentration in the 

organic phase; this plot consists essentially of two linear portions. 

Starting at a low pH, the value of log D increases with a slope of n 

(where n is the number of protons released on chelate formation) and then 

eventually reaches a constant, pH-independent value determined by the 

distribution coefficient, of the chelate. At a higher value of the 

reagent concentration the entire curve shifts to the left; i.e., to a region 

of lower pH, without alteration of either the slope or the value of the 

maximum log D, which remains equal to log KD(_, (Figs. 1 and 2, 

equations (13-a) and (15), Appendix). 

When the extractable complex is an adduct rather than a simple 

chelate, the entire extraction curve will be affected by the adduct re

agent concentration (equations (21-a), (22) and (33), Appendix). In the 

event that the chelating agent is also involved in adduct formation, an 

increase in reagent concentration will cause the plateau portion of the 

extraction curve to shift to a higher log D, and the initial linear portion 

of the curve to shift to a lower pH, but without changing its slope 

(Figs. 13 and 14, equations (21-a) and (22), Appendix). 



Similar plots of log D vs. pH are constructed for other 8-quinolinol 

derivatives. The slope in each case is 2 which indicates that in each of 

these extractions two protons are released on the formation of the 

extractable complex. 

When log D is plotted against the logarithm of the reagent con

centration in the organic phase, q, the slope will show the number 

of reagent molecules incorporated in the extractable complex. Such plots 

were constructed for the extraction of zinc (II) with 8-quinolinols as 

shown in Figs. 3 to 7, 15, and 16. According to equation (21-a), 

Appendix, the slope of the resulting line is 2+^ assuming that ZnC^.aHQ 

is the species extracted. As can be seen from Figs. 15 and 16, the 

value of a for zinc, 2-methyl-8-quinolinol or zinc, 5-iodo-8-quinolinol 

system is zero, and those for zinc, 8-quinolinol, and other substituted 

8-quinolinol systems are unity. That is, with the exception of 2-methyl-

and 5-iodo-8-quinolinol, the one to one self-adducts of the formula, 

ZnQ2.HQ, were extracted in all the 8-quinolinol systems investigated. 

Zinc was extracted as the simple 1:2 chelate in both 2-methyl- and the 

5-iodo-8-quinolinol systems. 

The failure of 2-methyl-8-quinolinol to form a self-adduct may 

well be attributed to the steric hindrance of the methyl groups adjacent to 

the donor nitrogen atoms. The inability of 5-iodo-8-quinolinol in forming 

a self-adduct, however, can be explained on the basis of neither steric 
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Fig. 13.—Distribution of zinc adduct (or chelate) 
of 8-quinolinol between chloroform and water; log (HQ)0 = 
0.28, -0.46, -0.76, -1.06, -1.35, -1.54, -1.82M for 
curves a, b, c, d, e, f, and g respectively. 
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Fig. 14.--Distribution of zinc adduct (or 
chelate) of 4-methyl-8-quinolinol between chloroform 
and  water  a t  (HQ) q  = 0 .14M.  
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Fig. 15.—Distribution of zinc adduct (or chelate) 
methyl-8-quinolinol between water and chloroform at pH 



Log (HQ)0 

Fig. 16.—Distribution of zinc adduct (or chelate) of 
5-iodo-8-quinolinol between chloroform and water at constant pH 
va lues ;  a :  pH =  4 .53 ;  b :  pH =  4 .03 ;  c :  pH =  3 .58 .  
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hindrance nor reagent basicity since 5-nitro-8-quinolinol, a considerably 

less basic analog, can form a self-adduct (Table II). 

Despite the complicated equilibria involved, the adduct for

mation constant in the organic phase, KAQ q, as well as the over-all 

formation constant of the chelate, Kf, can be readily evaluated from the 

extraction data (cf. Section III, D. and Appendix). Results are summarized 

in  Table  I I .  

The values of the over-all formation constants obtained from the 

extraction curves are in good agreement with those obtained by potentio-

metric titration in 50% v./v. aqueous dioxane, allowing for the difference 

in the medium. The apparent discrepancy in the case of the formation 

constant of the 2-methyl-8-quinolinol-zinc (II) chelate did not disappear 

upon extensive redetermination of the extraction equilibria. When loga

rithms of the chelate formation constants were plotted against pKa values 

of the 8-quinolinols (where pKQ = pKQ^ + pKa2, the over-all basicity of 

the donor atoms, N and O), the expected (see references 35, 47) linear 

re la t ionsh ip  was  observed  (F ig .  17 ) .  

In the same figure, a similar plot was constructed between the 

adduct formation constants and the pK= values of the reagents. Again, Q 

linear dependence was observed. The slope is, however, much smaller. 

47 .  M.  Ca lv in  and  K.  W.  Wi l son ,  J .  Amer .  Chem.  Soc . ,  67 ,  
2003  (1945) .  



In other words, the self-adduct formation constants are almost constant 

over a wide range of pK values. This can be explained on the following 
a 

basis. 

As stated in the previous section, an adduct is formed between 

a Lewis acid and a Lewis base, its stability depends therefore on the 

Lewis basicity of the donor as well as the Lewis acidity of the acceptor, 

the metal chelate. To a first approximation, the Lewis acidity of the 

metal after chelation decreases with increasing stability of the chelate. 

On forming a self-adduct, 8-quinolinols act both as chelating agents 

and as adducting bases. The enhancement in the adduct formation con

stant due to an increase in the reagent basicity is compensated to a 

cer ta in  ex tent  by  i t s  ab i l i ty  to  form a  more  s tab le  che la te ,  tha t  i s ,  a  

weaker acceptor. The over-all effect would be a much smaller net in

crease in the adduct formation constants for a relatively large increase in 

the reagent basicity. 

Since 5-nitro-8-quinolinol is the least basic and 4-methyl-8-

quinolinol is the most basic among the 8-quinolinols investigated,, it 

would be expected that an adduct with zinc-5-nitro-8-quinolinol chelate 

as an acceptor and 4-methyl-8-quinolinol as the donor to be the strongest 

adduct, and vice versa. This would present a difficult experimental 

problem. Possibly it might be accomplished by varying the 4-methyl-8-

quinolinol concentration at a constant pH which is sufficiently low so 
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Fig. 17.—Correlation between adduct formation constants 
(or chelate formation constants) and the basicities of the chelating 
agents. 



TABLE II. Summary of Equilibrium Constants for Zinc Chelates of 8-Quinolinol and Substituted 
8-Quinolinols at 25°C 

log Kf 
Substituted 

8-quinolinol l°g Kex* log KAT7 
log Kdc log Kdr PKa log 

(50% v./v 
aqueous dio: 

Parent Compound -6 .80  2 .17  1 .41  2 .64 a  14.90b 17 .06  18 .86 d  

2-Methyl- -8 .10  no adduct 
formation 

2 .99  3.22a 15.90b 15 .68  18.28e 

4-Methyl- -6 .40  2 .20  1 .97  3 .27 a  15 .66 b  18 .11  20 .24 d  

5-Chloro- -6 .90  1 .95  2 .40  3 .32 b  13 .00 b  15 .58  

5-Bromo- -6 .64  2 .04  3 .76  3 .51 b  12 .80 b  14 .62  

5-Iodo- -5 .12  no adduct 
formation 

4 .00  3. 75b 11 .90 b  14 .86  

5-Nitro- -4 .31  1 .52  1 .43  2 .64 C  8 .79°  12 .14  

\x = (KDCK#a 
2)/Kdr

2 

a j .  Fresco ,  The Relation of Structure to Analytical Behavior of the Metal Chelates of Certain 
Substituted 8-quinolinols, Ph. D. dissertation, University of Arizona (1961). 

b F.  Ash izawa ,  unpubl i shed  da ta ,  Univers i ty  o f  Ar izona ,  Tucson ,  Ar izona ,  1965 .  



TABLE II, continued 

c 
S. Thompson, unpublished data. University of Arizona, Tucson, Arizona, 1965. 

dW. D. Johnston and H. Freiser, Anal. Chim. Acta., U., 201 (1954). 

0 S. Takamoto, unpublished data. University of Arizona, Tucson, Arizona, 1964. 
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TABLE III. Values of Pyridine and Its Methyl Analogs between 
Chloroform and Water 

* 4fc 
Compound pKa pHjy2 

KDR 

Pyridine 5.2a'^ 4.0 1.2 

2-Methyl pyridine 5.9a'k 4.0 1.9 

4-Methylpyridine 6.1a'k 4.0 2.1 

2, 4, 6-Trimethyl- 7.5a'b 4.7 2.8 
pyridine 

•Determined experimentally 

#Calculated from: Log KDR = pKQ - PH^g0 

aA. GeroandJ. J. Markhaum, J. Org. Chem. JJ5, 1835 (1951). 

K.  C larke  and  Roth  Wel l ,  J .  Chem.  Soc . ,  1960 ,  1885 .  

Q 
G. H. Morrison and H. Freiser, Solvent Extraction in Analyti

cal Chemistry, John Wiley and Sons, Inc., New York and London (1962). 
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2, 4, 6-Trimethyl pyridine 

4-Methylpyridine 

2 -Methylpyridine 

Pyridine 

-3 - 2  1 0 

Log (P)o 

F ig .  18 .—Dis tr ibut ion  o f  pyr id ine  adduct s  o f  z inc  8 -qu ino-
l ino la te  be tween  ch loro form and  water ,  (8 -qu ino l ino l )o  =  2 .29  x  
10 M; pH = 5.52 for pyridine, 2-methylpyridine and 4-methyl-
pyridine systems; pH = 6.40 for 2, 4, 6-trimethylpyridine system. 
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V  2 , 4 ,  6-Trimethylpyridine 

A 2-Methyl pyridine 
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4 - 2  -1 

Log (P)o 

F ig .  19 .—Dis tr ibut ion  o f  Pyr id ine  adduct s  o f  z inc  4 -methy l -8 -
quinolinolate between chloroform and water; (4-methyl-8-quinolinol)o = 
3 .16  x  10~ 3 M; pH =  5 .75 .  



Log (P)o 

Fig. 20.—Distribution of pyridine adducts of zinc 
2-methyl-8-quinolinolate between chloroform and water; 
(2-methyl-8-quinolinol)o = 3.16x10" M; pH = 5.52 for 
pyridine, 2-methylpyridine and 4-methylpyridine systems; 
pH = 6.55 for 2, 4, 6-trimethylpyridine system. 
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TABLE IV. Adduct Formation Constants for Various Pyridine Adducts of 
the Zinc 8-Quinolinolates in Chloroform 

Chelating Agent Adducting Base log 

8-quinolinol pyridine 3.05 

2-methylpyridine 2.10 

4-methylpyridine 3.40 

2, 4, 6-trimethylpyridine 1.50 

2-methyl-8- pyridine 1.60 
quinolinol 

2-methylpyridine 1.00 

4-methylpyridine 1.75 

2, 4, 6-trimethylpyridine 0.20 

4-methyl-8- pyridine 2.47 
quinolinol 

2 - methyl pyridine 2.00 

4-methylpyridine 2.87 

2, 4, 6-trimethylpyridine 1.50 
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that only 5-nitro-8-quinolinol could form a zinc chelate. A more pro

ductive approach to these problems, the use of substituted pyridines as 

adduct formers, was undertaken. 

3. Pyridine Adducts of Zinc 8-Quinolinol Chelates 

As stated before, 2-methyl-8-quinolinol could not act as a 

monodentate ligand in forming a self-adduct due to the steric hindering 

group adjacent to the donor nitrogen atoms. It was therefore thought 

desirable to examine the behavior of pyridine bases on the extraction of 

zinc—2-methyl-8-quinolinol chelate to see whether adduct formation 

could occur with a simple nitrogen base in a chelate having potentially 

sterically hindering groups. By using both pyridine and analogs con

taining adjacent methyl groups the extent of steric hindrance could be 

controlled. Similar experiments were carried out with 8-quinolinol and 

4-methyl-8-quinolinol to provide a basis of comparison. 

From the plots of log D vs. the logarithm of the pyridine con

centration in the organic phase, the slopes will show the number of 

pyridine molecules involved in the extractable species. From the for

mation constants of zinc pyridine (or methyl pyridine) complexes and the 

KDR va*ues °f Pyridine and methyl pyridines (Table III), it can be shown 

that less than 5% of zinc is present as pyridine or 4-methylpyridine com

plex in the aqueous phase with the total concentration of pyridine in the 

aqueous phase as high as 0.25 M. With 2-methyl- and 2, 4, 6-tri-

methylpyridine, zinc forms much weaker complexes, so that zinc is not 



complexed appreciably in the aqueous phase when the base concentration 

is as high as 1 M. In all the concentration regions under investigation, 

the amount of the 1:2 zinc pyridine complex formed was negligible. It is 

there fore  conc luded  that  in  the  ex trac t ion  curves  (F igs .  18 ,  19  and  20 ) ,  

both the region in which the slope is unity and that in which the slope is 

zero correspond to the formation of a one to one pyridine adduct. The 

change of slope from one to zero is due to the formation of appreciable 

amount of 1:1 zinc pyridine complex in the aqueous phase. Adduct for

mat ion  cons tant s  were  eva luated  accord ing  to  equat ions  (32 )  and  (33 ) ,  

Appendix. Results are listed in Table IV. These results are related to 

the factors discussed previously. 

First, it was found that the adduct formation constant increased 

with increasing basicity of the donor base. For example, for both the 

8-quinolinol and the 4-methyl-8-quinolinol systems, the adduct for

mation constants of 4-methylpyridine adducts were found to be 0.4 loga

rithmic units higher than those of the corresponding pyridine adducts. 

For the 2-methyl-8-quinolinol system, the corresponding increase was 

0.15 logarithmic units. These findings are in accord with the previous 

discussion. 

Second, a correlation of the adduct formation constants with the 

chelat e  s t a b i l i t y  i n d i c a t e s  t h a t  t h e  g e n e r a l  t r e n d  i s  a g a i n  f o l l o w e d ;  i . e . ,  

the greater the stability of the metal chelate, the smaller the residual 

Lewis acidity and consequently the less favorable condition for adduct 
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formation. Thus, the zinc chelate with 4-methyl-8-quinolinol has a 

greater stability than that with 8-quinolinol and, as a result, it formed 

less stable (by 0.5 logarithmic units) pyridine adducts. 

Finally, a decrease in the adduct stability was observed 

whenever steric hindrance was encountered. For example, the adduct 

formation constants for the 2, 4, 6-tri methyl pyridine adducts were lower 

than those of the corresponding 2-methylpyridine adducts which, in turn 

were smaller than those of pyridine. Likewise, in comparing the 

chelating ligands, the adduct formation constants for the pyridine adducts 

of 2-methyl-8-qulnolinol chelate were observed to be smaller than those 

of the corresponding adducts of 8-quinolinol or 4-methyl-8-quinolinol 

chelates. In the 2, 4, 6-trimethylpyridine and 2-methyl-8-quinolinol 

system, four "adjacent" methyl groups are present in the one to one 

adduct. The resultant crowding would have an adverse effect on adduct 

formation. Not surprisingly, therefore, the adduct formation constant in 

this case was found to be very small (of the order of unity). 

4. Nature of the Extracted Complexes 

In general, zinc is either tetracovalent with tetrahedral con

figuration or hexacoordinated. Early workers reported that the extraction 

o f  z inc  was  incomple te  due  to  the  format ion  o f  the  d ihydrate ,  ZnQ 2 . 2H 2 0 .  

Use of alcohols and amines with 8-quinolinol greatly improved the ex

traction through the formation of the adducts of the formula: ZnQ2. (ROH)2, 

8 14 
ZnQ2>(ROH) (RNH2), or ZnQ2. (RNH2). Schweitzer and coworkers 



reported that with various oxygen-containing solvents, such as n-butanol 

and  4 -methy l -2 -pentano l ,  z inc  was  ex trac ted  a s  d i so lva te ,  ZnQg. fS^ ,  

and with chloroform and benzene, zinc was extracted as monosolvate, 

ZnQg.CHQ) (S). Since chloroform is not a Lewis base, it is difficult to 

rationalize its coordination to the central metal ion; instead, it may 

attach to the 8-quinolinol molecule through hydrogen bonding. Likewise, 

the benzene molecule in the extractable species may be associated with 

the  8 -qu ino l ino l  che la te  or  8 -qu ino l ino l  a l so .  

In the present study, it has been indicated that for all the sys

tems under investigation, the one to one adducts of the formula, 

ZnQg. (B) (where B represents the neutral chelating agent for the self-

adduct system, and the pyridine base for the pyridine adduct system) 

were formed. There is no way, however, from these extraction data to 

conclude whether the sixth coordination site was occupied or left vacant. 

With this problem in mind an attempt was made to isolate the 

adducts directly from the extraction system, which was, however, unsuc

cessful because of the limited solubility of the adduct in chloroform. The 

solid adducts were therefore prepared hoping to get some information con

cerning the coordination number of zinc in the extractable species. The 

compositions of the solid adducts were analyzed thermogravimetrically. 

The results in Table V indicate that in the solid state pyridine 

formed 2:1 adducts with the zinc chelate of 8-quinolinol as well as its 

2-methyl analog; whereas with 2-methylpyridine and 



TABLE V . Thermogravimetxic Analysis for the Solid Pyridine Adducts of Zinc 8-Quinolinolates 

Compound 

Zinc Content 
Empirical Formula by EDTA 

(from TGA Analysis) Titration Theoretical 
(ZnO)reSKiue 

(ZnO) calculated 

Zinc 8-quinolinolate, 
anhydrous 

Zinc 2 -methyl-8 -quino-
linolate, anhydrous 

Zinc 8-quinolinolate 
dihydrate 

Pyridine adduct of zinc 
8 -quinolinolate 

2-methylpyridine adduct 
of zinc 8-quinolinolate 

2, 4, 6-trimethylpyridine 
adduct of zinc 8-quino
linolate 

Pyridine adduct of zinc 
2 -methyl - 8 -quinolinolate 

ZnQ2 

ZnQr 

18 .45±0 .03  18 .49  

ZnQ2. (H20)2 

Zn(V( P # ) 1 .5  

ZnQ 2 • (P) o. 3+ 

ZnQ2. (P)0#3+ 

17 .20 -0 .06  17 .13  

13 .7510 .05  

17 .1110 .07  

16 .3010 .04  

13 .78  

17 .13  

1 6 . 6 0  

ZnQ2.(P)^8 12.63-0.08 12.47 

0 .85  

0 .90  

0 . 8 6  

0 .83  

0 .87  
0 . 8 6  
0 .87  

0 .84  

0 .89  



TABLE V . continued 

Empirical Formula 
Compound (From TGA Analysis) 

2-methylpyridine adduct ZnC^. (P)q 7+ 

of zinc 2-methyl-8-quino-
linolate 

2, 4, 6-trimethylpyridine ZnQ2.(P)Q 4+ 

adduct of zinc 2-methyl -
8 -quinolinolate 

* 

Q: represents the anion of the chelating agent. 

#P: represents the pyridine base. 

Zinc Content . 
by EDTA (ZnQ)residue 
Titration Theoretical (ZnO)caicujate(j 

15 .79+0 .04  15 .75  0 .96  
0 .92  

15 .45^0 .04  15 .12  0 .94  
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2 , 4 ,  6 - t r i m e t h y l p y r i d i n e  o n l y  p e n t a c o o r d i n a t e  a d d u c t s  o f  l o w  s t a b i l i t y  

were formed (their low stability may be indicated by the decimal numbers 

of the pyridine molecules in the solid adducts; i.e., the adducts de

composed even at room temperature before the thermogravimetric analysis 

was performed) as a result of the steric interference of the "adjacent" 

methyl groups. 

That pyridine formed a hexacovalent complex with zinc-2-methyl -

8-quinolinol chelate, but 2-methylpyridine formed only a pentacoordinate 

adduct with zinc-8-quinolinol chelate is puzzling at first. It becomes 

quite reasonable, however, after examination of a molecular model of 

zinc 8-quinolinol chelate dihydrate. According to an X-ray study this 

complex is octahedral consisting of two transcoplanar chelate rings with 

48 water molecules located at axial positions. The formation of a di-

adduct would just involve the replacement of the axial water molecules 

by pyridine molecules. Since the size of the 8-quinolinol molecule is 

sufficiently large, the 2-methyl groups on its nucleus are situated far 

enough away from the central metal atom that they will not interfere 

appreciably with any axially coordinated base of sufficiently small size, 

such as pyridine or water. The presence of a methyl group on the 2-

position of the pyridine ring, however, would greatly interfere with the 

chelating plane. Hence an octahedral complex could not form between 

2-methylpyridine and zinc-8-quinolinol chelate. 

48 .  L .  L .  Merr i t t ,  Jr . ,  Ana l .  Chem. ,  .25 . ,  718  (1953) .  
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It will be noticed that in some cases, i. e., the pyridine and 

4-methylpyridine adducts of the zinc chelate of 8-quinolinol and 4-methyl-

8-quinolinol, the compositions of the pyridine adducts in the solid state 

are different from those in the extraction system. It might be that the 

chelated 8-quinolinol molecules were solvated to a certain extent by 

chloroform in more bulky complex in which there would not be enough 

room for the addition of two molecules of pyridine in the extractable 

adduct. Alternatively, the complexes might still be hexacoordinated 

forming mono-pyridine adducts having one water molecule occupying 

the residual coordination site. 

5. Conclusions 

On the basis of the above discussion, it is proposed that in the 

extraction system, pyridine and 4-methylpyridine adducts of zinc chelates 

of 8-quinolinol, 2-methyl- and 4-methyl-8-quinolinol are extracted as 

hexacoordinate complexes with one molecule of water occupying the 

sixth coordination site; whereas with other pyridines containing the steric 

hindering methyl groups, i.e., 2-methylpyridine and 2, 4, 6-trimethyl-

pyridine, the extracted species are anhydrous pentacoordinate adducts. 

The distribution coefficients of the copper (II) chelates of 4-

methyl-8-quinolinol and 2-methyl-8-quinolinol between either chloroform-

49 water or carbon tetrachloride-water solvent pairs are essentially the same . 

49 .  J .  Fresco  and  H .  Pre i ser ,  Ana l .  Chem. ,  3 .6 ,  631  (1964) .  



Nevertheless, the Kjjq value of zinc (II) 2-methyl-8-quinolinol chelate 

was found to be one logarithmic unit higher than that of its 4-methyl 

analog. It would seem that these two zinc chelates are structurally 

different. One might expect a different coordination number of zinc to be 

involved. In other words, it might be that with 2-methyl-8-quinolinol, 

zinc is tetra- or pentacoordinate, and the neutral chelate formed was 

anhydrous or monohydrated; on the other hand, with the chelates of other 

8-quinolinols which are capable of forming adducts when the reagent con

centration is sufficiently high, zinc is hexacovalent and the neutral 

chelates formed at low reagent concentrations are dihydrates whose 

hydrophobic  na ture  accounts  for  the  lower  K D Q  va lues  (Tab le  I I ) .  

In forming a self-adduct (or pyridine or 4-methylpyridine adduct), 

one of the water molecules is replaced by one 8-quinolinol molecule (or 

pyridine molecule) and one remains; whereas in the extraction of an 

adduct of 2-methyl- or 2, 4, 6-trimethylpyridine, when one molecule of 

water is replaced by these ligands the other water molecule is pushed 

out of the coordination sphere by the sterically hindering methyl groups. 

A pentacoordinate adduct with pyramidal structure probably would be the 

s truc ture  for  the  ex trac tab le  spec i e s  in  the  la t t er  case .  

Quite a few pentacoordinate zinc complexes are known. For 

example, zinc acetylacetonate forms a pentacoordinate monohydrate with 

five oxygen atoms arranged intermediate between a tetragonal pyramidal 
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and a trigonal bi pyramidal configuration. ̂  Similar structure has been 

found crystallographically for the monohydrate complex formed between 

zinc and the quadridentate ligand, N, N'-disalicylideneethylenedir 

51 
amine. Under different conditions zinc reacted with acetylacetone to 

form a tris-acetylacetonate, and with ammonia or pyridine, the di-adduets 

52 of zinc acetylacetonate have been isolated. In these complexes, zinc 

is hexacoordinated. These indicate that the coordination number of a 

metal ion depends on the condition under which the complex is formed as 

well as the steric factors. 

B. Properties of the Adducts and the Chelates 

1. Distribution Coefficient 

To a first approximation, the distribution coefficient KD(_, is 

equal to the ratio of the solubilities in one solvent to that in the other, 

both solvents being saturated with their counterparts. 

For an organic reagent as well as its metal chelates the solu

bility in the organic solvent increases with increasing molecular weight, 

and decreases with the increasing polarity of the compound. The reverse 

is true for its solubility in water. The value of K-^q can therefore be 

50 .  H .  Montgomery  and  E .  C .  L ingafe l t er ,  Ac ta  Crys t . ,  16 ,  
748  (1963) .  

51 .  D .  Hal l  and  F .  H .  Moore ,  Proc .  Chem.  Soc . ,  256  (1960) .  

52 .  F .  P .  Dwyer  and  A .  M.  Sargeson ,  J .  Proc .  Roy .  Soc . ,  
N .  S .  Wales  90 ,  29  (1956) .  



expected to increase with the molecular weight of the compound as long 

as its polarity does not change appreciably. It has been reported by 

53 49 
Dyrssen and Fresco on the study of the K values of a homologous 

DR 

series of organic reagents-the value increases by a factor of 4 per 

each additional carbon atom. Metal chelates in general have higher dis

tribution coefficients than the reagents, but the increase is much smaller 

if only from the molecular weight basis. Undoubtedly, the new polar 

center due to the presence of metal ion greatly compensates for the large 

increase in the molecular weight. 

One would expect a still higher distribution coefficient to be 

observed for an adduct since it contains one additional reagent molecule. 

Unfortunately, the present study does not permit the evaluation of the 

distribution coefficient of the adduct. Solubility measurements of the 

adducts in both organic solvent and water should help solve this problem 

if the adducts do not decompose. 

The distribution coefficient of the dihydrate of the one to two 

chelate which can only exist at relatively low reagent concentrations 

can be evaluated from equation (29). The distribution coefficients of the 

chelates of the 8-quinolinol analogs except for 5-nitro- and 2-methyl-

8-quinolinol increase linearly with the molecular weights of the chelates. 

The Kj3q value increases by a factor of 2 as the molecular weight of the 

53. D. Dyrssen, Division of Analytical Chemistry, A.C.S., 
Summer Symposium, Tucson, Arizona (1963). 



chelate increases by 20 (Fig. 21). This is somewhat smaller than the 

effect of methyl groups. 

The Kdc value of zinc (II) 5-nitro-8-quinolinol chelate is 1.3 

logarithmic unit below the straight line. Probably, the effect of the 

solvation by water on the large polar nitro group compensates for the 

large increase in the molecular weight. The same effect appears in the 

distribution coefficient of the reagent itself. The distribution coefficient 

of 5-nitro-8-quinolinol is essentially the same as the value of the 

54 
parent compound even though its molecular weight is much greater. 

Although and K'Dq cannot be evaluated separately it is 

possible to estimate an approximate maximum value for Since, as 

mentioned above, the concentration of the adduct in the aqueous phase is 

small compared with that of the normal chelate, in both the 8-quinolinol 

and 4-methyl-8-quinolinol cases, we can assume a maximum ratio of 

these species in either case as 1:1 which more than adequately allows 

for uncertainties introduced by the scatter in the experimental data. On 

this assumption the maximum value of K' for both 8-quinolinol and 4-
jriJ—/ 

2 6 
methyl-8-quinolinol is 10 . This would mean that the minimum values 

for log K'j-jq are 3.6 and 4.8 for zinc chelate adducts of 8-quinolinol and 

4-methyl-8-quinolinol, respectively. A reasonable value of Kj-jq for 

3 0 anhydrous 4-methyl-8-quinolinol chelate is 10 ' , the same as that for 

54. S. Thompson and H. Freiser, unpublished data. 
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5-Br 

2-Me 
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Molecular weight of the chelate 

Fig. 21.—Correlation between distribution coefficients 
and the molecular weights of the chelates. 



the 2-methyl-8-quinolinol chelate. Hence it may be concluded that the 

adduct formation has increased the KDC value by a factor of at least 

1 8 10 * i Based on the assumed similarity in the effect of a methyl sub-

stituent on the KDq values of the copper (II)- and zinc (II)-8-quinolinol 

chelates, one can estimate a value of log K_^ for the anhydrous zinc (II) 
DU 

8-quinolinol chelate to be 1.0 unit lower than the 2-methyl analog. In 

this event the effect of adduct formation on the increase in value is 

1 6 
a factor of 10 , in close agreement with the behavior of the 4-methyl-

8-quinolinol. 

2. Thermal Stabilities of the Pyridine Adducts and the Zinc 8-

Quinolinol Chelates 

Zinc chelates of both 8-quinolinol and 2-methyl-8-quinolinol 

form di-adducts with pyridine in the solid state (Table V). The decompo

sition of the pyridine adduct is a two-step reaction (Figs. 22-23). For 

the pyridine adduct of the zinc 8-quinolinol chelate, these two steps are 

closely spaced in temperature. For the pyridine adduct of the 2-methyl-

8-quinolinol chelate, one adducted pyridine molecule is lost some 34°C 

before that in the corresponding 8-quinolinol case, indicating a destabi-

lization by the adjacent methyl groups on the chelate rings. The mono-

adduct, however, decomposes at about the same temperature as the cor

responding pyridine adduct. After losing one molecule of pyridine, the 

adduct is more stable probably because there is a change in the configu

ration from the strained octahedral structure to a strain-free square-planar 



pyramidal structure. With the pyridine adduct of the zinc 8-quinolinol 

chelate, where no steric hindrance is encountered, the mono- and di-

adducts have essentially the same thermal stability. 

2-Methylpyridine forms a mono-adduct with the zinc 8-quino

linol chelate as well as with the zinc 2-methyl-8-quinolinol chelate. 

These adducts are much less stable (decomposition occurring at room 

temperature) than the corresponding pyridine adduct due to the presence 

of adjacent methyl groups on the chelate rings (Figs. 24 and 25). As 

previously mentioned, the 8-quinolinol molecule is of sufficiently large 

size that the presence of adjacent methyl groups does not preclude the 

formation of a dipyridine adduct. The chelate rings and the metal atom 

in a di-adduct are essentially coplanar. The presence of adjacent methyl 

groups, however, permits only the formation of a mono-adduct which 

probably assumes a distorted pyramidal configuration in which the two 

chelate rings are bent back. 

With 2, 4, 6-trimethylpyridine as the adduct base, greater 

steric hindrance is encountered. As a result, very unstable adducts, 

which exist only in the presence of an excess amount of pyridine, can be 

formed. The non-integral number of adducted base molecules suggests 

that they might not be coordinated directly to the central metal atom 

(Figs. 26 and 27), but are, rather, occluded in the crystal lattice. The 

formation of a mono-adduct in solution, which is confirmed by solvent 



extraction data and spectral studies, can be attributed to the presence of 

a large excess of pyridine which exerts a mass action effect. 

In Table V are summarized the analyses of the adducts zinc con

tents calculated based on the empirical formulas obtained from thermo-

gravimetric analysis. 

41 
It has been reported that, in many 8-quinolinol chelates, 

presence of the sterically hindering 2-methyl group tends to induce 

thermal destabilization. The metal ions whose 2-methyl-8-quinolinol 

chelates show this type of behavior are: Ni(II), Cr(III), Fe(III), Cu(II) 

and Co(II). In other cases such as Cd(II) and Mn(II), the presence of the 

2-methyl group results in thermal stabilization. The present thermo-

gravimetric study indicates that zinc ion belongs to the first category. 

(Decomposition of the zinc 2-methyl-8-quinolinol chelate starts at about 

240°C, whereas that of the corresponding parent compound starts around 

300°C.) The initial rapid weight loss (corresponding to 5-10% of the 

total weight loss) due to losses of one or two methyl groups from the 

chelate molecules, characteristic of the thermograms of the 2-methyl-

8-quinolinol chelates of the first class, is not observed for the zinc 

chelate of 2-methyl-8-quinolinol. In the case of pyridine adduct, the 

presence of a 2-methyl group of 8-quinolinol in general tends to thermally 

stabilize the adduct unless steric hindrance is encountered (Figs. 22, 23, 

24 and 25). This stabilization may be attributed to a higher Lewis acidity 

of the neutral chelate as discussed in the previous section. 
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Fig. 28 shows the thermogram of the dihydrate of the zinc 

8-quinolinol chelate. The chelate loses its hydrated water at 83-136°C. 

The maximum rate of weight loss occurs at about 120°C. The decompo

sition of the chelate is a two-step reaction, occurring at about 321 — 

533°C. An intermediate (C in Fig. 28) corresponding to 15-20% loss in 

weight is formed, which undergoes only slight weight loss in the tempera

ture range 400° to 430°C. The second stage decomposition reaches its 

maximum rate at about 475°C and is completed at above 546°C, The 

residue is zinc oxide. From Table V, the weight of the residue is less 

(by 10-15%) than the theoretical value. This may suggest that some 

metallic zinc sublimes due to incomplete oxidation. Alternatively, zinc 

may undergo disproportionation forming two types of compounds in the 

first stage of decomposition: one, of lower molecular weight, is more 

volatile and is lost in the vapor phase; the second slowly undergoes 

decomposition up to 440°C. The assumption that some chelate, ZnQ2» 

sublimes and the rest decomposes is unlikely, because this will result 

in a steeper decomposition curve at C in Fig. 28 rather than a pseudo-

plateau. Since a yellow solid was observed to form on the lower end of 

the glass column of the TGA apparatus in the temperature range corres

ponding to the first stage decomposition (B-»C in Fig. 28), the second 

assumption appears to be more likely. 

One of the standard methods for the determination of zinc 

quantitatively is to precipitate zinc from weakly acid or basic solutions 
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55 
as its 8-quinolinol chelate. The precipitate is then dried at 100°C 

and weighed as the hemihydrate, ZnG^.lf^O, or dried at higher tem

peratures and weighed as the anhydrous chelate, ZnQ£. Different tem-

r c 
perature;:ranges have been reported for complete dehydration. Fig. 28 

shows that dehydration occurs at 83-136°C with no observable inter

mediate stage. The formation of stable intermediate of definite compo-

sition (ZnC?2reported by previous workers is therefore open to 

question. From this study, it may be concluded that it is preferable to 

weigh the sample as the anhydrous chelate by drying the precipitate at 

180-250°C. 

Zinc has been determined by igniting its 8-quinolinol chelate to 

the oxide in the presence of oxalic acid and weighed as zinc oxide. The 

present study indicates that the presence of an oxidizing agent is es

sential in avoiding the possible loss of zinc by volatilization. 

Since 2-methyl-8-quinolinol and 4-methyl-8-quinolinol have, 

higher molecular weights (by 10%) than 8-quinolinol, they would be more 

advantageous as metal precipitants than the parent compound. From the 

TGA behavior, it is recommended that the precipitate of zinc 2-methyl -

8-quinolinol chelate be weighed as the anhydrous chelate after drying to 

constant weight at 150-240°C. 

55. R. Berg, Z. Anal. Chem. , 7 l _ t  171 (1927). 

56. R. Hollingshead, Qxlne and Its Derivatives, Vol. II, 
p. 527, Butterworths Scientific Publications, London (1954). 



50 

45 

40 

35 

30 

25r 

20 

15 

10 

5 

0 

86 
ZnQ2> (P) 1.5 

J 2 9° 

ZnQ 2. (P)o. 8 

1148° 265° 300° 
i. ZnQ 2 

389° 
^ ( ? ) 

ZnO-

J I I L±J I I I I I I 
79 104 128 167 277 300 323 347 371 394 417 441 465 488 518 541 

Temperature, °C 600°C 

Fig. 22.—Thermogram of pyridine adduct of zinc-8-quinolinol chelate. 



45 

239 
ZnQ2 

330' 

ZnO 

273 297 321 344 368 392 416 440 463 486 509 532 555 

Temperature, °C 

27 

Fig. 23.—Thermogram of pyridine adducts of zinc - 2 -methyl-8 -quinolinol chelate. 

to 

I 



rm 
261 150 

45 

40 92 

B 30 

25 

15 — 

544 
ZriO— 

162 247 295 319 343 367 397 421 445 468 491 514 537 560 

Temperature, °C 

75 100 125 

Fig. 24.—Thermogram of 2-methylpyridine adduct of zinc-8-quinolinol chelate. 

CO 



50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

0 

ZnQ2. (P)0 7 

ZnO--

J I L 
73 98 138 20 

' » • • ' L i I ' I I I I I 

247 271 295 318 341 364 3'86 410 434 458 482 506 529 552 

Temperature, °C 

Fig. 25.—Thermogram of 2-methylpyridine adduct of zinc-2-iiiethyl-8-quiHolinol chelate. 



50 

rm 
45 

40 120 275 

g 35 
389 

a 30 

25 

534' 
ZnO 

162 265 299 322 345 368 394 417 440 463 487 511 534 557 

Temperature, °C 

Fig. 26.—Thermogram of 2, 4, 6-trimethylpyridine adduct of zinc-8-quinolinol 
chelate. 



50 — rm 

45 ~ 

40 — 

,T 35 

° 25 

ZnO 

297 321 345 369 395 418 441 464 488 512 536 560 

Temperature, °C 

Fig. 27.—Thermogram of 2, 4, 6 - trimethylpyridine adduct of zinc-2-methyl-8-quino-
linol chelate. 



-1 

c -2 

50 

45 — 
-ZnQ 

40 
39.4 

.r 35 

25 

546 
J. ZnO 

0 249 273 297 321 345 368 394 417 440 463 486 510 533 580 603 

Temperature, °C 

28 

Fig. 28.—Thermogram of Zinc-8-quinolinol chelate dihydrate. 
vj 
•o 



78 

3. Absorption Spectra of the Pyridine Adducts and the Zinc 

8-Quinolinol Chelates 

57 
In general, chelate formation leads to change in spectra. 

With 8-quinolinol, it has been observed that chelate formation leads to 

bathochromic shifts of the absorption bands seen in the parent com-

58 
pound. Such shifts are generally observed to increase with an increase 

in the atomic number of the metal atom. With transition metals, the 

shifts are larger, and increase in a manner roughly parallel to the abili

ty of the metal ion to form covalent bonds. The spectra are, in these 

cases, similar to that of the protonated ligand. In forming an adduct, 

further change in spectra might be expected as a result of increasing 

electron density around the metal atom and a change in geometry through 

the formation of new bonds. It was therefore thought desirable to inves

tigate the spectral properties of the adducts. This was carried out by 

studying the spectra of anhydrous zinc 8-quinolinol chelates in various 

pyridines as well as in inert (non-adduct forming) solvents. The larger 

bathochromic shifts of the spectra of the chelates in pyridine solvents in 

comparison with those due to solvent effects alone (dispersive and 

57 .  A .  E .  Marte l l  and  M.  Ca lv in ,  Chemistry of the Metal 
Chelate Compounds, Prentice-Hall, Inc., Englewood Cliff s, N. J. 
(1956). 

58 .  O .  Popovych  and  L .  Rogers ,  Spec troch im.  Acta ,  2_1  1229  
(1965). 
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59 
permanent dipole interactions between the solvent and the solute) are 

attributed to adduct formation. 

In the 230-650 mji range, four or five distinct absorption bands 

are observed for the zinc 8-quinolinol chelates in various solvents. 

6 0 , 6 1  
Referring to the previous findings the bands in 370-410 mp region 

are ascribed to bathochromlc shifts of the anion bands around 350 nyu, 

This band is characteristic for the 8-quinolinol chelates of di- as well as 

62 ,63  
trivalent metals. The wave lengths of various absorption bands 

increase with increasing equivalent weight and size of metal ion. The 

intense bands in the region 240-270 mjx, corresponding to shifts in the 

ligand band around 250 mji, were not investigated because in many cases 

they exceed the transparent limits of the solvents. The bands in the 370-

410 mja region, however, were investigated in some detail (Figs. 29-34). 

The wave length and intensity of an absorption band are both 

64 affected by the environment and the state of the substance examined. 

59 .  E .  G .  McRae ,  J .  Phys .  Chem. ,  £1 ,  562  (1957) .  

60 .  T .  Moe l l erandA.  J .  Cohen ,  J .  Amer .  Chem.  Soc . ,  72 ,  
3546  (1950) .  

61 .  G .  W.  Ewing  and  E .  A .  S teck ,  ib id . ,  68 ,  2181  (1946) .  

62 .  W.  E .  Ohnesorge  and  L .  B .  Rogers ,  Spec troch im.  Acta ,  
15 ,  27  (1959) .  

63 .  J .  P .  Ph i l l ips  and  L .  L .  Merr i t t ,  J .  Amer .  Chem.  Soc . ,  71 ,  
3984  (1949) .  

64 .  C .  N .  R .  Rao ,  Ultra-Violet and Visible Spectroscopy. 
London, Butterworths (1961). 
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Gas phase and solution spectra differ due to the unequal perturbation of 

the ground and excited electronic states; this perturbation depends on the 

65 
nature of the solvent-solute interaction in the two states. Bayliss has 

made a quantitative approach to the study of solvent effects in the ab

sorption spectra. He derived an equation which predicts a linear 

relationship between the frequency shifts in absorption spectra and a 

quantity related to polarizability, (n2-l)/(2n2+l), where n is the re

fractive index of the solvent. This equation accounts only for the contri

bution of the dispersive solute-solvent interactions and holds well only 

59 with non-polar solvents. More recently, McRae has derived a more 

general expression for spectral shifts in solvents, taking into account 

also interactions due to permanent moments, 

*2= (ALq + B) AM + C 
2n^+l 

D- l  _  n2-l 
D+l n^+2 S 

where A, B, and C are constants characteristic of the solute, D is the 

dielectric constant of the solvent, and LQ is a function of the absorption 

spectra, usually taken as a constant for a given class of solvents. 

Using this equation (assuming L. to be a constant and replacing U j 

the whole term (ALQ + B) by a new constant A'), Popovych and Rogers®® 

have correlated the spectral shifts of 8-quinolinol and its zinc chelate in 

65 .  N .  S .  Bay l i s s ,  J .  Chem.  Phys . ,  JJ3 ,  292  (1950) ,  

66 .  O .  Popovych  and  L .  B .  Rogers ,  J .  Amer .  Chem.  Soc . ,  8 .1 ,  
4469  (1959) .  

i  
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various solvents with a function of refractive indices and dielectric con

stants of the solvents. Good agreement between the calculated and the 

observed  spec tra l  sh i f t s  was  obta ined  in  mos t  cases  (Tab les  VI  and  IX) .  

The exceptional large red shift in the case of zinc chelate of 8-quinolinol 

in dimethylformamide (observed: 2670 cm calculated: 1180 cm *) 

58 
was attributed to a "profound specific interaction" in addition to the 

usual dipole and polarization effects. 

In the present study, the spectral shifts were calculated in a 

similar manner. Results are listed in Tables VI-XI. The spectral shifts 

of 8-quinolinol and its methyl analogs (Tables VI—VIII) are in good agree

ment  w i th  the  ca l cu la ted  va lues  in  the  case  o f  neutra l  so lvent s ,  e . g . ,  

absolute ethanol, carbon tetrachloride and cyclohexanol. With pyridine 

and n-butylamine, the spectral shifts are, however, much larger than 

those calculated, which indicates a specific chemical interaction. One 

possible explanation is that n-butylamine, a fairly strong base (pKa = 

10"". 6), may break the intramolecular H-bonding of 8-quinolinol to form a 

partially ionized 8-quinolinol anion; the hydrogen atom is probably inter-

molecularly bonded to the n-butylamine molecule. This would account 

for  the  add i t iona l  f requency  sh i f t s  (1000  cm - 1 ) .  Pyr id ine  (pK Q  = 5 .3 )  

has a basicity slightly greater than that of the 8-quinolinol N (pKa = 

5.01) and could probably behave in the same manner as n-butylamine. A 

comparable shift in the spectrum (20 mp shift from the corresponding 

spectrum in water) was observed. In the case of 2-methyl- and 



4-methyl-8-quinolinol, however, the basicity of pyridine is 0.3 or 0.4 

logarithmic unit lowep than those of the reagents so that it can no longer 

be expected to affect the intramolecular H-bonding. As a result, the 

reagent molecule remains the same as it appears in the neutral solvents. 

For this reason, the spectra of the methyl 8-quinolinols in pyridine agree 

with the ones calculated using McRae's equation. 

The calculation of spectral shifts of the zinc chelate of 8-quino-

linol in various solvents was based on the values of absorption frequency 

of the chelate in water (taken from (59) ) and of the frequencies of the 

chelate in carbon tetrachloride and ether measured in the present study. 

Good agreement with Roger's data was found. The adduct forming sol

vents, such as pyridine, methyl pyridine and butylamine, on the other 

hand, fall into the same category as dimethylformamide. That is, the 

bathochromic shifts for the chelates in these solvents are much greater 

than those calculated from McRae's equation. Hence the evidence of 

adduct formation deduced from solvent extraction and thermogravi metric 

data is confirmed by the observation of the additional shifts in spectra 

in  these  cases .  

Similar studies were performed with zinc chelates of 2-methyl-

and 4-methyl-8-quinolinol. As indicated in Table XII, the introduction of 

a 4-methyl group results in a blue shift of 5 mp in the absorption bands. 

Accordingly, the absorption maximum of zinc-4-methyl-8-quinolinol 

chelate in water was obtained by subtracting 5 mji from the corresponding 



zinc-8-quinolinol chelate band, which was used as a reference In cal

culating 4i?0kserve(i' Using the same constants calculated for the 

chelating agent, the spectral shifts were evaluated (Table X). Again, 

for inert solvents, e.g., chloroform and ethanol, the difference between 

the calculated and experimental values are within experimental error. 

With adduct forming solvents, the shifts observed are much greater than 

the theoretical value. The formation of adducts in these cases is again 

confirmed. 

In the case of the zinc chelate of 2-methyl-8-quinolinol, the 

presence of a methyl group at the 2-position introduces a steric effect in 

addition to an increase in basicity. With the exception of chloroform and 

benzene, a greater blue shift (13 to 19 m}i) from the corresponding zinc 

8-quinolinol chelate band was observed (Table XII). In those two cases, 

the spectral shift was in the opposite direction (about 6 m)i red shift). 

The 371 mji band (ethanol) is considered as the fundamental chelate band. 

The additional red shift of approximately 20 mji accounts for adduct for

mation. It is puzzling to note that chloroform and benzene fall in the 

same group as the adduct forming solvents, because with zinc chelates 

of both 8-quinolinol and 4-methyl-8-quinolinol, these two solvents are 

inert. The absorption maximum of the zinc chelate of 2-methyl-8-quino-

59 
linol agrees with that reported by Rogers (differs by 2 mji). The 

peculiar result therefore does not seem to be merely due to experimental 

error. Rather, some special interaction between chloroform (or benzene), 



TABLE VI. Solvent Shifts of the Long Wave Length Absorption Maximum of 8-Quinolinol 

Solvent 
Refractive 

index, n 
Dielectric 
constant ,D 'max 

(mp) 

in 
If max A ̂ calculated 
(cm-1) (cmj) 

^observed 
(cm"1) 

Water 1.332 78.5 305 , 3.279x104 0 
Carbon tetrachloride 1.463 2.2 320 3.125x10* a 
Ether 1.350 4.23 316 3.165x10* 

3.205x10* 
a 

Chloroform 1.446 4.8 312 

3.165x10* 
3.205x10* 1.39x10* 

313 
jj II 

3.195x10 , 
3.195xl04

; 

1.39xl03 

Abs. ethanol 1.362 24.3 313 
314* 

jj II 
3.195x10 , 
3.195xl04

; l.OlxlO3 313 
314* 3.185x10** l.OlxlO3 

0.90xl03 

1.07xl03 

Methanol 1.329 33.1 313I 316I 315t 319I 
318* 319I 

3.195x10** 
3.165x10** 
3.175x10** 
3.135x10** 
3.140x10** 
3.135x10** 
3.165x10** 

l.OlxlO3 

0.90xl03 

1.07xl03 Isopropyl alcohol 1.378 18.3 

313I 316I 315t 319I 
318* 319I 

3.195x10** 
3.165x10** 
3.175x10** 
3.135x10** 
3.140x10** 
3.135x10** 
3.165x10** 

l.OlxlO3 

0.90xl03 

1.07xl03 

1-Propanol 1.384 20.1 

313I 316I 315t 319I 
318* 319I 

3.195x10** 
3.165x10** 
3.175x10** 
3.135x10** 
3.140x10** 
3.135x10** 
3.165x10** 

1.09x10]! 
1.37xl03 n-Heptane 1.385 1.92 

313I 316I 315t 319I 
318* 319I 

3.195x10** 
3.165x10** 
3.175x10** 
3.135x10** 
3.140x10** 
3.135x10** 
3.165x10** 

1.09x10]! 
1.37xl03 

Isoocatane 1.388 1.93 

313I 316I 315t 319I 
318* 319I 

3.195x10** 
3.165x10** 
3.175x10** 
3.135x10** 
3.140x10** 
3.135x10** 
3.165x10** 

1.38xl0q 
Cyclohexane 1.423 2.02 

313I 316I 315t 319I 
318* 319I 

3.195x10** 
3.165x10** 
3.175x10** 
3.135x10** 
3.140x10** 
3.135x10** 
3.165x10** 

1.47x10 A 
Dimethylformamide 1.430 182.4 3161 

3.195x10** 
3.165x10** 
3.175x10** 
3.135x10** 
3.140x10** 
3.135x10** 
3.165x10** 1.18x10, 

Pyridine 1.509 12.3 325 3.077x10 1.44x10, 
n-Butylamine 1.401 5.3 328 3.049x10 1.26x10 

1 a Used for calculation of constants A' and C in McRae's equation." 

#Data from (67). 

59 

1.54x10 
1.14xl03 

0.74xl03 

0.84xl03 

0.84xl03 

0.94xl03* 
0.84xl03 

1.14x10 3# 

1.04xl03* 
1.44x103* 

»3# 1.39x10 
1.44x10 
1.14x10 
2.02x10* 
2.30x10 

3# 
3# 

<£> 
O 
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TABLE VII. Solvent Shifts of the Long Wave Length Absorption Maximum 
of 4-Methyl-8-quinolinol 

Solvent ^max 
(mp) 

/V 

V max 
(cm" ) 

rj 
Miscalculated 

(cm-1) 
^observed 

(cm-1) 

Water 305 3.279xl04 0 0 

Carbon tetra
chloride 318 3.145xl04 a 1.34xl03 

Ether 316 3.164xl04 a 1.14xl03 

Chloroform 314 3.185xl04 1.36xl03 0.94xl03 

315 3.175xl04 1.36xl03 1.04xl03 

Abs. ethanol 312 3.205xl04 1.22xl03 0.74xl03 

313 
4 

3.195x10 1.22xl03 0.84x10^ 

Pyridine 318 3.l45xl04 1.50xl03 
3 

1.34x10 

n-Butylamine 327 3.058xl04 1.27xl03 2.20X103 

a 59 Used for calculation of constants A' and C in McRae's equation. 
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TABLE VIII. Solvent; Shifts of the Long Wave Length Absorption Maximum 
of 2-Methyl-8-quinolinol 

Solvent A max 
(mji) 

If max 
(cm"1) 

a/ 
^//calculated 

(cm-1) 

/v 
observed 
(cm-1) 

Water 308 3.247xl04 0 0 

Carbon tetra
chloride 310 3.226xl04 a 2.lxlO2 

Ether 307 3.257xl04 a -l.lxlO2 

Chloroform 306 3.268xl04 -0.6xl02 -2.1xl02 

Abs. Ethanol 306 3.268xl04 -4.5xl02 -2.lxlO2 

Pyridine 308 3.247xl04 -2.3xl02 0 

n-Butylamine 318 3.145xl04 -O.lxlO2 l.OxlO3 

a co 
Used for calculation of constants A1 and C in McRae's equation. 
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TABLE IX. Solvent Shifts of the Long Wave Length Absorption Maximum 
of Zinc-8-quinollnol Chelate 

Solvent A max 
(myi) 

^max 
(cm-1) 

^calculated 
(cm"1) 

^•^ob served 
(cm" ) 

Water 363* 
4# 

2.755x10 0 0 

Carbon tetra
chloride 

381 2.625xl04 1.55xl03 1.30xl03 

382* 2.618xl04* 1.55xl03 1.37xl03* 

Ether 378* 2.646xl04* 1.I4xl03 1.09xl03* 

Chloroform 382 2.618xl04 1.39xl03 1.37xl03 

380* 2.638X104* 1.39xl03 1.17X103* 

Abs. ethanol 384 2.604X104 l.lOxlO3 1.51xl03 

380* 2.638X104* l.lOxlO3 1.17xl03* 

Tetrahydro-
furan 408* 2.625x104* 1.23xl03 1.30x10s* 

Dimethylform-
amide 401* 2.488X104* 1.18xl03 2.67xl03* 

Pyridine 402 2.488xl04 1.44xl03 2.68X103 

n-Butylamine 406 2.463xl04 1.26xl03 2.92xl03 

2-Methyl-
pyridine 408 2.451xl04 

4-Methyl-
pyridine 404 2.475X104 .... 

2,4,6-Trimethyl- 4 
pyridine 410 2.439x10 

*Data from (67). 
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TABLE X. Solvent Shifts of the Long Wave Length Absorption Maximum 
of Zinc-4-methyl-8-quinolinol Chelate 

Solvent A max 
(mji) 

JJ max 
(cm" ) 

4/calculated 
(cm-1) 

rj 
^observed 

(cm" ) 

Water 358 2.793xl04 0 0 

Chloroform 377 2.652xl04 1.36xl03 1.41xl03 

Abs. ethanol 379 2.639xl04 1.22xl03 1.55xl03 

Benzene 381 2.625X104 1.42xl03 1.69xl03 

Pyridine 397 2.519xl04 1.50xl03 2.74xl03 

n-Butylamine 401 2.494xl04 1.27xl03 3.00xl03 

2-Methyl-
pyridine 403 2.481X104 

4-Methyl-
pyridine 400 2.500xl04 

2 , 4 ,  6-Tri-
methyl-
pyridine 404 2.475xl04 

Obtained by subtracting 5 mp from A^ax of zinc 8-quinolinol chelate in 
water. 



TABLE XI. Solvent Shifts of the Long Wave Length Absorption Maximum 
of Zino-2-methyl-8-quinolinol Chelate 

Solvent Amax 
(ray) 

Pyridine 386 

n-Butylamine 389 

Chloroform 388 

Abs. ethanol 371 

Carbon tetra
chloride 381 

Benzene 392 

Acetone 389 

^ Values of A^0bserved were not calculated because the reference band, 
Pwater' cou^ not De evaluated in the same manner as in the case of its 
4-methyl analog due to the non-unique spectral changes observed on 
introducing a 2-methyl group to the parent compound (Table XII). A com
parison was made, however, on the difference of observed frequencies, 
i?max( the difference of the calculated spectral shifts from water, 
^calculated' between two inert solvents, absolute alcohol and carbon 
tetrachloride. Good agreement was observed. 

^max^CC^ - ^max*ethanol = _7-0xl°2 cm 1 and 

(^max>ethanol " ^max^CC^ = _6-6xl° cm 1 • 

This indicates that both solvents obey McRae's equation. 

/U N. " 4t 
XJ max &JJ calculated observed1^ 
(cm-1) (cm ) (cm" ) 

2.591xl04 -2.3x10 

2.571xl04 -1.3x10 

2.577xl04 ™0.6x10 

2.695xl04 -4.5x10 

2.625xl04 2.lxlO2 

2.551xl04 2.3xl02 

2.571xl04 4.3xl02 
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TABLE XII, Correlation Between the Absorption Maxima of Zinc Chelates 
of 4-Methyl-8-quinolinol and 2-Methyl-8-quinolinol with 
Those of the Parent Compound 

Solvent ^ZnQ2 " Azn(4-Me-Q)2 AznQ2 " Azn(2-Me-Q)2 

(mp) (mp) 

Chloroform 5 - 6 

Abs. ethanol 5 13 

Pyridine 5 16 

n-Butylamine 5 17 

2-Methyl pyridine 5 19 

4-Methyl pyridine 5 17 

2,4,6-Trimethyl-
pyridine 6 19 

Benzfene 2 - 9 

where ZnQ2: zinc-8-quinolinol chelate 

Zn(4-Me-Q)2: zinc-4-methyl-8-quinolinol chelate 

Zn(2-Me-Q)2: zinc-2-methyl-8-quinolinol chelate 



possibly the formation of chloroform (or benzene) solvates might be 

involved. 

That the approximately 20 red shifts in the absorption maxi

ma from those in the inert solvent systems are not merely a solvent effect, 

but a consequence of adduct formation is further supported by Fig. 35, 

which shows that the presence of 1% pyridine in chloroform may result 

in a complete shift of 20 mp in the absorption maximum. Since pure 

chloroform and chloroform containing 1% pyridine have essentially the 

same solvent effect in regard to dispersive and permanent dipole inter

action with the solute, this shift has to be attributed to adduct formation. 

It is interesting to speculate that the red shifts which accompany 

adduct formation in the zinc chelate spectra might reflect an increase of 

electron density in the 8-quinolinol fl-system supplied by the N atom of 

the adduct ligand through the zinc atom. 

C. Formation of Mixed Ligand Complex in the Extraction of Zinc in the 

Presence of 8-Quinolinol and 1, 10-Phenanthroline 

As stated in the previous sections, it has been found that 
/ 

pyridine and various methyl pyridines form adducts with the zinc chelates 

of 8-quinolinol and its methyl derivatives, it was therefore decided to 

investigate the possibility of adduct formation of such chelates with 1, 

10-phenanthroline. 



0. 6|— pure chloroform 
1% pyridine in chloroform -

10% pyridine in chloroform 
pure pyridine —+-

JQ0.3 

440 450 340 350 360 370 380 390 400 410 420 430 
Wave length, mji 

Fig. 35.—Effect of the pyridine content m chloroform on the absorption spectrum of zinc-
8-quinolinol chelate. 

CO 
CD 
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Because the behavior of 8-quinolinol in chloroform as the zinc 

extractant has already been examined, it would be appropriate first to 

study the effect of 1, 10-phenanthroline in chloroform on the extraction 

of zinc. The present study indicates that zinc can be extracted to a 

greater extent than is possible using 8-quinolinol at comparable reagent 

concentrations. At a pH of 5.0 in a solution that is 0.06M in NaC104, 

zinc is extracted to greater than 97% using a 0.03M solution of phenan-

throline in chloroform. By contrast, 8-quinolinol at the same pH extracts 

only 2% of the zinc. 

Although it is well known that phenanthroline forms stable com

plexes with a number of metals, the use of this reagent in metal ion 

67,68 
extraction procedures has been limited largely to iron (II) and, in 

69 the case of substituted phenanthrolines, to copper (IX Phenanthroline 

70 
extraction procedures have been reported recently for cobalt (II), and 

71 
nickel (II). One would reasonably expect that other tris-phenanthro-

line-metal (II) complexes would have comparable ability to form 

extractable ion-pair complexes. 

67. Y. Yamamoto and S. Kinuwaki, Bull. Chem. Soc. Japan .37, 
434 (1964). 

68. Y. Yamamoto and K. Kotsuji, ibid., .37, 785 (1964). 

69. A. R. Gahler, Anal. Chem., 26, 577 (1954). 

70. K. Tachibana, Mem. Fac. Sci., Kyushu Univ. Ser. C, 229 
(1961). 

71. L. Ducret, Anal. Chim. Acta, 20, 565 (1959). 
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As can be seen in Figs. 36 and 37 in which the effect of varying 

phenanthroline or perchlorate ion concentration on the extent of zinc 

extraction is graphically described, the results indicate that the ex-

2+ 
tracted species is Zn phen3 , 2 C104~. The slopes of these lines should 

be 3.0 and 2.0, respectively, based on this composition which is in 

reasonable agreement with observed slopes of 2.5 and 1.8. 

The addition of phenanthroline to the extraction system, Zn (II) — 

S-quinolinol-CHClg, does not result in either the formation of a phenan

throline adduct of the zinc 8-quinolinol chelate (ZnQ^), as our experi

ence with pyridines might lead us to expect, or the transformation to Zn 

2+ 
phen3 , 2 C104", which might be expected from the larger value of its 

conditional stability constant compared to that of ZnQ2, but, as shown in 

Figs. 38 and 39 in the formation of a mixed 8-quinolinol-phenanthroline-

zinc complex, ZnQ2 phen+, C104" (slope of log D vs. log [hqJq or log 

£phen}0 or log [ciO^^j should each.be 1.0 for this composition. 

D. Analytical Applications 

From this work it may be concluded that the use of 2-methyl-8-

quinolinol offers a distinct advantage in the extraction of zinc (II) for 

analytical application. It is possible to quantitatively extract zinc with 

this reagent at relatively low reagent concentrations resulting in an 
i 

increased flexibility with regard to methods of determination of zinc 

following its separation. 



In extractions of other metals in the presence of zinc, either 

8-quinolinol or its 4-methyl derivative may be used to better advantage 

than the 2-methyl derivative, if care is taken to keep the reagent con

centration as low as possible. 

With 5-nitro-8-quinolinol at sufficiently high concentrations, 

zinc can be extracted as a self-adduct at relatively low pH. The 

addition of a small amount of 4-methyl-8-quinolinol might further 

increase the extent of extraction through the formation of a more stable 

adduct, Zn(5-N02-8-Q)2.(H-4-Me-8-Q). 
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slope = 2.5 

Fig. 36.—Extraction of zinc with 1,10-phenanthrolin6 
in the presence of 0.06M sodium perchlorate at pH 5.04. 
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Fig. 37. —Extraction of zinc with 1,10-phenan-
throline (10~3*35M) in the presence of varying amount of 
perchlorate at pH 4.90. 
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slope 

i i i I i i 
-4 -3 -2-10 1 

Log (8-quinolinol)0 

Fig. 38.—Extraction of zinc with 0.0005M 1,10-phe-
nanthroline and varying amount of 8-quinolinol in the presence of 
0.06M sodium perchlorate at pH 4.85. 
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slope = 1.0, 

slope 

-1 

- 6  - 2  

Fig. 39.—Extraction of zinc with 8-quinolinol and 
1,10-phenanthroline in the presence of 0.06M sodium per-
chlorate at pH 4.85; a: (8-quinolinol)0 = 0.05M; b: 
(8-quinolinol)0 = 0.0026M. 



V. APPENDIX 

The quantitative description of the extraction curves as well as 

the evaluation of the constants characterizing the reactions involved in 

extraction are based on the following considerations 

Dissociation of the chelating agent 

HQ • K? •• H+ + Q" (1) 

Formation of the chelate 

Zn+^ + Q" „ — ZnQ+ (2) 

+ K9 ZnQ + Q • 6 - ZnQ 2 (3) 

Formation of the adduct 

Kad 
ZnQ2 + $ B m > ZnQ2.$B (4) 

(znQ2)0 + A (B)o mKAP'9. (zn02.^) 

(for self adduct, B = HQ) 

Distribution equilibria 

(HQ 

(5) 

Kdr = PQJ° (6) 

KDC = (7) 

, ^ (znQ2.^B]0 

DC " (znQ2.^ <8) 
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The distribution ratio of zinc is given by 

\ zn|o D = 

Zn| 

107 

(9) 

Three cases are involved in the extraction systems investigated. 

Case I. Simple chelate extraction (i.e., the 2:1 chelate ZnQ, 

is the species extracted). The distribution ratio of zinc is given by 

D = _M>_. 
I Zn( 

[z"Q2]b 

(zn
+2j + (znQ+) + [znQ2J 

(10) 

Substitution of the equations (2), (3) and (7) in equation (10) gives 

D = KDCKlK2l (a) 
1 + K^Q"] + KiK2(Q")2 

At the lower pH range, in which Zn+2 is the predominant species in the 

aqueous phase, equation (11) may be simplified to 

D = K,K„K 12 DC [Q-) -12 

or 

log D = log K1K2KDC + 2 log ^Q""] 

Substitution of equations (1) and (6) in equation (12) gives 

(12) 

(12-a) 

D = KlK2KDCKa' 
—n— 

DR 

Mo5 

Ch+): 
(13) 

s 
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or 

log D = log Kex + 2 log [hq|0 + 2 pH (13-a) 

where 

Kex " KlK2KDCKa2/ KDR2 <14> 

At the higher pH range, where ZnQ2 predominates in the aqueous phase, 

equation (11) may be written as 

Dmax = KDC 

Defining pH^/2 as PH at D = 1, we have 

log Kex = - 2 log [HQ]0 - 2 pH^ (16) 

Case II. Self-adduct system: In this case the chelating agent 

acts at the same time as an adducting base; the extractable species 

being ZnQg.jjHQ. The distribution ratio is given by 

D = [ZnQ2]Q + (ZnQ 2. HQ) Q +.... + [ZnQ2.^B]0 (1?) 

]Zn+2J + [ZnQ+J + [znQ2J + [ZnQ2.HQ] + + (znQ2.̂ HQ3 
Equation (17) may be modified when adduct formation predominates by 

incorporating with the assumptions that the simple chelate, ZnQ2, is not 

extracted to a significant extent and that, of the possible adduct com

plexes, £ = 1 to3 = §l, only the last is of importance. This latter 

assumption is quite reasonable since HQ is always present in large 
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excess and the stepwise formation constants in a series of complexes 

with a monodentate ligand are usually closely spaced. 

(ZnQ2.aHQ)o D = (18) 

(Zn+23 + (ZnQ+) + [znQ2] + [znQ2 .$HQ] 

Substitution of the appropriate equilibrium expressions in equation (18) 

gives 

*i*2*ADK'pclPl2[Hq]o's 
D = 

/ 

K ® 
DR 1 + K^Q-] + K^p-]2 + 

K1K2KAD 

KDR* 

•<19) 

.[Q-]2[HQ]oa] 

+2 At the lower pH range, in which Zn is the predominant species in the 

aqueous phase, equation (19) may be simplified to 

D = KW°C (20) 

KDRd 

or 

k k k1 k 
log D -3 log [hq)0 = log 12 DC AD + 2 log jg-j (20_a) 

k & 
dr 

Substitution of equations (1) and (6) into equation (20) gives 

D = KiK2KADK'DCK„2 [HQjo(2+a) 

k (2+&) 
kdr h. 

(21) 
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or 

log D = log K'ex + (2+$) log [hQ)0 + 2 pH (21-a) 

where 

K, . nwcW (21.b) 
KDR(2+d) 

At the higher pH range where the predominant metal containing species in 

the aqueous phase is either ZnQ2 or ZnQ2.HQ equation (19) may be sim

plified either to 

lo9 Dmax = A [hq)g + log ijDC_ 

Kdr'3 

(22) 

i . e . ,  

Kar*K' 
lo9Dmax ~ 3 lo9 No = log AD DC (22-a) 

KDR^ 

or 

1°9 ^niax ^ DC 

At lower concentrations of HQ, when formation of the simple 1:2 chelate 

+2  
cannot be ignored, and at the lower pH range where Zn predominates in 

the aqueous phase, the distribution ratio is given by 

D = [znQ2.aHQ*]0 + fznQ;^ (24) 

(zn+2) 



I l l  

Substitution of the appropriate equilibrium expressions in equation (24) 

gives 

D = ""Wo' H + KAD_0[HQ]02 
ru-f|2 L 

(25) 

[H+] 

where Kex is defined by equation (14). 

The plot of log D vs. log [hq] consists of two straight lines 

(i) For [HQ]0 s-0, log D = log Kex + 2 log [hQ]q + 2 pH (26) 

(ii) For [hq|0 , log D = log Kgx + log KAD Q + 2 pH 

+ [2+a] log JhqJq (27) 

The intersection of these two lines gives the value for the adduct for

mation constant in the organic phase. 

logKAD/0 = - §. log [hq]q, intersection (28) 

Combining equations (4), (5), (7) and (8), a correlation between the 

distribution coefficient and that of the one to two chelate can be shown 

as follows 

k'dckad 

K $ 
DR 

= kAD,okdc (29) 

Letting Y = J \ we may rewrite equations (26) and (27) as follows 
fHQjo 

For |HQ)0 0, log Y = log Kex (26-a) 

For (HQ] »oo , log Y = log Kex + 2 pH + (2+a) log JHQ^ 
(27-a) 
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Case III. Pyridine adduct system: The system incorporates the 

extraction of a species, ZnQg.gB. The distribution ratio of zinc is given 

by 

D = [ZnQj0 + [ZnQ2.B]p + + [znQ2.^B]0 

(zn+2J + (ZnQ"1] + (ZnQ  ̂ + [znQ2.B] + + |ZnQ2.£B) 
(30) 

At the lower pH range where the zinc ion is the predominant species in 

the aqueous phase and by incorporating with the assumption that of the 

possible pyridine adducts, only the last one is of importance, substi

tution of the appropriate equilibrium constants in equation (30) gives 
2 

p ° Kej^° [i + Kad,o<BO*] <31> 

The plot of log D vs. log [b] at constant [HQ[]0 and constant pH gives 

two straight lines 

(i) For (b]0 *-0, log D = log Kex + 2 log [HQ]0 + 2 pH (32) 

(ii) For (b]0 >po , log D = log Kex + 2 log £HQ]0 + 2 pH 

+ log KAD,o + # 109 Mo '33' 

The slope of the log D vs. log (b]0 plot gives the number of molecules of 

pyridine involved in the adduct, and the intersection of these two lines 

£ equations (32) and (33)J gives the value for the adduct formation 

constant in the organic phase 

log KAd,o = " £ lol3 (b]0, intersection (34) 
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