
STERIC EFFECTS IN METAL-LIGAND REACTIONS

Item Type text; Dissertation-Reproduction (electronic)

Authors Scherer, Paul Raymond, 1939-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:47:49

Link to Item http://hdl.handle.net/10150/285014

http://hdl.handle.net/10150/285014


This dissertation has been 

microfilmed exactly as received 
69-2015 

SCHERER, Paul Raymond, 1939-
STER1C EFFECTS IN METAL-LIGAND REACTIONS. 

University of Arizona, Ph.D., 1968 
Chemistry, analytical 

University Microfilms, Inc., Ann Arbor, Michigan 



STERIC EFFECTS IN METAL-LIGAND REACTIONS 

by 

Paul Raymond Scherer 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  6  8  



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by PAUL RAYMOND SCHERER 

entitled STERIC EFFECTS IN METAL-LIGAND REACTIONS 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

Dissertation Director Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:* 

£ •c-

t 

2-5y ( U K  
( 
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ABSTRACT 

The compound tris(2-methyl-8-quinolinolato)aluminum(III). a 

yellow solid which forms green triclinic crystals, was synthesized in 

a non-aqueous medium (dimethylsulfoxide, DMSO) from anhydrous aluminum 

chloride and 2-methyl-8-quinolinol. Diethylamine was used as a proton 

scavenger in the synthesis. The same product was obtained when AI2 

(SO^J^ISH^O was used in the synthesis instead of anhydrous aluminum 

chloride. The molecular formula of the crystalline compound, (A1(C^Q 

HgNO)^' (CH^^SO), was confirmed by the following: elemental analysis 

(for C, H, and N), molecular weight (from the unit cell dimensions and 

density), percentage of ligand present in the compound (from bromo-

metric titration), percentage of DMSO present (by weight loss on heat

ing) , mass spectrometry (parent peak observed for the molecular ion 

J. 
AJXC^QHgNO)^ j at m/e = 501), and infrared and ultraviolet absorption 

spectra. The fragmentation pattern in the mass spectrum of the com

pound was similar to that obtained for tris(8-quinolinolato)aluminum 

(III). The nmr spectrum seems to give evidence for nitrogen-metal 

bonding. A comparison of the shifts of the maxima in the ultraviolet 

spectra of the tris chelates of the Group(III) elements indicates that 

the "steric hindrance" in the tris(2-methy1-8-quinolinolato)aluminum 

(III) is of about the same magnitude as that in the corresponding 

gallium(III) chelate. 

ix 



X 

Several compounds of intermediate stoichiometi-y were isolated 

from reaction mixtures containing 2-methyl-8-quinolinol, anhydrous 

aluminum chloride, and diethylamine in the non-aqueous solvent, chloro

form. Molecular formulas for some of these compounds are proposed on 

the basis of elemental analysis, molecular weight determinations, mass 

spectrometry, bromometric titration, and infrared spectra. 



CHAPTER 1 

INTRODUCTION 

The lack of specificity of 8-quinolinol as a precipitating 

agent for metal ions has long been known. Richard Berg, first sugges

ted"'" the possibility that its properties might be modified by substitu

tion of halogen, hydroxyl, carboxyl, phenyl, and sulfonic acid groups 

in various positions in the parent compound (Structure I). He found 

some degree of specificity of the 5,7-dihalogenated-8-quinolinols for 

copper(II), iron(III), and titanium(IV), for which he then established 

quantitative analytical procedures.^ 

5 4 8 9 1 

7 

6 

6 

7 

0 

Structure I Structure II 

The possible specificity of 8-quinolinol, substituted in the 2 

position, was also demonstrated by Berg."'" He reported the reaction of 

mercury(II) with 2-phenyl-4-carboxy-8-quinolinol in strong nitric acid 

and stated that iron(III) and copper(II) have "an inferior sharpness in 

1. R. Berg, Z. Anorg. Allg. Chem., 204, 208 (1932). 

2. R. Berg and H. Kustenmacher, Z. Anorg. Allg. Chem., 204, 
215 (1932). 
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their precipitation". However, Merritt and Walker, first proposed 2-

methyl-8-quinolinol as a specific reagent. This simpler 2-substituted 

derivative was studied and it was found that mercury(II) reacted with 

the aromatic rings rather than with the chelating function. They also 

demonstrated that the reagent had a great deal of specificity in that 

aluminum(III) was excluded from the precipitates formed with the metal 

ions. They chose zinc(II), copper(II), iron(IIII), and magnesium(II) 

as representative of most ions to be separated from aluminum or deter

mined in the presence of aluminum. After separating aluminum by pre

cipitation of the remaining ions with 2-methyl-8-quinolinol, they were 

able to demonstrate the separability of zinc(II) and magnesium(II) with 

the same ligand by pH control. Then the parent compoundy 8-quinolinol, 

was suggested for the determination of aluminum(III) in the absence of 

the other metal ions. It was also suggested that the aluminum complex 

of 8-quinolinol was sufficiently stable and had a well defined stoichi-

ometry so that it could be dried at 130-140°C and weighed directly as 

AI(C9H6NO)3. 

Merritt and Walker then proposed that the selectivity or dif

ference in behayior of the 2-methyl-derivative and that of the parent 

compound was probably due to the ligand*s increased size. Also, that 

if the size of the molecule is the determining factor, the larger mol

ecule might be expected not to react with the smaller ions because of 

the difficulty in grouping three large molecules around the small ion. 

3. L. L. Merritt, Jr. and J. K. Walker, Ind. Eng. Chem., Anal. 
Ed., 16, 387 (1944). 



That the stability of the complex was possibly reduced was also men

tioned. 

By 1949, steric hindrance in analytical chemistry was a topic 

of widespread interest and was subjected to extensive study by H. Irv

ing and co-workers as well as continued studies by Merritt. Irving^ 

extended the earlier work of Merritt to include a study of 2-, 5-, 6-, 

and 7-methyl, 2,4-dimethyl, and 2-phenyl-8-quinolinols. Derivatives 

of acridine (Structure II) were included in this study. Among them 

were 4-hydroxy-acridine and 5-hydroxy-l,2,3,4-tetrahydroacridine. The 

earlier observations of Merritt were confirmed and none of the 2-sub-

stituted derivatives including the hydroxy acridines precipitated alu-

minum(III) ions from aqueous solutions, but 5-, 6-, and 7-methyl-8-

quinolinols did precipitate the aluminum ions. This observation led 

Irving to propose that the effect was not due to a general increase in 

size but due to the substitution adjacent to the nitrogen atom. In ad

dition, the latter authors prepared compounds of gallium(III) and in-

dium(III) with 2-methyl-8-quinolinol and found them to be anhydrous, 

well-defined, 3 to 1 complexes which were also soluble in chloroform. 

With evidence that gallium(III) forms a complex with 2-methyl-8-quino-

linol, the ionic and covalent radii of aluminum(III) and gallium(III) 

were compared and discussed within the framework of Pauling's descrip

tion^ of the electronegativity of elements, bond character and bond 

4. H. Irving, E. J. Butler and M. F. Ring, J. Chem. Soc., 1489 
(1949). 

5. L. Pauling, "The Nature of the Chemical Bond", Cornell Uni
versity Press, Ithaca, New York (1939). 
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length. It was noted that the ionic radius of aluminum(III) ions was 

much smaller (0.50 A) than that (0.62 A) of gallium(IIl) and (0.64 A) 

of thallium(III). On the other hand, the tetrahedral covalent radii 

were reported to be 1.26 A for both aluminum(III) and gallium(III). 

Irving reasoned then, that the octahedral covalent radius should be a-

bout 3% greater by analogy to the values found for other metal ions. 

By constructing a model, with these postulated radii and bond distances 

approximated from known organic compounds, he calculated the closest 

distance of approach of the carbon atom in the 2-methyl group to the 

neighboring ligand donor atom. The calculated value of 2.7 A, he not

ed, was shorter than the accepted non-bonded interatomic distance; the 

hydrogen-to donor distance would, therefore, be shorter yet. From this 

he stated that it would seem that purely steric factors prevented the 

formation of the complex of 2-methyl-8-quinolinol and aluminum(III). 

In the light of the known ionic bonding for 8-quinolinol, he mentioned 

that from the electronegativity of the atoms, he would expect 65 and 

45% ionic character, respectively, in the Al-0 and Al-N bonds. Also, 

with the limited amount of available data on the actual nature of bond 

angles, lengths, and possible ligand distortion, the nature of the 

steric interaction in all of the 2-substituted compounds could not be 

stated conclusively. Irving stated that, "For the present, the devel

opment of such reagents which would owe their greater selectivity to 

controlled steric hindrance must proceed empirically." 

Phillips and Merritt had continued their study of substituted 

8-quinolinols by investigating the acid-base relationships of the 
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2,4,5-trimethyl- and 2,4-dimethyl~8-quinolinols. ' They found that 

the acid strength of both donor atoms decreased in the order 8-quino- . 

linol > 4-methyl- > 2-methyl- > 2,4-dimethyl-8-quinolinol, as one might 

expect on the basis of the inductive effect of the methyl groups. The 

pH values of solutions from which precipitation occurs for various me

tal ions with 8-quinolinol and the 2-methyl derivative were compared 

for several metal ions. Generally, the pH at which the 2-methyl-8-

quinolinol complex precipitated was greater than the pH at which the 

corresponding 8-quinolinol complex precipitated. The extent of in

crease was approximately 0.1 to 0.6 pH units.'' The authors explained 

that "...although the weaker acids should form more stable complexes 

with metal ions and should, therefore, form precipitates in more acid 

solutions, it is necessary to go to more basic solutions in order to 

obtain comparable amounts of the active chelating ion. The latter ef

fect is apparently the predominant one". Implied in this discussion 

are the following equilibria. 

H L+ H+ + HL K = (1) 
2 la (H2L+) 

HL ;==! H++L" K2a=-®^P- C2) 

nL" + Mn+ =£ ML , . 8 " (3) 
n(a<j) n (M) (L)n 

6. J. P. Phillips and L. L. Merritt, Jr., J. Am. Chem. Soc., 
70, 410 (1948). 

7. J. P. Phillips and L. L. Merritt, Jr., J. Am. Chem. Soc., 
71, 3984 (1949). 



nL + M [~ML t \ L n(aq) 
ML-

ri (=)] (4) 

tiHL + M 
,n+ 

ML + nH 
(H)n(MLn) (5) 

n 
(HL)n(M) 

Equation (5) is an overall formation expression in which the precipita

tion in equation (4) is ignored. 

g 
Irving and Rossotti discussed the theoretical basis of sensi

tivity' tests in a quantitative manner. In their discussion of the 

effect of solubility of the complex, the behavior of the 5,7-dihalogen-

ated-8-quinolinols were cited. Iron(III) and copper(II) were precipi

tated from more acidic solutions with the parent 8-quinolinol, but the 

latter forms more stable complexes with those metal ions. The expla

nation may be found in that the ligands with the halogen atoms are 

less soluble and form complexes having a lower intrinsic solubility. 

That is, in reaction (4) the soluble species is very small due 

to the formation of the solid ML , \, and therefore, the equilibrium 
n(s) 

concentrations are shifted toward the formation in spite of the fact 

that 8 in equation (3) becomes smaller. The soluble complexes of 8-

quinolinol-5-sulfonic acid were cited as an example where this "weight

ing effect" is reversed. With the tris 8-quinolinol complexes, it may 

be that the ligands shield the metal ions sufficiently from solvent 

interactions so as to make this effect less important for comparable 

n 

8. H. Irving and H. S. Rossotti, Analyst, 80, 245 (1955). 
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ligands. Additionally, there may be different lattice energies in the 

solid phase such as that of the planar nickel complex which forms an 

exceptionally stable crystal lattice. Thus, care must be exercised in 

reasoning towards relative stabilities by including the observation 

for phase change with the complex formation reaction. 

In additional studies of the behavior of 2-methyl~8-quinolinol, 

9 Phillips and co-workers improved the preparation of the compound, 

characterized the quantitative nature of the bromination reaction of 

the ligand, and performed qualitative tests of metal ions in molten 

ligand. They found that most metal salts dissolved in the ligand and 

formed the characteristic colors of their precipitates in aqueous so

lutions. They noted that Zn(II), Cd(II), Mg(II), and Al(IH) had a 

yellow fluorescence excited by ultraviolet light. Because solutions 

of the alkali metals and 8-quinolinol also fluoresced this could not 

be taken as conclusive evidence for chelation by the authors. They 

also reported that, "zinc, copper and aluminum metals could also be 

dissolved in molten 2-methyl-8-quinolinol." No additional comment on 

this apparent reaction of aluminum salts or metal with the ligand was 

made in this paper. 

After Irving's initial work on 2-substituted-8-quinolinols 

with aluminum(III), his publications on the subject of steric hin

drance were broadened to include other systems such as the metal sub

stituted 1,10-phenanthroline iron(II) system which formed very stable, 

highly colored complexes before substitution of methyl groups in the 

9. J. P. Phillips, J. F. Emery and H. P. Price, Anal.. Chem. , 
24, 1033 (1952). 



2- and 2,9-positions.The 2,2'-dipyridyl with its analogs, the di-

quinolyl and diisoquinolyl were also examined."'""'' The latter system 

demonstrated an intra-ligand steric effect in that substituents added 

to the ligand disturbed the coplanarity normally present between the 

two rings on coordination. Concurrently, Irving and co-workers made an 

extensive study of the solution equilibria and associated stability 

8 12—15 
constants for these systems. ' A discussion of the aqueous equi

libria pertinent to the aluminum(III) 2-methyl-8-quinolinol system and 

the lack of formation of any complexes containing both aluminum(III) 

and 2-methyl-8-quinolinol was reviewed by Irving and Pettit."^ They 

considered the non-reactivity of aluminum(III) and 2-methyl-8-quinoli-

nol anomalous and discussed the anomaly at length after mentioning 

other examples of non-reactivity attributed to steric hindrance. Equi

librium data are included which are the unpublished results of Irving 

10. H. Irving, M. J. Cabell and D. H. Mellor, J. Chem. Soc., 
3417 (1953). 

11. H. Irving and A. Hampton, J. Chem. Soc., 430 (1955). 

12. H. Irving and R. J. P. Williams, Analyst, 77, 813 (1952). 

13. H. Irving and R. J. P. Williams, J. Chem. Soc., 3192 
(1953). 

14. H. Irving and H. S. Rossotti, J. Chem. Soc., 2910 (1954). 

15. H. Irving and H. S. Rossotti, Acta Chem. Scand., 10, 72 
(1956). 

16. H. Irving and D. L. Pettit, in "Proceedings of the Inter
national Symposium", Birmingham University (1962), ed. P. W. West, 
A. M. G. MacDonald and T. S. West, Elsevier, Amsterdam (1963), pp. 122-
130. 
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and P. Massey-Beresf ord.. They cited earlier work, ' in which 

Irving and Rossotti developed the theory of a number of linear rela

tionships between the logarithms of stability constants and dissocia

tion constants for several series of similar metal complex systems. 

They demonstrated the general usefulness of the equations for approxi

mating unknown stability constants. In discussing the general behavior 

of complexes of 8-quinolinol, this type of comparison serves well to 

indicate anomalies. The linear relationship employed is given in equa

tion (6). 

log KML = log ̂ P + ̂ pKHL~pKHP^ ^ 

This equation relates the logarithms of the stability constants 

of two similar ligands (L and P) and a given metal ion M, with the 

negative logarithms (pK ) of the acid dissociation constant of the OH 

phenolic hydrogen. In a simpler manner of speaking, the change in 

stability (ApK) of the complexes expected for a given ion corresponds 

to the change in basicity of the ligand (pK^-pK^p) . The values in 

Table I are reproduced from Reference 16, and represent a difference 

(6) between observed and calculated changes. The magnitude of differ

ences presented in Table I is considered reasonable by the original 

16 
authors, in light of the fact that four measurements are involved. 

It should be noted explicitly that the stability constant discussed 

here refers to the formation of a 1 to 1 complex (ML or MP). The 

ability of a metal ion to form bonds is being compared with that of a 

proton. However, the previous data are presented for comparison with 

the data in Table II. In this table, 5-substituted 8-quinolinols are 



Table I 

6 (ApK) Observed and Calculated for Some Substituted 8-quinolinol Metal Complexes 

Subs. 
pKon A pK(0H) 

6 ApK, 2+. 
P (Mg ) 

SApK 2+ 
(Zn ) 

6ApK 2+ 
(Ni ) 

6ApK 2+ 
(Cu ) 

6ApK(uo2
2+) 

H 10.8 

7-CH3 11.31 +0.51 -0.91 -0.54 . ( ) ( ) -0.48 

5-CH3 11.11 +0.31 -0.14 -0.19 ( ) +0.21 -0.31 

6-CH3 10.71 -0.09 +0.14 ( ) ( ) ( ) -0.27 

5-F 10.46 -0.53 +0.43 -0.03 +0.09 -0.57 -0.38 

5-C1 9.91 -0.89 +0.43 +0.13 ( ) ( ) -0.40 

5-Br 9.81 -0.99 +0.49 +0.4 ( ) ( ) -0.21 

(a) Values are taken from Reference 16. 



Table II 

Comparison of ApK^5-R-8-Quinolinol and ApK^5-R-2-Methyl-8-Quinolinol 

fa) Observed and Calculated 

R PK0H 

2-4 2-Me 

a?kOH 6ApK(Mg2+) St*\zn2+) 6APK(Ni 2+)6ApK(Cu2+) 6A*>KCuo2
2+) 

CI 9.91 10.16 +0.25 -1.28 -0.55 C—) ( ) -1.20 

H 10.66 11.01 +0.35 -1.15 -0.57 -2.15 -1.94 -1.67 

Br 9.81 10.31 +0.50 -1.32 -0.85 ( ) ( ) -1.61 

CH3 11.06 11.61 +0.55 -1.38 -0.73 -2.5 -1.85 -1.44 

(a) Values are taken from Reference 16 
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compared with 5-substituted-2-methyl-8-quinolinols. These data were 

obtained in 0.3M NaClO.. 
4 

Irving and Pettit note that th.e difference between expected and 

calculated values of ApK are strikingly greater except for Zn(II). The 

tetrahedral behavior of anhydrous bis(8-quionlinolato)zinc(II) is cited 

as indicating a possible tetrahedral configuration which would explain 

the smaller deviation. This discussion serves then, to point out the 

generally anomalous behavior of the 2-methyl derivative and, indeed, it 

is more striking than the few tenths of a pH unit mentioned in changes 

of pH of incipient precipitation. 

But what of the behavior of aluminum? For this purpose we must 

return to the pH of incipient precipitation. A summary of the pH val

ues is presented in Table III. It is apparent from Table III that the 

5-methyl compound produces an effect in the direction of the 2-methyl 

compound but it is not as great. Also, we may note from Table II that 

the pK increased 0.35 units on substitution of the 2-methyl and 0.40 
UH 

on the substitution of the 5-methyl so that one might expect less dif

ference on the basis of the linear correlation of stabilities. There

fore, it is rather obvious that additional factors are operative. If 

it were purely a difference in solubilities of MLg' as has been pre

viously discussed, then the composition of the aluminum(III) precipi

tate must be ML„, but it is not ML„. 
J j 

The final point to be discussed by Irving and Pettit involves 

the potentiometric titration of various solutions containing ligand, 

HNO^, Al(III), Ga(III) and then various combinations of the components. 



Table III 

Values of pH of Incipient Precipitation 3̂̂  

Ligand Metal Ions 

8-quinolinol A1 Ga In 

none 4.2 2.9 4.1 

unsubstituted 4.4 3.2 1.8 2.2 

5-CH3 5.3 3.6 2.0 2.5 

2-CH 5.5 4.2  2.8 2.9 

* pure hydroxide only is precipitated 

(a) Values are taken from Reference 16. 
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The procedure adopted contrasts the behavior of Al(III) and Ga(III). 

The titration curves for aluminum and gallium systems are shown in 

Figures 1 and 2. The results of the strong acid (HNO^) titrated with 

NaOH are plotted (•••••) on the graph of pH vs. ml of NaOH. A solution 
H < 

of the strong acid and each metal ion was titrated and the results 

added to the graphs ( ). Then a solution of the ligand and strong 

acid, 2-methyl-8-quinolinol, and metal ion were titrated (-o-©-). The 

3+ 
graph in the case of Ga (Figure 2 (•---)) demonstrates a difference 

in the pH before the beginning of precipitation, and an additional 

buffer region during which the precipitation of the complex takes place 

followed by a sharp rise in pH characteristic of a strong acid end 

point. 

In the case of the corresponding aluminum(III) titration (Fig

ure 1 ( )), the titration curve rises, after titration of the strong 

acid, to the pH of the buffer region of precipitation of the aluminum 

hydroxide (^4.2). Then it increases to the buffer region of the free 

ligand (^-5.7) and finally gives the end point characteristic of a weak 

acid. For comparison, the hypothetical curve for the pH expected if 

no complex was formed in the titration, was plotted (« x) from calcu

lated values. It is, therefore, readily apparent that no evidence of 

complex formation for aluminum(III) is forthcoming from potentiometric 

titration but that it is forthcoming for gallium(III). 

16 
Although the experimental details are not stated, the authors 

mention that no spectrophotometric evidence was obtained for the for

mation of even a 1 to 1 complex of aluminum with the 2-methyl-8-quino-

linol. In addition, the 2-methyl derivative will not even replace one 
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of the ligands in the aluminum trls-8-quinolinolate; nor will aluminum 

displace ferric ions from the Fe(C^QHgNO)^ as it will displace ferric 

ions from FeCCgHgNO)^. In conclusion, they state that perhaps the 

anomaly is due more to the behavior of aluminum(III) than to the be

havior of 2-methyl-8-quinolinol. 

The final position stated by the reviewers, Irving and Pettit, 

was that after almost 20 years, the experimental techniques applied 

have failed to explain or define clearly the factors operative in this 

metal ion chelate system. But as early as 1959, a new approach to the 

problem was taking shape. Earlier workers had noted fluorescence in 

some of the systems of 8-quinolinol and more pertinently in 2-methyl-

9 17 
8-quinolinol and aluminum. Ohnesorge and Rogers discussed the fluo

rescence of some of the metal chelate compounds of 8-quinolinol. Usu

ally, the molar absorbance of the divalent and trivalent 8-quinolino-

lates were found to be 2 and 3 times respectively that of 8-quinolinol 

itself. Also, for the chelates of Al(III), Ga(III), In(III), and 

Tl(III) absorption maxima were observed in chloroform and 95% ethanol 

around 390 my. The maxima shifted to longer wavelengths as the atomic 

number of the metal increased, and as the nature of the solvent was 

changed. Also, the fluoresence at room temperature, of the trivalent 

chelates shifted to longer wavelengths with increasing atomic number. 

The low temperature fluorescence spectra, observed in solvent glasses, 

appeared blue-green as opposed to the yellow-green room temperature 

fluorescence. In continuation of these studies, the properties of 

17. W. E. Ohnesorge and L. B. Rogers, Spectrochim. Acta, 10, 
27 (1959). 
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the ligand 8-quinolinol itself were studied"'and th.e origin of the 

fluorescence was shown to result from "tying up the n electrons" on 

20 
the nitrogen atom. Finally in 1962, Ohnesorge and Burlingame pre

sented evidence for a monoligand complex formed from aluminum(III) and 

2-methyl-8-quinolinol in absolute ethanol. The study of this system 

was undertaken because of success in obtaining evidence for aluminum 

21 
monoligand and diligand species with the 8-quinolinol in ethanol. 

The authors report the behavior of the two systems to be much the same. 

Both systems require 2.5 moles of base per mole of aluminum(III), for 

titration to a strong acid end point, regardless of the amount of li

gand present. The authors proposed that the aluminum(III) ions existed 

in a positively charged binuclear solvated complex containing five sol

vent anions (S) and four solvent molecules (SH). To obtain octahedral 

coordination spheres, three solvent anions are bridging groups. They 

postulated that this reacts with two molecules of ligand by loss of a 

solvent molecule and anion for each ligand to give the dimeric monoli

gand species according to equation (7). In support of this, they noted 

that on addition of ligand no change of apparent pH occurs while the 

18. W. E. Ohnesorge and L. B. Rogers, Spectrochim. Acta, 10, 
41 (1959). 

19. 0. Popovych and L. B. Rogers, Spectrochim. Acta, 10, 584 
(1959). 

20. W. E. Ohnesorge and A. L. Burlingame, Anal. Chem., 34, 
1086 (1962). 

21. W. E. Ohnesorge and A. Capotosto, Jr., J. Inorg. Nucl. 
Chem., 24, 829 (1962). 
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observed absorbance and fluorescence increase until a ratio of alumi-

num(III) to ligand of 1 to 1 is reached with very minimal increases 

thereafter. This small increase was attributed to the mass action 

effect of excess ligand and slight contributions of the free ligand 

9 
species to absorption. The overall stability was estimated to be 10 

g 
for the aluminum and 8-quinolinol and 10 for the aluminum and 2~mathyl 

8-quinolinol system. The addition of water in quantities of as little 

as 5% was reported to be sufficient to cause loss of the fluorescence 

and absorbance. Within about eight minutes the values dropped to zero 

for the 2-methyl-8-quinolinol system but the 8-quinolinol system was 

unaffected. The species containing the aluminum ion species were re

ported soluble through the whole pH range in ethanol. In 50% aqueous 

ethanol the proton stoichiometry changes and aluminum hydroxide preci

pitates. This system might be studied by n.m.r. techniques similar to 

those in recent studies which reported the solvation of aluminum(III) 

22 23 
in aqueous dioxane, aqueous acetonitrile, and aqueous N-methyl 

acetamide. 
24 

22. J. F. Hinton, L. S. McDowell and E. S. Amis, Chem. Commun., 
776 (1967). 

23. L. D. Supram and N. Sheppard, Chem. Commun., 832 (1967). 

24. J. F. Hinton and E. S. Amis, Chem. Commun., 100 (1967). 
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One other interesting point might be mentioned, which, the au

thors ignored. The apparent pH regions of protonation of the 8-quino-

linol and the 2-methyl derivative respectively were stated to be: 

H2L+ < 6, < 5.2; HL 9-13, 7.3-10.6; L~ > 15, > 12.5. These data might 

be taken to indicate that th.e acid strength of the parent and 2-methyl 

derivative are reversed in absolute ethanol. That is, the 2-methyl-8~ 

quinolinol is the stronger acid in spite of the inductive effect of the 

methyl group. Equilibrium diagrams in the two papers also support this 

25 
observation. However, a later publication makes no mention of this 

point but it involves a re-examination of the aluminum(III) and 8-qui-

nolinol system with evidence for additional aluminum(III) species. The 

first pK of the 8-quinolinium ion is reported to be 6.3 in absolute cL 
ethanol. This value is closer to the value (6.3-.4) which may be ap

proximated from the 2-methyl-8-quinolinol equilibrium diagram. Perhaps 

the difference in the pH meter standardization in the three papers 

would account for this inconsistency. 

Additional experimental evidence concerning steric hindrance in 

chelates of 2-methyl-8-quinolinol has been published by Popovych and 

26 
Rogers. They reported that spectral data obtained for 8-quinolinol-

ates and 2-methyl-8-quinolinolates of gallium(III), indium(III) and 

25. W. E. Ohnesorge, J. Inorg. Nucl. Chem., 29, 485 (1967). 

26. 0. Popovych and L. B. Rogers, Spectrochim. Acta, 21, 1229 
(1965). 
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thallium(III) demonstrated a blue shift of the low frequency band 

(about 25,500 cm "*") for the 2-methyl compounds relative to the unsub-

stituted compounds. Also, the shift which is due to steric hindrance 

is increased as the size of the metal ion decreases. From the spectral 

data of magnesium and zinc chelates, red shifts of the same band rela

tive to the free ligand were correlated with increased (covalent) bond 

strength. This paper is believed to be one of the most pertinent stu

dies to date of the 2-methyl-8-quinolinol-aluminum anomaly as will be

come apparent in the discussion (Chapter IV). 

Many authors have mentioned steric hindrance in metal chelation 

27 28 
in various contexts. They have quoted ' and often reinterpreted or 

29 30 
misquoted the results of previous workers. ' Indeed, the "previous 

workers" published a myriad of techniques and applications of 8-quino-

linol and its derivatives. Many of these are so old that they are for

gotten or ignored but they are now being rediscovered and in some cases 

critically reevaluated. Thus, Classen and Bastings have recently pre

sented techniques for determination of aluminum(III) with 8-quinoli-

31 32 
nol, ' and Chalmers and Basit have published a critical review of 

27. A. E. Martel and M. Calvin, "Chemistry of the Metal Che
late Compounds", Prentice Hall, New York (1952), p. 319. 

28. L. H. Klemm, C. E. Klopfenstein and H. P. Kelly, J. Chro-
matg., 23, 428 (1966). 

29. A. Albert, Fed. Proc., 20, 137 (1961). 

30. D. D. Perrin, "Organic Complexing Reagents," Interscience 
Publishers, New York (1964). 

31. A. Classen and L. Bastings, Analyst, 92, 614 (1967). 

32. A. Classen, L. Bastings and J. Visser, Analyst, 92, 618 
(1967). 
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33 
the reagent as a gravimetric precipitating agent for aluminum(III)• 

3 A Also, West has critically examined some of the "selective reactions" 

and found that "significant" amounts of aluminumCHI) may be extracted 

with 2-methyl-8-quinolinol at a pH of about 5.8. Authors are continu

ing to report the uses of 2-methyl-8-quinolinol, such as the enrichment 

35 
of gallium(III) in aluminum ores by flotation, as well as continuing 

36 37 
to synthesize additional 2-substituted derivatives. ' With all this 

activity an explanation of the aluminum(III) 2-methyl-8-quinolinol 

anomaly becomes even more desirable. 

Work in chromatography involving a series of nitrogen hetero-

28 
cycles brings to light additional results that can be attributed to 

steric hindrance. Interestingly, after seventeen years, the model pro-

4 
posed by Irving, Butler and Ring citing the aluminum radii and van der 

Waal's forces as discussed by Pauling is still about the only physical 

model of the 2-methyl-8-quinolinol aluminum(III) system. It would be 

highly desirable to obtain direct evidence of the nature of the steric 

(1965). 

33. R. A. Chalmers and M. A. Basit, Analyst, 92, 680 (1967). 

34. T. S. West, Analyst, 91, 69 (1966). 

35. H. Seiler and H. Erlenmeyer, Helv. Chim. Acta, 48, 1039 

36. T. Rudolph, J. P. Phillips and H. Puclcett, Anal. Chim. 
Acta, 37, 414 (1967). 

37. H. Kaneko and K. Ueno, Bull. Chem. Soc. Jap., 39, 1910 
(1966). 



effects in this system. The fluorescence work discussed serves to 

indicate that perhaps chelates of this system could be prepared. Hor-

38 
ton has attempted a fusion synthesis based on the observation re-

9 
ported by Phillips that aluminum salts, as well as salts of other 

metals, dissolve in molten 2-methyl-8-quinolinol. 

When discussions of covalent radii are considered, with evi

dence of the monoligand formation, one wonders what the result would 

be if water were excluded from the reaction vessel and a form of alumi

num (III) with a labile or reactive coordination, sphere were allowed to 

react with 2-methyl-8-quinolinol? The problem then, is the synthesis 

of a 3 to 1 complex of 2-methyl-8-quinolinol and aluminum(III). Once 

synthesized the stoichiometry should be demonstrated unequivocally. If 

possible, it should be proven that both the nitrogen and oxygen coor

dinate the aluminum(III). 

38. G. R. Horton, Anal. Chem.» 39, 1036 (1967). 



CHAPTER 2 

EXPERIMENTAL 

Preparation of Compounds 

In the early stages of this research, various preparative 

approaches were discontinued. The criteria for eliminating a particu

lar approach from additional consideration were unpromising results, 

such as very impure or nonstoichiometric products, or properties incon

sistent with those expected for an aluminum chelate. This was expedi

tious and consistent with one of the aims of this work, namely the 

synthesis of tris(2-methyl-8-quinolinolato)aluminum(III). However, a 

number of intermediates were isolated in comparatively high yields and 

characterized when initial results seemed to indicate definite stoi-

chiometry involving both 2-methyl-8-quinolinol and aluminum(III). 

Preparations in Melted Ligand 

Direct Combination. The following preparation is based on a 

Q 
report that a reaction occurs presumably by replacement of hydrogen on 

the ligand. Aluminum powder (0.35 g, J. T. Baker, purified) was ground 

together with 2-methyl-8-quinolinol (8.2 g, Aldrich Chemical Co., puri

fied by a single sublimation at reduced pressure). The mixture was 

placed along with a small teflon covered magnet, in a large test tube 

with a standard taper joint. This vessel resembled a standard vacuum 

trap with a ground glass joint in the trap barrel. Dry nitrogen (Dye-

Ox, dry nitrogen, passed through molecular sieve No. 4A to ensure 

24 
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dryness) was passed very slowly through the tube during the reaction. 

The reaction tube was placed in a beaker* of mineral oil with a thermo

meter. When the beaker was heated on a stirring hot plate (Fisher 

Scientific, Thermix), the mixture melted at 76°C forming a slurry of 

dispersed aluminum powder and was maintained in the molten state for 

three hours. The experiment was discontinued because no change was 

apparent in the reaction mixture. 

Lithium Aluminum Hydride. The metal hydride was used in this 

attempted preparation as a source of aluminum(III) with a reactive 

coordination sphere. Six grams of additional ligand and a small lump 

of lithium aluminum hydride (Metal Hydrides, Incorporated) were added 

to the cooled reaction mixture described above and the mixture was re-

melted (77°C) under dry nitrogen. The pea-sized lump of lithium alumi

num hydride dissolved slowly with the evolution of a gas, presumably 

hydrogen from the reaction of the hydride with the reactive phenolic 

hydrogen atom. Additional lithium aluminum hydride was added slowly 

and more gas was evolved. The melt assumed a yellowish-green color and 

was stirred and maintained hot under dry nitrogen overnight. The 

following day, the melt was cooled and the nitrogen flushing system 

was replaced with a cold finger having a male standard taper joint and 

a vacuum outlet. The excess ligand sublimed from the mixture under 

reduced pressure and had a melting point identical with the starting 

material (78% of the ligand was recovered). The residue was placed in 

a paper Soxhlet extraction thimble and extracted with chloroform. The 

chloroform (Mallinckrodt AR) was shaken before use with molecular sieve 
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No. 4A to remove water and ethanol. The extracting solution was green 

initially. After a few hours of extraction in the Soxhlet apparatus, 

the colorless solvent outside the extraction thimble was sampled and 

checked for fluorescence to determine whether extraction was complete. 

The solution had an excitation maximum at 360 my and fluoresced at 560 

my. The fluorescence decreased with time in the instrument and a pur

ple color developed rapidly in the solution. The color also developed 

slowly in fluorescent light present in the laboratory. An absorption 

maximum was observed at 580 my for the solution and at wavelengths less 

than 400 my total absorption occured (chloroform cut-off about 245 my) 

as determined in 1 cm cells with a Cary 14 spectrophotometer. After 

irradiation, the purple solution had an absorption maximum at 550 my, 

about twice as intense as that previously observed at 580 my. A shoul-
I 

der was also observed at 620 my with total absorption below about 430 

my. After the extraction nearly all of the aluminum powder was re

covered. 

The lithium aluminum hydride experiment was repeated without 

the aluminum powder. Excess ligand was recovered by sublimation and 

the residue was added to boiling carbon tetrachloride, stirred, and 

filtered. Infrared spectra were obtained of the evaporated filtrate 

and residue. No crystalline material was obtained when the solution 

was allowed to stand open and at laboratory temperature. Photo decompo

sition has been noted and studied by Ohnesorge and Rogers as mentioned 

previously."^ 



Preparations in Solvents 

Miscellaneous. At various times during this work, small scale 

preparations were attempted in 15 ml vials. These attempts were aban

doned if no obvious color change occured, or if no solid product was 

formed. Attempts were made to prepare the chelate by activating the 

surface of an aluminum wire with mercury and placing it in chloroform 

with 2-methyl-8-quinolinol, but this approach was unsuccessful. 

Placing amalgamated aluminum wire in chloroform with bis(2-methyl-8-

quinolinolato)mercury(II) also failed to produce a compound. Aluminum 

wire was placed in dimethyl sulfoxide (DMSO) containing 2-methyl-8-qui-

nol and the wire was polarized at + 1.5 volts with respect to a 

platinum wire in the same solution. Some reaction occurred as indi

cated by the development of a yellow color in the solution, but low 

current levels and the possibility of ligand reduction caused the ter

mination of the experiment. A platinum wire wrapped with aluminum 

wire and placed in a DMSO solution of ligand also gave slight changes 

in color which became more noticeable when the solution was heated but 

no hydrogen evolution or obvious loss of aluminum was observed. 

One preparation was attempted in liquid ammonia with anhydrous 

aluminum chloride and 2-methyl-8-quinolinol. The aluminum chloride was 

placed in a two-neck flask equipped with a magnetic stirrer and a dry 

ice condenser. The ammonia was distilled from a 1 liter reservoir of 

liquid into the flask but did not dissolve the solid. A stoichiometric 

amount (3 to 1) of the ligand was added and more solid was obtained 



which could not be dissolved in additional liquid NH^ or in CCl^ with 

NH^. This preparation was discontinued. 

Chloroform. A 5.5 g sample of anhydrous aluminum chloride 

(0.0418 moles, J. T. Baker fresh bottle, pure white appearance) was 

added slowly, under a dry nitrogen atmosphere to a 200 ml round-bottom 

two-necked flask, equipped with a magnetic stirrer and reflux conden

ser. The flask was charged with 20 g of 2-methyl-8-quinolinol (0.1256 

moles), 100 ml of chloroform (extracted three times with water to re

move alcohol then dried over anhydrous CaCl^ followed by molecular 

sieve drying and stored in amber glass over molecular sieve No. 4A), 

and 20 ml of diethylamine (Mallinckrodt, stored over molecular sieve 

No. 3A) as a proton scavenger. A solid began to precipitate after 

about one-fourth of the aluminum chloride had been added. After the 

addition was complete, the reaction mixture was stirred for three 

hours, then heated on a hot water bath with stirring and allowed to re

flux for one-half hour after which, heat was removed. When cool, the 

reaction vessel was transferred to a glove bag in which an atmosphere 

of dry nitrogen was maintained. The yellow-green fluorescent solid 

(PRODUCT I) was filtered and, gave 13.6 g of dry product. Product I 

can be stored indefinitely in amber glass bottles but in colorless 

glass it turned brown on the surfaces which were exposed to light. A 

small portion of Product I was dissolved in dry chloroform, warmed, 

filtered, and allowed to stand in the suction flask after placing a 

toy balloon over the side arm, inflating it, and stoppering the top 

of the flask tightly with a softened cork. The flask was placed in a 
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dark cupboard so that the solution would not discolor when exposed to 

the light in the laboratory. After a few days enough solvent had 

evaporated through the balloon that needle shaped crystals had grown 

(COMPOUND I). 

An additional portion of Product I was partially dissolved in 

dry chloroform, an equal volume of iso-octane was added, and the solu

tion stirred for about ten minutes (iso-octane MC&B, practical, dried 

over molecular sieve No. 4A). The solution was filtered and stored in 

a flask with a balloon as described above; flat ellipsoidal crystals 

(COMPOUND II) appeared after a few days. 

A third portion of Product I was dissolved in 50/50 (v/v) 

chloroform and carbon disulfide (Mallinckrodt, AR stored over molecular 

sieve No. 3A), filtered, and stored with an inflated balloon as de

scribed above. After a few days, flat platelets were obtained (COM

POUND III). 

Dimethyl Sulfoxide (DMSO). Anhydrous aluminum chloride (2.0 

g, 0.015 mole) was added slowly to a beaker containing 8 g of 2-methyl-

8-quinolinol (0.05 mole) and 15 ml of diethylamine and in 75 ml of DMSO 

(MC&B, m.p. 18-19°C). The preparation was carried out in exactly the 

same manner as described above with chloroform as the solvent. An in

ert atmosphere was maintained by passing dry nitrogen and adding the 

aluminum chloride powder through holes in an aluminum foil cover 

placed over the beaker. If a nitrogen atmosphere was not maintained 

in the beaker, the vapors burst briefly into flame during the addition 

of the aluminum chloride. During the addition, copious white fumes 
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were evolved, presumably diethylamine hydrochloride. The solution was 

turbid after about one-^-eighth of the aluminum chloride was added, and 

as addition continued, the solution darkened and turned greenish and 

green flecks of solid were formed. The mixture containing the solid 

material was heated to 80°C for about 20 minutes with rapid stirring. 

The reaction mixture was then filtered while hot to give a solid (PRO

DUCT II). Crystals formed overnight in the filtrate which was stored 

in an open crystallizing dish in a fume hood. The mother liquor was 

decanted, the crystals were collected and washed with a little dried 

iso-octane and stored in a covered Petri dish (COMPOUND IV). 

Another preparation was attempted, starting with 6.6 g (0.01 

mole) of A^CSO^^-ISI^O (Mallinckrodt AR) , 75 ml of DMSO which was 

known to have absorbed some water, and 10 g of the 2-methyl-8-quinoli-

nol. All solids dissolved in the DMSO on heating and stirring to give 

a clear orange-brown solution. Diethylamine (15 ml) was added in por

tions to this hot (^80-90°C) solution. By the time the addition was 

50% complete, a turbidity developed in the solution, and when the addi

tion was complete, a heavy yellow precipitate had formed. The stirred 

reaction mixture was heated for about ten minutes, then cooled and fil

tered to yield a yellow solid (PRODUCT III) . The mother liquor was 

allowed to stand exposed to the atmosphere in a fume hood, and after 

a few days, small darlc-green, diamond-shaped crystals (COMPOUND V) were 

observed. 
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Characterization of Compounds 

i 

Elemental Analysis 

All analyses for carbon, hydrogen, and nitrogen (Dumas method) 

were performed by Huffman Laboratories, Inc., Wheatridge, Colorado. 

Samples were analyzed as received. 

Gravimetry 

Thermogravimetry. Thermogravimetric analysis was performed on 

some of the compounds with an apparatus, previously described in de-

39 tail, which consisted of an electrobalance (Cahn RM), a tube furnace 

(Hevi-Duty Electric Company) controlled by a Wheelco Chronotrol (Bar

ber-Coleman Company), and an X-Y recorder (Moseley Autograph Model 2D-

2A). The initial and final weights were checked on a Mettler B-5 

balance. The temperature was increased at a rate of 100° per hour, 

and the combustion was carried out in an atmosphere of compressed air, 

which had been dried by passing through silica-gel. A graph of weight 

vs. temperature was produced on the X-Y recorder. Temperatures up to 

900° were used in the experiments. 

Gravimetric Determination of Aluminum as A1„0,,. Samples (20-
— • —-Jr-O 

35 mg) of the chelate compounds were weighed in platinum crucibles on 

an analytical balance (Sartorius 2604). Ignition was carried out in a 

39. D. W. Kingston, "Thermal Stability Studies", Ph.D. Disser
tation, University of Arizona, 1966, p. 8. 
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muffle furnace (Thermolyne equipped with a Barber-Coleman No. 293C 

controller) by placing the crucibles in the furnace at room temperature 

and allowing ashing to occur as the furnace was heated to 600°C. The 

platinum crucibles were removed and cooled in a dessiccator containing 

molecular sieve No. 4A. When cool, the crucibles were weighed directly. 

On standing in the balance case, the platinum vessels had a tendency 

to absorb significant amounts of atmospheric water. The residues were 

used for EDTA titrations. 

Determination of Solvents in the Aluminum Complexes. Samples 

of compounds which contained solvent molecules in the crystal lattice 

were heated to constant weight in a Precision Scientific Laboratory 

oven or under vacuum in an Abderhalden vacuum drying apparatus. Sam

ples were weighed at intervals of one hour or more and the weight loss 

was plotted as a function of time. Smooth curves were obtained that 

approached constant weight after at least nine hours. 

Weight Loss During X-Irradiation. This experiment was per

formed on Compound II after observing peculiar behavior in the X-ray 

beam. A small sample (0.01885 g) was irradiated in an open, thin py-

rex bulb at a distance of 1.5 cm from the generator tube housing. The 

sample vial was held in the X-ray beam in a cup of lead foil to mini

mize the scattering of X-rays in the vicinity of the generator. The 

X-radiation was produced by a Cu target tube in a Norelco-Phillips 

generator operating at 40 kilovolts and 20 milliamperes. This radia

tion was unfiltered to avoid a reduction of the intensity of the beam. 

A yellow-green fluorescence was observed during the irradiation. After 
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24.5 hours, a weight loss of 0.00002 g.(Q.ll%) and discoloration of 

the sample and the pyrex vial were observed. 

Titrimetry 

Bromometric Titration of Ligand. A bromometric titration was 

used for the rapid and quantitative determination of 8-quinolinol and 

2-methyl-8~quinolinol in the various compounds. It was based on a 

stoichiometric reaction of two moles of bromine to one mole of 8-qui-

nolinol or its derivative. Accordingly, a sample titrated is assumed 

to contain half the number of moles of 8-quinolinol as the number of 

moles of bromine consumed. The analyses were performed in an apparatus 

40 
used for kinetic studies by Kozak and Fernando.. 

The sample was dissolved in 6 M hydrochloric acid, transferred 

to the reaction vessel, and excess sodium bromide and water were added 

to bring the total volume up to about 100 ml. Bromine was generated 

at a platinum foil electrode at a known and constant rate, usually .2 

or .5 yeq/sec, by a Sargent Constant Current Coulometer. During the 

reaction, the bromine concentration was monitored amperometrically 

with a rotating platinum micro-electrode and saturated calomel refer-

ence electrode, connected to a Sargent Model XV polarograph operated 

at a fixed potential. Towards the end of the titration of the 8-qui-

nolinol with electrogenerated bromine, the current detected by the 

40. G. S. Kozak and Q. Fernando, J. Phys. Chem., 67, 811 
(1963). 
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polarograph increased abruptly and generation was discontinued. Mien 

the coulometer current x^as turned off after the initial abrupt in

crease, the current (proportional to the level of excess (B^ anĉ  ̂ r3 ̂  

usually decreased to some constant value above zero. An additional 

quantity of bromine was then generated with the coulometer and the new 

deflection was measured as a means of calibration for the estimation 

of the excess bromine remaining after all the ligand reacted. This 

excess was usually less than 0.1% of the total bromine generated, A 

complication occurred in the titration of the 2-methyl-8-quinolinol 

chelates of aluminum; the crystals of the chelate did not dissolve 

rapidly even in 6 M HC1. If the high level of acid was maintained, the 

bromination rate was slow and a protracted end point and a higher final 

bromine concentration were obtained. It was found necessary to neutra

lize some of the excess acid initially added to maintain favorable 

kinetic conditions and, hence, obtain sharp end points. 

Indirect Titration of Aluminum with EDTA. Solutions of alumi-

num(III) derived from chelate compounds, were analyzed for metal ions if 

by back titration of excess EDTA with a standard metal ion solution. 

A 0.01 M EDTA solution was prepared by dissolving the disodium salt of 

ethylenedinitrilotetraacetic acid (Eastman White Label) in distilled 

water that had been passed through an ion exchange resin (Crystalab 

Deeminite) to remove acquired ionic contaminants. 

A standard zinc solution was prepared from very pure zinc metal 

(Electronic Space Products, 5N purity). The metal was roughly pre-

weighed, washed in concentrated hydrochloric acid, and rinsed with 
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distilled water several times followed by three rinses with, dry acetone 

(AR). The zinc shot was then drained and allowed to stand in air for 

a few minutes before weighing (0.72040 g, 0.01102 moles). A standard 

solution was prepared by dissolving the shot in 2.2 ml (about 10% ex

cess) concentrated perchloric acid (J. T. Baker AR, 70-72%) and about 

15 ml of distilled water in a covered beaker by heating to near the 

boiling point. After cooling, the solution was quantitatively trans

ferred and diluted to one liter in a class A volumetric flask. 

41 
Titration of aliquots of EDTA with the 0.01102 M zinc solu

tion at a pH of 9.5, failed to give any distinct end point with zincon 

(J. T. Baker, AR, 0.13 g dissolved in 2 ml of N NaOH and diluted to 

42 
100 ml with H^0) as indicator. Titration at a pH of 5 (HOAc, NaOAc 

buffer) with xylenol orange (Fisher Scientific, tetra sodium salt, 50 

mg in 50 ml of 70% ethanol) gave a sharp end point. The concentration 

of the EDTA (0.009914 M), thus determined, agreed within one part per 

thousand with the concentration based on a standardization with the 

same zinc metal standard and calmagite indicator. 

Titration of the aluminum complexes was attempted with the 

EDTA, buffer, zinc and xylenol orange solutions after various wet ash

ing attempts. These involved the use of conc. HNO^, red fuming HNO^ 

and a mixture of conc. HN0„ with conc. H„S0.. The latter was heated 
3 2 4 

until the evolution of SO^ fumes started. Both the aluminum complexes 

41. J. Kinnunen and B. Merilcanto, Chemist-Analyst, 44_, 50 
(1955). 

42. C. L. Wilson and D. W. Wilson, Ed., "Comprehensive Analy
tical Chemistry", Vol. IB, Elsevier Publishing Co., New York (1960), 
p.339. 
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and mixtures' of 2-methyl-8-quinolinol and Al^CSO^) •lSH^O were treated 

with these reagents, and subsequently evaporated to dryness. The 

samples were cooled, and 5.00 ml of standard EDTA and 5 ml of H^O 

added, and the resulting solution was heated to boiling. The solution 

was cooled again and the buffer solution, together with ten drops of 

xylenol orange were added. The excess EDTA was then back titrated with 

zinc solution. No back titration end point was obtained from any of 

the samples containing 2-methyl-8-quinolinol. However, samples of 

Al^(SO^)^•lSH^O when so treated, omitting addition of the 2-mathyl-8-

quinolinol gave sharp back titration end points. Repetition of these 

experiments with zincon as the indicator also failed. 

43 
A new titration procedure, that had been described, was 

attempted. A liter of 0.01 M HgCNO^)^ (Mallinkrodt AR) was prepared 

to which 1 ml of conc. HNO^ was added. Additional indicator solutions 

were prepared; diphenylcarbazone (Fisher Scientific, Certified Reagent, 

0.01 M in ethanol), o-phenanthroline (J. T. Baker, AR, 0.2% in ethanol) 

and hexamethylenetetraamine (MC&B, 99% pure, 20% w/w in water) which 

was used as a buffer. 

The mercury(II) solution was standardized against 5.00 ml ali-

quots of EDTA. Nitric acid (0.25 ml, 1 M) and hexamethylenetetra

amine (2.5 ml) were added to the EDTA with water to make the total 

volume up to about 25 ml. Three drops of"xylenol orange solution or 

two drops of diphenylcarbazone with four drops of o~phenanthroline were 

43. E. Banyai, E. B. -Gere, and L. Erdey, Talanta, _4, 133 
(1960). 
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added to the solutions which were then titrated with the mercury(II) 

solution. Both indicators were used in the standardization. The 

xylenol orange system had a smaller blank (0.018 ml compared to 0.04 

ml of Hg(II)) but both systems gave the same results within two parts 

per thousand (0.01114 M Hg(II)). 

Samples were wet ashed as before, then neutralized with NaOIi 

to a phenolphthalein end point then 10.00 ml of EDTA and 0.25 ml HNO^ 

(1 M) were added. The sample was heated on a hot plate to boiling for 

15 minutes then cooled and 2.5 ml of hexamethylenetetraamine added. 

Both indicator systems gave protracted end points.. 

In the next attempt, the aluminum complexes were weighed into 

platinum crucibles, placed in a cold muffle furnace and heated slowly 

in the furnace to 600°C. Thermograms of certain compounds prepared in 

the initial stages of this work indicated that final weight loss was 

complete at about 500 to 550°C. Therefore, 600°C was deemed safe for 

complete ignition. The ignition residue, in the platinum vessel was 

dissolved in boiling conc. HNO^, cooled and neutralized. The result

ing solution was then treated with EDTA and HNO^, heated, and the 

procedure repeated as above. 

This method which differed only in the ashing procedure, gave 

reasonably sharp end points and was suitable for the analysis of the 

aluminum complexes with no interference from ligand that may have been 

partially decomposed. The platinum proved to be sufficiently inert 

that its use did not constitute any problem. 
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Molecular Weight Determinations 

Vapor Pressure Osmometry. The molecular weights of soluble 

compounds were determined in a vapor pressure osmometer (Mechrolab 

Model 301A equipped with a nonaqueous probe). The probe was function

ing at an abnormal null value that reduced, by half, the usable range 

of concentrations• The apparatus was calibrated with five solutions 

of differing concentration, made from recrystallized benzil and chloro

form (AR grade with ethanol removed). The instrument response AR 

plotted against molar concentration of benzil was linear to 0.1 M ben

zil (the limit of usage). 

Weighed samples of the aluminum compounds were dissolved in 

chloroform and diluted to a final volume in class A volumetric flasks. 

Instrumental measurements were made versus pure solvent in the same 

manner as in the calibration procedure. The instrument was balanced 

and values recorded five times for each sample. The final instrument 

parameter recorded, was the average of the five readings. 

X-Rav Diffraction. The crystallographic molecular weight was 

computed from the unit cell volume and the crystal density and the 

number of molecules per unit cell. 

Crystal densities were obtained by the flotation technique. 

Two liquids, one denser than, and one less dense than the crystals, 

were mixed until the crystals just remained suspended in the mixed 

liquids. At this point the density of the liquid was equal to that of 

the solid and the density of the liquid was measured in a pycnometer. 

When all of the crystals in the liquids did not rise or sink together, 
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or when the crystals were very soluble.in the liquids, the density 

gradient tube technique was employed. 

The density gradient tube technique will give the maximum den

sity and an indication of the homogeniety of the sample. The solvents 

used were mixtures of xylene and bromobenzene. The final measurement 

was made by half-filling a 10 cm test tube with a calibrated solution 

of appropriate density, then carefully adding without mixing a second 

3 
calibrated solution (with a density .05 g/cm less) above the first 

solution. A plunger type stirrer is manipulated in the solution to 

extend the interface throughout the greater length of the tube. After 

mixing, a density gradient existed over about 10 cm. When the crystals 

were introduced at the top of the tube, they settled to a level in the 

solution where the density of the solution matched the density of the 

crystal. The position of the crystals was estimated with a millimeter 

scale and the maximum density is assigned with a maximum certainty of 

3 
about .005 g/cm . This technique does not require the agitation of 

the solution as required with the flotation technique and less reaction 

seemed to occur between solvent and the crystals. 

Bromometric Titration. The molecular weight was calculated 

from the calculated percentage of 2-methyl-8-quinolinol. By dividing 

the percentage of the ligand into the molecular weight of the ligand, 

a sub-multiple of the molecular weight was obtained. The data were 

combined with results of the elemental analysis to give the molecular 

weight. 
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Mass Spectral Analysis. Mass spectra were examined for the 

presence of parent peaks of m/e equal to the molecular weight of the 

various complexes. 

X-Ray Diffraction Studies 

Single Crystal X-Ray Diffraction. All single crystal data were 

obtained with a VJeissenberg camera (Charles Supper Co.) and Cu ra

diation (Norelco-Phillips, type 12215/0 X-ray generator and Cu target 

tube operated at 40 kv and 20 ma with a nickel filter). Ilford Indus

trial Type G X-ray film was used and processing was carried out, at 

room temperature, in Kodak X-Ray Film Developer and Fixer with an in

termediate 3% acetic acid stop bath. 

Sodium chloride calibration lines were added to the edges of 

the Weissenberg photographs to check the camera radius in all the cell 

constant determinations. 

Low temperature studies were carried out at -130°C; the temper

ature was measured with an iron-constantan thermocouple. 

The low temperature apparatus was similar to one described by 

44 
Richard. 

A stream of gas from boiling liquid nitrogen was delivered 

from the top of a conventional four-liter spherical dewar 55 cm away 

to within a few millimeters of the crystal. However, styrofoam was 

used to insulate this tube instead of a vacuum jacket. The delivery 

44. A. J. Richard, Brit. J. Appl. Phys., ]_, 430 (1956). 
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tube was made from 10 mm o.d. standard pyrex tubing. A concentric 

styrofoam inner tube (2.5 mm wall thickness and 3 mm i.d.) was insert

ed, and an outer jacket of styrofoam 15 mm thick was added. A dry 

nitrogen flush was used to keep condensate out of the Weis.senberg 

camera. This apparatus proved to be cumbersome and inconvenient for 

continuous use but could function unattended for about four hours., 

which was sufficient to obtain Weissenberg photographs. 

X-Ray Powder Diffraction Data. All powder diffraction data 

were obtained from equipment manufactured by Phillips Electronics, 

Incorporated. This included a stabilized power supply (type 42262) 

X-ray generator (type 12045B/3) equipped with a copper target tube, 

a wide range diffraction gonimeter (type 42270/0), a scintillation de

tector power supply (type 42141), a pulse height analyser (type 

(52332/0), a scaler-rate meter (type 42145) and a Minneapolis-Honey-

well 12 inch -1 to +10 mv recorder. Samples were ground in a mortar 

with a pestle and placed in the rectangular window of the sample holder 

using scotch tape under the window to support the powder. The diffrac

tion pattern was recorded at a rate of (20 increasing) one or two de

grees per minute with an appropriate detector scale factor and time 

constants of four and two seconds, respectively. 

Mass Spectral Analysis 

Mass spectra up to m/e = 900 were obtained with a Hitachi-

Perkin-Elmer RMU-6E double focusing mass spectrometer. Solid samples 

(^1 mg) were crushed in a sample tube and introduced in a standard 

'  -6  
solids inlet probe at pressures less than 10 Torr. The heating 
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range of the probe was from ambient temperature to about 290°c. In 

the absence of continuous backgrounds of mass standards, an extrapola

tion gave high mass values within 2% of reasonably formulated species. 

To extrapolate, the chart length ( m/e) of 20 or 40 mass units 

(2-2 _ —i) Was plotted versus a linear scale of mass/charge (~1) . 6 6 6 

This plot indicated an approach to some fairly constant maxi

mum value at high m/e (at about 360 to 520). From the separation of 

peaks at higher mass, an apparent chart scale (~2 - ̂ 1) was obtained 

by comparison with peak spacing in the lower mass regions. This point 

was added to the plot and a smooth curve was drawn over the higher mass 

region which was then rescaled on the chart paper. The extrapolation 

technique was used only in the absence of convenient alternatives to 

assign m/e >720 and 544. However, the plot, in general, served as a 

check on the counting of mass peaks throughout the spectrum especially 

when crossing low background regions and metastable peaks. Counting 

errors of even one-half mass unit were readily detected by this method. 

Nuclear Magnetic Resonance 

Studies of the various soluble metal complexes and some inter

mediates were performed on a Varian Associates A-60 NMR spectrometer. 

Saturated samples were prepared in CCl^, CDCl^, or D^-DMSO usually 

with internal TMS by crushing excess solid sample in a one dram vial 

adding the solvent-TMS mixture, stirring, then filtering through a 

glass paper (Whatman GF/B) plug in an eye dropper directly into the 

nmr tube. In many cases the TMS~solvent mixture was dried with, molec

ular sieves No. 3A powder and filtered into the vial containing the 
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solid. Most of the samples were run at room temperature but a few 

were heated to the boiling point of the solvent in an attempt to dis

solve enough compound to obtain a spectrum. Integrations of the spec

trum were performed instrumentally, and in some cases with a planimeter. 

Optical Spectra 

Ultraviolet and Visible Spectra. Visible absorption spectra of 

various solutions were obtained with a Cary Model 14 spectrophotometer. 

A solvent reference and 1 cm quartz cells were used. 

Fluorescence Spectra. Fluorescence measurements on solid 

samples and solutions were obtained with a spectrophotofluorometer 

equipped with a high pressure Hg*Xe lamp and a photomultiplier micro-

photometer (American Instrument Co.). Action spectra and emission 

spectra were recorded on a 125 mv variable range xt recorder (Sargent, 

Model SR). The microphotometer output was connected to the recorder 

input; and scan rates on the spectrophotofluorometer were selected that 

were compatible with the time base of the recorder. 

Solids were studied by crushing and rubbing, with a spatula, 

small amounts of sample on the roughened surface of black paper. The 

roughening was accomplished by sticking Scotch or masking tape to the 

black paper and then peeling it off. In these experiments, the paper 

containing a sample was installed at an angle of about 45° to the ex

citing beam. 

Infrared Absorption Spectra. Infrared measurements were made 

with a 337B grating spectrophotometer (Perlcin-Elmer) from 4,000 to 

400 cm \ Also, a Beckman IR-4 instrument x?as used with NaCl optics 
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and with CsBr optics to obtain spectra from 5,000 to 340 era \ Solu

tions of samples were run in sealed, liquid NaCl, solids in KBr and 

TlBr MINI-PRESS (Willcs Scientific Corporation) pellets and nujol mulls 

in NaCl and KBr mull cells, from Barnes Engineering Co. 



CHAPTER 3 

RESULTS AND CALCULATIONS 

Two types of materials have been reported in this work: Pro

ducts and Compounds. The "Products" were generally mixtures of crys

talline solids that were separated from the reactions solutions. Their 

composition varied but their properties indicated the composition could 

be some mixture of chelate compounds. 

The "Compounds", however, were found to possess a constant 

stoichiometry and were with crystals sufficiently large for single cry

stal X-ray diffraction studies. Infrared spectra of the compounds are 

presented in tabular form in Appendix A in addition to the figures in 

the text. 

Product I 

Product I, a yellow-green fluorescent solid powder, was the 

precipitate resulting from the chloroform preparation. The IR spectrum 

is shown in Figure 3, and exhibits distinctly different characteristics 

from diethylamine hydrochloride (Figure 4), 2-methyl-8-quinolinol (Fig

ure 5), or its hydrochloride (Figure 6). Elemental analyses (C, H and 

N only) of this solid gave the following results: found (%), C, 61.54; 

H, 4.14; N, 6.95 indicating a partical empirical formula C^Q 32^8 28^ 

(ligand anion = CjgHgNO). Bromometric titration was performed on a 

29.86 mg sample. A total of 684.0 yeq of bromine was consumed which 

45 
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Figure 3. Infrared Spectrum of Product I 
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Figure 4. Infrared Spectrum of Diethylamine Hydrochloride 
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Figure 5. Infrared Spectrum of 2-Methyl-8-quinolinol 
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Figure 6. Infrared Spectrum of 2-Methyl-8-quinolinol Hydrochloride 
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corresponded to 171.0 pinoles or 27.05 nig of 2-methyl-8-quinolinol which 

was 90.58% of the sample. The theoretical percentage of ligand in 

tris(2-methyl-8-quinolinolato)aluminum(III) is 94.6. By dividing the 

percent ligand into the ligand molecular weight, 174.6 is obtained as 

the submultiple of the molecular weight. The mass spectrum obtained 

from Product I is reported in Table IV. 

Product II 

This material precipitated from the anhydrous dimethylsulfoxide 

preparation, and had a bright yellow-green color similar to that of 

Product I. The product was subjected to mass spectral analysis and 

found to have the same fragmentation pattern as Compound IV, but with 

slightly different relative intensities. 

Product III 

The material resulting from the reaction of a mixture of alu

minum sulfate and 2-methyl~8-quinolinol in DMSO with diethylamine ex

hibited an infrared spectrum (Figure 7), indicating an impure product 

contaminated with diethylamine hydrochloride and free ligand. The mass 

spectrum of this material contained no peaks of m/e greater than 159, 

the value for the free ligand, other than background. 

Compound I 

This compound resulted from recrystallization of Product I in 

chloroform. It was composed of very fine needle shaped crystals spread 

throughout the bulk of powder. It was possible to find small crystals 

suitable for X-ray diffraction experiments. A crystal was mounted 



m/e 

130 

131 

159 

326 

327 

328 

342 

343 

344 

345 

(a) 

(b) 

Table IV 

Mass Spectrum of Product I 

Relative Relative 
Intensity 3̂' m/e Intensity'3'' 

1 50l(b) 3.7 

1.22 502 1.38 

1.58 503 1.06 

5.3 

4.5 544 < 0.05% 

1.35 545 

2.94 720 " 

100 (Base Peak) 721 " 

22.6 722 " 

3 

Only % > 1 are reported except at m/e > 503. 

Parent peak for tris(2—me thy1-8—quinolinolato)alumi-
num(III) 
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Figure 7. Infrared Spectrum of Product IIP' 
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along the needle axis and from the oscillation photograph and the zero 

level Weissenberg photograph sufficient parameters were obtained to 

calculate a unit cell volume. The direct cell length (a) was calcu

lated from the oscillation photograph as described in detail under 

Compound II but with an assumed camera radius of 28.6 mm. The data are 

presented in Table V. The spot distances along the circumference of 

the Weissenberg photograph were measured with a traveling microscope. 

The difference between the two spot positions represents the arc sub

tended by the angle 40 where 0 is the Bragg angle. This calculation is 

explained in detail in the section pertaining to Compound II because 

of its importance in the determination of the radius of the camera. 

With sin0 known, c X is calculated from equation (8). 

c"X = 2_ sin0. (8) 
n 

The values of c X and b X are listed with their average values in Table 

VI. The volume of the unit cell may be calculated by use of equation 

(9). 

V = a (9) 
b*c*sina* 

In equation (9) a represents the angle between the two chosen axes. 

Its value is also reported in Table VI. The volume of the unit cell 

3 
chosen was 5,910 A . The density (1.36 g/cc) of the crystals was de

termined by the flotation technique. The value is uncertain because 

of the fineness of the crystals and their solubility in the solvents 

used. These data suggests a mass of 4,840 in the unit cell. With the 

possibility of eight or 16 molecules per unit cell, the/fnolecular mass 

is 605 or 302, respectively. 



54 

Table V 

Calculation of (a) from the Oscillation Photograph for Compound I 

2y 2R/2y=tan<}) Co s<t> n d(a)=(Cos<f>)/n A 

5.49 10.418 0.0954 1 16. ,16 

11.20 5.107 0.1921 2 16. ,05 

17.20 3.325 0.2880 3 16. ,06 

24.75 2.311 0.3971 4 16, .08 

31.28 1.828 0.4798 5 16. ,06 

40.41 1.415 0.5770 6 16, .03 

51.96 1.101 0.6723 7 16, .05 

68.70 .833 0.7682 8 16, .05 

98.90 .578 0.8657 9 16, .03 

Average 16.05 A 
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Table VI 

Calculation of b and c in Compound I 

D(mm) 0= =D/4R 0(deg-min) Sin0 n b*X 

11.91 0. ,10418 5 58.2 0.10395 4 0. ,05197 

17.89 0. .15649 8 58.2 0.1558 6 0. ,05193 

23.93 0. ,20932 11 59.4 0.20770 8 0, ,051925 

30.06 0, ,26294 15 3.9 0.25990 10 0, .05198 

36.25 0. ,31709 18 10.2 0.31180 12 0. ,05196 

42.60 0, ,37263 21 21 0.36406 14 0. ,05201 

Average 0, ,05196 

b* = b"X = 0.05196 
~T~ l. 542 

= 0.0337 A"1 

D (mm) e= =D/4R 0(deg-min) Sin0 n 
J. 
c X 

14.27 0, ,12482 7 9 0.12447 2 0. ,1244 

28.70 0, .25104 14 22.8 0.24838 4 0, ,1242" 

43.72 0, .38243 21 54.6 0.37300 6 0, .1243 

Average 0, ,1243 

c = c'C X = 0.1243 = 
X 1.542 

0.0806 A-1 

Linear separation between axes chosen 44.93 mm X 2 deg/mm = 89.86° = a 
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The results of elemental analysis are consistent with the em

pirical formula: AICC^QHQNO)2°H> formula weight 360.33, found (%) : 

C, 66.71; H, 4.71; N, 7.87; calculated (%): C, 66.66; H, 4.75; N, 

7.77. Bromometric titration was performed on 17.36 mg of material. A 

total of 388.5 yeq of bromine was consumed which corresponded to 97.14 

ymoles of 2-methyl-8-quinolinol or 15.368 mg of ligand which, divided 

by the sample weight (17.63 mg), gave 87.16% 2-methyl-8-quinolinolate 

compared with the theoretical 87.79%. Vapor pressure osmometry was 

used in the working range of the probe to determine the molecular 

weight. The results are presented in Figure 8 and show that the molec

ular weight is a function of concentration. Therefore, the molecular 

weight of the compound in solution cannot be assigned with any cer

tainty. 

The infrared spectrum of Compound I in potassium bromide is 

presented in Figure 9. The partial mull spectrum lacks the OH band at 

3400-3500 cm \ The 60 MHz nmr spectrum of the bulk solid dissolved 

in deutero-chloroform displayed aromatic hydrogen atoms as in the 

spectrum (Figure 14) of Compound IV. The phenolic proton at about 8.6 

ppm in the spectrum of the free ligand could not be detected. In addi

tion a new peak appeared at 2.45 ppm which had an integrated area one-

sixth that of the methyl protons at 2.60 ppm. 

A mass spectrum of Compound I was obtained on an aged, dis

colored sample. A single crystal of the sample was mounted as an iden

tity check and gave very diffuse reflections in an X-ray diffraction 

experiment. The mass spectrum was initially scanned at high mass and 
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Figure 8. Average Molecular Weight of Compound I in Chloroform 
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Figure 9. Infrared Spectrum of Compound I 
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showed a set of three peaks in the region m/e = 720. However, on re

scanning the whole spectrum, the largest fragment found corresponds to 

Al(C^.()HgN0)2 at = with lower molecular weight fragments (m/e 

less than 159) due mainly to the ligand and its fragments. Some of the 

additional species found in the other compounds, to be discussed, may 

have been found in this compound if the sample had not partially de

composed on standing. The spectrum is presented in Table VII. 

Compound II 

Compound II was obtained by recrystallization of Product I from 

a chloroform-iso-octane mixture. The ellipsoidal crystals were trans

parent, pale greenish-yellow, and fluorescent when viewed from the flat 

side under a microscope. Suitable crystals were chosen for a crystallo-

graphic examination, and one was mounted along its longest geometric 

axis, and an oscillation photograph was obtained for the evaluation of 

the crystallographic axis (y). The intensities of the reflections in 

the oscillation photograph were found to be symmetrical about the zero 

level. The zero, first and second level Weissenberg photographs were 

obtained. The photographs showed that there was symmetry around two 

orthogonal axes. With the aid of a Weissenberg chart, the reciprocal 

lattice traced on transparent acetate film from the photographs of the 

first three levels. Next, systematic absences were noted and the con

ditions for reflections to occur were found. The latter are tabulated 

(Table VIII) with the translational elements of symmetry that are im

plied. 
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Table VII 

Mass Spectrum of Compound I 

Relative . . Relative ( . 
m/e Intensity-^- m/e Intensity 

27 3.5 128 1.3 
39 2.9 129 1.3 
50 1.9 130 12.8 
51 3.9 131 17.1 
52 2.1 132 1.9 
53 1.2 140 1 
62 1.8 158 2.3 
63 3.9 159 46 
64 1.6 160 5.8 
64.5 1.6 162 1 
65 2.3 163 1.1 
65.5 1.6 163.5 1.1 
72 1 171 1.1 
74 1.2 171.5 1.9 
75 1.3 172 1 
76 1.9 185 1.74 
77 7.0 186 1.16 
78 2.3 202 1.6 
88 • 1 211 1.74 
89 2.3 326 3.9 
90 1.5 327 4.6 
101 1.1 328 1 
102 2.5 342 3.9 
103 5.8 343 100 (Base 
104 1.5 344 22 
114 1 345 2.9 
115 1.9 

about 720(b) 116 1.2 triplet at about 720(b) 

(a) Only % > 1 are reported except at m/e > 345 

(b) Possible parent for the hydroxy bridged dimer; no peaks 
were observed for the 3 to 1 complex at 501 



Table VIII 

Reflections and Symmetry Elements Found for Compound II, Space Group 

Reflections 

Condition for 
Possible Reflection 

Required for 
Found P, Space Group 

ben 
Orientation Component 

Translational 
Symbol Symmetry Element 

Okl 

hOl 

hkO 

hOO 

OkO 

001 

hkl 

k=2n 

l=2n 

h+k=2n 

h=2n 

l=2n 

None 

k=2n 

l=2n 

h+k=2n 

(h=2n) 

(k=2n) 

(l=2n) 

None 

100 

010 

001 

100 

010 

001 

b/2 

c/2 

a/2+b/2 

a/2 

b glide plane _L a 

c glide plane _Lb 

n diagonal glide 
plane JL c 

screw axis J J a 

no data, all crystals were mounted on y 
axis 

c/2 screw axis c Is || 
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The lack of general conditions in the hkl reflections indi

cated the presence of a primitive cell and from the symmetry elements 

the space group was deduced to be P . The full symbol for this or-
bcn 

thorhombic system is P2^/ b 2/c 2^/n. Without the special condition, 

hkl; h+lt=2n, this space group must have eight equivalent positions and, 

hence, a minimum of eight molecules or formula units per unit cell. 

For orthorhombic crystal systems the calculation of cell dimen

sions is comparatively straightforward. One cell dimension (b) was 

obtained from the oscillation photograph in the following manner: The 

distance from a level (n) to the corresponding level (n) opposite the 

zero level was measured with a traveling microscope at two positions 

along the axis approximately equidistant from the beam-stop shadows. 

These inter-level distances were divided by two and then averaged to 

obtain the distance (y) from the zero level to the level n. Equations 

(10) and (11) were used to convert this quantity (y) into cell dimen

sions or Bragg spacings (d). 

tancj) = R/y (10) 

d = nA/coscj> (11) 

In equation (10) R is the radius of the camera taken from the second 

film described below. In equation (11) n is the order of reflection 

and d is the spacing between diffracting planes. Lambda is the wave

length of the Cu Ka X-radiation used. The data are summarized in Table 

IX. 

Since the crystal is orthorhombic, a = (3 = y = 90°C, and the 

remaining cell dimensions were calculated from the zero level 
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Table IX 

Calculation of b from the Oscillation Photograph 

y R/y=tan<|> Cos(i> n d (b) 

3.415 8.4158 .1180 1 13.06 

6.975 4.12043 .2358 2 13.07 

10.83 2.6537 .3526 3 13.11 

15.335 1.87414 .47075 4 13.10 

20.96 1.37118 .5890 5 13.08 

28.75 .99965 .7069 6 13.08 

42.0 .68428 .82528 7 13.07 

Average 13.08 A 
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Weissenberg photograph in the following manner. The Weissenberg photo

graph was aligned under a travela.ng microscope so that the direction 

of measurement coincided with the cylindrical circumference of the 

Weissenberg camera, i.e., perpendicular to the beam stop shadow which 

bisects the film. It was convenient to choose sharp sodium chloride 

lines on each side of the film and verify that they had almost identi

cal readings on the scale of the traveling microscope. The powder 

lines were indexed for both the left and right hand sides, and the 

corresponding microscope readings were recorded in millimeters at each 

line and the difference for each set of lines (e.g., 200 to 200) was 

calculated. This difference (L) represented the arc subtended by the 

known angle (40 in radians) of the particular NaCl reflection. There

fore, the radius (R) is given by R=L/40 and the values are shown in 

Table X. An average value of the camera radius was used for calcula

tions involving the previous photograph as well as the zero level 

photograph. 

After measurements of the NaCl lines for the calculation of 

the value of the camera radius, the positions of axial spots (e.g., 100 

to 100 and 010 to 010) were measured and recorded and the distances be

tween them (D) were calculated. Then, by the same relationship of the 

arc radius and angle in radians, the Bragg angle (0) was obtained in 

radians from the equation D/4R = 0 and converted with the aid of tables 

to degrees and minutes. By means of the Bragg equation (12), the axial 

spacing (d) was calculated. 



Table X 

Calculation of Camera Radius from NaCl Powder Diffraction Lines 

Index Intensity 40 L(Left side) R(Left) L(Right side) R(Right) 

200 

220 

311 

222 

400 

331 

420 

422 

511 

440 

600, 

600 

620, 

620, 

°1 

a2 

<*i 

vs 

s 

vw 

m 

w 

w 

m 

mw 

vw 

w 

row 

mw 

8 

«2 

1.1074c  

1.5877, 

1.8818 

1.9729, 

2.3136 {  

2.5528 

2.6304 

2.9346 

3.15944 

3.5356q 

3.8415g 

3.85572 

4.1702 
o 

4.1872Q 

0 

8 

0 

31.68 

45.50 

Very weak 

56.57 

66.32 

Very Weak 

75.41 

84.11 

Very Weak 

101.28 

28.61 

28.66 

28.67 

28.66 

28.67 

28.66 

28.65 

Not separated enough 

119.51 

119.98 

28.65 

28.65 

31.83 

45.61 

56.71 

66.50 

75.62 

84.32 

101.44 

119.73 

120.31 

28.74 

28.73 

28.74 

28.74 

28.75 

28.73 

28.70 

28.71 

28.73 
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d = nX/2sin0 (12) 

Initially the position of each spot was measured three times. However, 

~t~ 
it was soon apparent that measurement could be reproduced to -0.01 mm 

and single readings were taken thereafter. The data for cell dimen

sions, a and c, taken from the low temperature photograph are given in 

Table XI. The unit cell volume (4,325 A ) was calculated as the pro

duct of the cell dimensions: a = 16.54, b = 13.08, and c = 19.99 A. 

The cell dimensions were obtained from the low temperature photographs 

because the spot shapes were less diffuse than the spot shapes in the 

•k 
room temperature photographs. However c seemed to be slightly larger 

in the low temperature photograph. This would lead to a slightly low 

value for the unit cell volume and, consequently, a slightly lower 

value for the molecular weight would be obtained from the density de

termined at room temperature. A 19 hour zero level Weissenberg photo

graph (Figure 10) is reproduced to illustrate the diffuse streaking of 

the spots in directions other than the streaks of the polychromatic 

radiation. The long exposure time was necessary to obtain spots at 

20 > 90°C. The 3-4 hour low temperature photograph (Figure 11), how

ever, showed generally reduced streaking with reasonably well defined 

spots at 20 > 90° despite the reduced exposure time. 

During the time the crystal was exposed to X-rays for the pur

pose of obtaining the Weissenberg photographs, the crystal underwent a 

change in the space group. This was evidenced by loss of systematic 

absences corresponding to glide planes b and c perpendicular to axes a 

and b. There is some evidence of the appearance of the additional 
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Table XI 

Calculation of a and c from the Weissenberg Photograph 

L(h00) 
©(radians) 0(deg--min) Sin6 n d (a) 

10.77 .1872 10 44 .18623 4 16.56 

16.335 .2825 16 11 .27871 6 16.59 

27.93 .487 27 52 .46741 10 16.49 

34.12 . 5944 34 4 .56015 12 16.51 

40.85 .7113 40 46 .65298 14 16.53 

57.09 .9943 56 58 .83835 18 16.55 

68.81 1.1971 68 35 .93095 20 16.56 

Average 16.54 A 

L(00l) 
©(radians) 6(deg--min ) Sin0 n d (c) 

8.80 .1547 8 52 .15414 4 20.00 

13.38 .2333 13 22 .23118 6 20.01 

17.99 .3135 17 58 .30846 8 19.96 

22.72 .3961 22 41 .38564 10 19.99 

27.68 .4814 27 35 .46304 12 19.98 

32.77 .5702 32 40 .53975 14 19.99 

38.17 .6648 38 5 .61681 16 19.99 

44.09 .7668 43 57 .69403 18 19.99 

58.13 1.0114 57 57 .84758 22 20.01 

Average 19.99 A 



Figure 10. Zero Level Weissenberg Photograph of Compound II 



Figure 11. Zero Level Weissenberg Photograph 
of Compound II Taken at -120°C 
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reflections in Figure 10. These spots become more intense, and after 

about 48 hours of exposure to filtered radiation, a 12 hour zero level 

photograph (Figure 12) was obtained from the same crystal. In this 

photograph reflections from both Cu-K^ and Cu-K^ radiation are apparent 

for the more intense reflections as well as for the additional reflec

tions. It was not possible to assign a new space group with the sym

metry elements found in the photographs obtained after X-irradiation 

of the crystal (in its original orientation). If the standard axial 

assignment in the P ĉn space group is preserved, the n glide, inferred 

from hkO absences, remains. Also, the conditions for two-fold screw 

axes along a and c remain (hOO: h = 2n and 001: 1 = 2n). It is possi

ble that only a partial conversion from one space group to another 

occurred during this irradiation process. A gravimetric experiment, 

mentioned in Chapter II, demonstrated that no weight loss occurs in 

this process. 

The stoichiometry of Compound II is consistent with the empiri

cal formula AltC^gHgNO^OH-CHCl^ (formula weight 479.7). A comparison 

of the elemental analysis with theoretical values gives: (found %) C, 

52.71; H, 3.78; N, 5.84; (calculated %) C, 52.57; H, 3.78; N, 5.84. 

Bromometric titration indicated, from bromine consumed, that the com

pound contained 67.8% 2-methyl-8-quinolinol. By dividing twice the 

formula weight of the ligand by 67.8%, 467 is obtained as an estimate 

of the molecular weight. The density (1.434-1.446 g/cm ) was deter

mined by the flotation technique in a mixture of iso-octane and bromo-

benzene. With the unit cell volume 4,325 A , the density range, and 



Figure 12. Zero Level Weissenberg Photograph 
of Compound II after Phase Change 
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eight molecules per unit cell, the formula weight was calculated to be 

467-471 (theoretical 479.7). 

Ignition of 0.02760 g of Compound II gave an alumina (A^O^) 

residue of 0.00345 (12.5%) corresponding to 6.6% Al. After dissolv

ing the residue in IINO3 and preparing the solution with excess EDTA 

(15.00 ml, 0.009914 M) and buffer, 7.640 ml (0.01114 M) of mercuric ni

trate was required for back titration. The amount of aluminum found 

was 6.36 X 10 mole equal to 0.001716 g = 6.21% Al. The theoretical 

value was 5.62%. From these data, it was implied that one aluminum and 

two ligand molecules were present in the compound. The deficiency in 

molecular mass was presumed to be made up by an OH group and a solvent 

molecule. On heating the material abruptly turned opaque at 110°C with 

the formation of condensate in the melting point capillary. A qualita

tive test with AgNOg in the presence of HNO^ gave no precipitate. The 

chromyl chloride test was also negative. The chloroform found did not 

give rise to any peaks in the potassium bromide infrared spectrum which 

is presented in Appendix A Table II. However, excesses of one-half of 

carbon and hydrogen atoms per ligand were indicated by elemental analy

sis. The presence of chloroform was confirmed by mass spectrometry and 

the weight loss on heating a sample. Introduction of the sample at low 

(92°C) temperatures in a direct solids inlet probe of a mass spectro

meter gave the characteristic chloroform fragmentation pattern. Final 

confirmation of the quantity of CHCl^ was made by heating a sample to 

constant weight at 110°C. The weight loss was 25.03% (theoretical 

24.88%). 
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The high temperature (290°C) mass spectrum (Table XII) gives 

confirmation of the molecular species Al(C^QHgN0)2+ (m/e = 343) along 

with higher molecular weight species, but no peaks were observed at 

m/e = 501 which corresponds to the 3 to 1 chelate. The nmr was 

attempted in chloroform, near its boiling point, but the insolubility 

of the compound prevented observation of even a weak signal. 

Compound III 

Compound III was obtained by recrystallization of Product II 

from a 50% v/v mixture of chloroform and carbon disulfide. The crystals 

obtained were transparent, pale yellow fluorescent platelets. A suit

able crystal was selected for crystallographic examination and mounted. 

The conditions for reflections and the implied translational elements 

of symmetry are listed (Table XIII) as for Compound II. 

As in the previous compound, a primitive orthorhombic lattice 

(Pbca) with three glide planes was indicated. An additional crystal 

was mounted on a different axis and the photographs confirmed the space 

group assignment. The full space group symbol is P22/b 2^/c 2^/a. The 

unit cell dimensions were calculated as described under Compound II and 

the data are tabulated in the same manner in Tables XIV-XVI. The cell 

dimensions (a=19.09, b=17.04, c=21.08) were multiplied together to give 

3 the unit cell volume (6,857 A ). Without the additional special condi

tions, - hlcl: h+lc, k+1, (l+h)=2n - this space group requires a minimum 

of eight molecules per unit cell. The density (1.363 g/cc) of the crys-
» 

tals was determined by the flotation technique in CS^ and Freon 113. 
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Table XII 

Mass Spectrum of Compound II 

m/e 
Relative 
Intensity ' m/e 

Relative 
Intensity 

50 3 131 28 
51 5 132 3.5 
52 2 133 4.0 
63 2 149 25 
64 2.5 150 3.5 
64.5 2 159 100 (Base Peak) 
65 4 160 12.5 
65.5 2.5 202 3.5 
76 3.8 203 3 
77 10 204 3.5 
78 4 205 2 
79 4 229 7.5 
79.5 1.5 231 7.5 
80 2 260 3 
81 3 326 3 
82 3 327 7.5 
83 8 328 2 
85 5 342 34 
89 3.5 343 43.5 
102 3.5 344 10 
103 8 362 10.5 
104 4.5 363 2.5 
115 4 385 2.5 
116 2.5 m/e Ext rapolated 
116 3.5 547 16.8 
119 3.5 548 5.8 
127 3.5 549 1.2 
128 7.5 723(b) 10.2 
129 5.5 724 4.5 
130 17.5 725 .9 

(a) Only % >1 are reported at m/e = 725 

(b) Possible parent for the hydroxy bridged dimer; no peaks were 
observed for the 3 to 1 complex at 501. 



Table XIII 

Reflections and Symmetry Elements Found for Compound III, Space Group P ĉa 

Reflections 

Condition for 
Possible Reflection 

Found Required for 
Pbca Space Group Orientation Component 

Translational 
Symbol Symmetry Element 

Okl 

hOl 

hkO 

hOO 

OkO 

001 

hkl 

k=2n 

l=2n 

h=2n 

h=2n 

k=2n 

l=2n 

None 

k=2n 

l=2n 

h=2n 

(h=2n) 

(k=2n) 

(l=2n) 

None 

100 

010 

001 

100 

010 

001 

b/2 

c/2 

a/2 

a/2 

b/2 

c/2 

glide plane _L a 

glide plane _L b 

g l i d e  p l a n e  J _ c  

screw axis is j|a 

!!b screw axis 

screw axis I j c 
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Table XIV 

Calculation of c from the Oscillation Photograph 

y R/y=tan<j) Cos<f> nX d (c) 

2.09 13, .7081 0.0727 1,  .542 21.21 

4.27 6,  ,71432 .1472 3,  .084 20.95 

6.47 4.  .43018 .2201 4,  .626 21.01 

8.77 3.  .2668 .2926 6,  .168 21.08 

11.25 2,  ,54667 .36568 7,  ,710 21.08 

14.007 2,  .0454 .4391 9,  ,252 21.07 

17.075 1.  ,67789 .5120 10. ,794 21.08 

20.68 1 .  ,38573 .58519 12. ,336 21.08 

25.05 1 .  ,14362 .65825 13. .878 21.08 

30.74 ,93210 .7315 15. ,420 21.08 

38.77 .73897 .8042 16. ,962 21.09 

52.44 .54634 .87756 18. ,504 21.08 

Average 21.08 A 
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Table XV 

Calculation of Camera Radius from NaCl Powder Diffraction Lines 

Index 40 L(left side) R(left) L(right side) R(right) 

200 1. .!O740 31.74 28, ,66 31.76 28.68 

220 1, .58772 45.61 28. .73 45.46 28.63 

222 1. . 9 1 2 9 2  56.65 28. ,71 56.53 28.65 

420 2 .63048 75.49 28, .65 75.35 28.64 

422 2, .93460 84.30 28. ,72 84.08 28.65 
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Table XVI 

Calculation, of a and b from the Weissenberg Photograph 

D(h00) 
0(radians) 0(deg--min) SinO n d (a) 

18.60 .16236 9 18 .1616 4 19.08 

28.04 .24476 14 1 .2422 6 19.09 

47.66 .416026 23 50 .4040 10 19.08 

58.00 .50628 29 0 .4848 12 19.08 

68.86 .60108 34 26 .5654 14 19.09 

80.50 .70268 40 15 .6461 16 19.09 

93.24 .81389 46 38 .7270 18 19.08 

107.68 .93994 53 51 .8075 20 19.09 

125.26 1.09340 62 38 .8881 22 19.10 

151.00 1.31808 75 32 .9683 24 19.10 

Average 19.09 A 

D(0k0) 
0(radians) 0(deg--min) Sin0 n d (b) 

20.92 .18210 10 26 .18109 4 17.05 

31.58 .27489 15 45 .2714 6 17.04 

42.56 .37047 21 13 .3619 8 17.04 

53.94 .46953 26 54 .4524 10 17.04 

65.82 .57382 32 52 .5426 12 17.04 

80.76 .70299 40 17 . 6466 14 16.69 

92.90 .80867 46 20 .72337 16 17.05 

130.08 1.13231 64 52 . .9053 20 17.03 

Average 17.04 A 
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The unit cell mass is 5,629, and for eight molecules per unit cell the 

calculated molecular weight is 704. For 16 molecules, which is also a 

possibility, 352 is obtained as the molecular weight. 

The stoichiometry of this compound bears a strong resemblance 

to Product I and Compound I. The elemental analysis is close to the 

empirical formula: A1(C-j^HgNO^OH, (calculated %) C, 66.66; H, 4.75; 

N, 7.77; (found %) C, 67.72; H, 4.68; N, 7.81. In a bromometric titra

tion, 23.54 mg of sample consumed 207.1 ymoles of bromine which indi

cated that 69.58% of the compound consisted of 2-methyl-8-quinolinol. 

A solid compound separated from the solution during the bromination and 

was present throughout the course of the experiment. In the spectro-

photofluorometer, the solid Compound III showed a maximum emission at 475 

my with an excitation maximum at 405 my. The infrared spectrum of 

Compound III, obtained in potassium bromide is reported in Figure 13. 

The mass spectrum of the crystals was obtained at 290°C. The spectrum 

(Table XVII) displayed a base peak at m/e=76 and no peaks stronger than 

background peaks at m/e less than 50. The low mass base peak was un

usual compared to the other compounds, therefore, the spectrum was re

run with a fresh sample at a later date. An identical spectrum was 

obtained. The high mass peak common to all the spectra was measured 

and the peak ratios calculated for elemental composition. A comparison 

is made in Table XIV for the empirical formula omitting Al£ 

27 
which occurs in nature entirely in the form of Al. 
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FREQUENCYCCM"1) 

Figure 13. Infrared Spectrum of Compound III 



Table XVII 

Mass Spectrum of Compound III 

Relative . . Relative 
m/e Intensity-a- m/e Intensity 

50 1.72 202 13.8 
51 2.72 203 3.64 
52 1.34 204 3.18 
76 100 (Base Peak) 205 1.34 
77 5.55 210 1.13 
78 9.10 211 1.82 
79 1.34 229 2.5 
80 1.13 231 2.24 
83 2.27 260 1.13 
85 1.82 326 1.57 
102 1.13 327 3.41 
103 2.27 342 15.4 
104 1.72 343 22.5 
115 1.34 344 5.23 
116 1.34 362 4.63 
117 1.34 363 1.12 
127 1.34 543 10.4 
128 3.18 544 ™ 3.63 
129 2.24 720^ ^ 7.95 
130 10.7 721 3.85 
131 • 15.7 722 1.03 
132 2.24 
133 1.57 P=720 100 
149 22.7 P+l 41.5 
159 68.1 P+2 10.0 
160 9.08 
181 2.5 Calculated 
183 1.82 P+l 45.5 
201 2.72 P+2 11.3 • 

(a) Only % > 1 are reported 

(b) Possible parent for the hydroxy bridged dimer; no 
peaks were observed for the 3 to 1 complex at 501 
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Compound IV 

The reaction of anhydrous aluminum chloride, 2-methyl-8-quino-

linol, and diethylaiuine in dimethylsulfoxide (DMSO) resulted in a small 

yield of pale brown-green clustered crystals (Compound IV). The crys

tals appear bright yellow when crushed and they fluoresced at Amax = 

480 mp with excitation Amax = 420 mp. Several single crystals were 

selected and mounted for X-ray diffraction studies. No symmetry was 

apparent in the oscillation photographs, or in the zero and first level 

Weissenberg photographs. Therefore, a triclinic crystal system was in

dicated. The zero level photogrpah was obtained with the sodium chlor

ide lines for camera radius determination. A direct axial length 

(assigned arbitrarily as a) was.obtained from the oscillation photo

graph as described for previous compounds. A radius of 28.58 mm was 

calculated from the Weissenberg film. The data for calculation of a 

are contained in Table XVIII, and the data for the radius calculation 

A jV 
are contained in Table XIX. The data for calculation of b and c are 

listed in Table XX. The average values were 0.08456 and 0.1085 A \ 

respectively. The separation between the axes chosen indicated that 

the angle a* was 56°50'. By the use of equation (9), the unit cell 

o 3 
volume was calculated to be 1,446 A . The density, 1.33 g/cm , of the 

crystals was determined by the density gradient tube technique; agita

tion of the crystals in the flotation technique promotes reaction with 

the solvent and gives a greater density. The cell contents thus 
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Table XVIII 

Calculation of a from the Oscillation Photograph 

y R/y=tantj) Cos<j> n d(a) 

3.372 8.47568 .1172 1 13.15 

6.855 4.1692 .2332 2 13.22 

10.640 2.6861 .3488 3 13.26 

15.032 1.9013 .4654 4 13.253 

20.462 1.3967 .5821 5 13.245 

27.877 1.0252 .6983 6 13.249 

Average (5 values) 13.25 
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. Table XIX 

Calculation of Camera Radius from NaCl Powder Diffraction Lines 

Index 40 L(left side) R(left) L(right side) R(right) 

200 1.10740 31.61 28.54 31.59 28.52 
6 

220 1.58772 45.38 • 28.58 45.35 28.56 

222 1.97292 56.38 28.58 56.39 28.58 

400 2.3136g 66.13 28.58 67.14 28.58 
6 

420 2.6304g 75.22 28.595 75.21 28.59 

422 2.9346Q 83.93 28.60 83.89 28.59 
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Table XX 

Calculation of 'b" and for Compound XV 

D(mm) 0=D/4R 0(deg-min) Sin0 n b A 

7.54 0.065955 3 47 0.0659 1 0.1318 

14.95 0.130773 7 29.5 0.1304 2 0.1304 

22.52 0.196990 11 17 0.19566 3 0.1304 

30.16 0.263820 15 7 0.2607g 4 0.1304 

45.96 0.402029 23 2 0.3912? 6 0.1304 

54.18 0.473932 27 9 0.4563? 7 0.1304 

66.26 0.579601 33 12.5 0.54765 8 0.1369 

Average (5 values) 0.1304 

b* = b*A/A =0.1304/1.542 = 0.08456 

D(mm) 0=D/4R G(deg-min) Sin0 n c*A 

9.58 0.083799 4 48 0.083678 1 0.1674 

19.21 0.168037 9 37.5 0.16720 2 0.1672 

29.01 0.253761 14 32 0.25094 3 0.1673 

39.02 0.341322 19 33 0.33463 4 0.1673 

49.34 0.431595 24 44 0.41839 5 0.1673 

60.02 0.525017 30 5 0.501259 6 .0.1670 

Average 0.1673 

c* = c * X / X  = 0.1673/1.542 = 0.1085 

Separation of axes (average of two determinations) 43.415 mm 

a* = 43.415 X 2 = 86.830° = 86°50' 



have a mass of 1,158. The theoretical formula weight of the tris(2-

methyl-8-quinolinolato)aluminum(III) with a molecule of DMSO is 579.66. 

With two molecules in the unit cell, the theoretical mass would be 

1,159.2. 

The stoichiometry of the compound is consistent with the for

mula A1(C1AHoN0) *(CH.)oS0. The DMSO was observed in the low tempera-
J-U o «j 5 2. 

ture mass spectrum of the compound. The DMSO fragmentation pattern was 

obtained from a sample of solvent (AR) for the comparison. The theore

tical amount of DMSO present in the compound is 13.48%. A value of 

13.74% was obtained after 48 hours in an Abderhalden drying apparatus 

at 136°C (refluxing xylene) and a pressure of 0.005 mm Hg. Elemental 

microanalysis of the residue gave the following percentages: C, 71.52; 

H, 4.88; N, 8.23. The theoretical values are: C, 71.85; H, 4.78; N, 

8.38. Bromometric titration was performed on a 17.73 mg sample of the 

residue. The sample consumed 205.9 ymoles of bromine which corresponds 

to 16.286 mg of ligahd or 91.9% of the sample. The theoretical value 

of the percentage ligand for a molecular weight 501 is 94.6. The mass 

spectrum at high temperatures (290°C) was obtained after most o_f the 

DMSO was lost and pumped out of the sample chamber. The data are pre

sented for DMSO in Table XXI and for Compound IV in Table XXII. A 

large peak was found for the molecular ion Al(C^QHgNO)^ at m/e = 501 

with P+l and P+2 isotopic peaks as 34% and 6.3% of the parent peak. 

45 
The values expected from mass abundance tables for (C^HgNOj^ mass 

45. J. H. Beynon and A. E. Williams, "Mass and Abundance Tables 
for Use in Mass Spectrometry," Elsevier Publishing Co., New York (1963). 
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Table XXI 

Mass Spectrum of Dimethyl Sulfoxide 

Relative Relative 
m/e Intensity m/e Intensity 3̂-' 

14 1.2 46 7.6 

15 5.8 47 7.3 

27 4.4 48 5.4 

28 1.2 49 1.2 

29 4.4 61 11.7 

31 5.8 63 100 (Base 

32 1.2 64 2.4 

33 2.4 65 4.6 

34 3.6 76 2.4 

35 5.4 78 80^ 

44 1.7 79 2.8 

45 16 80 3.8 

(a) Only % > 1 are reported. 

(b) Parent peak. 
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Table XXII 

Mass Spectrum of Compound IV 

m/e 
Relative . . 
Intensity m/e 

Relative 
Intensity 

130 0.41 501 0.825 

131 0.52 502 0.283 

159 1.52 503 0.054 

326 0.41 

327 0.475 544 < 0.01 

328 0.112 545 II 

342 0.38 

343 100 (Base Peak) 720 II 

344 25.4 721 11 

345 3.25 722 It 

(a) Only % > .4 are reported except at m/e = 382 and 503 where 

values were added to compare with those of Product I and 

Compound V. 
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474 are: P+l, 34.04%; P+2, 6.22%. In a scan at greater sensitivity 

up to m/e = 900, before the scan reported in Table XXII, the 720 and 

544 triplets were observed as for other compounds previously described. 

The isotope abundance calculation was made for (C^^HgNO)^(OH.) 

C40H34N4O6, mass 666 according to the equations of Beyhon. The per

centages calculated for P+l and P+2 are 45.5 and 11.3, respectively. 

The peaks were not scanned under high resolution conditions and the 

galvanometer deflections were 9.4, 4.4, and one giving 47 and 11%. The 

_ 2  deflection of 9.4 divisions corresponded to about 7.8 X 10 percent of 

the base peak at 343. A large metastable peak was observed at 234 

which relates the mass peak at 501 with the fragment base peak at 343. 

An attempt was made to obtain the nmr of Compound IV in Dg-

DMSO. The DMSO was much too wet. However, the compound readily dis

solved in deutero-chloroform but immediately precipitated as a yellow 

solid. The DMSO remained in the deutero-chloroform. After filtration, 

the residue was added to another sample of deutero-chloroform and a 

saturated solution was obtained and the solid was separated by filtra

tion before obtaining the spectrum. The spectrum is shown in Figure 

14a at a sweep width of 500 cps. The aromatic region and the 2-methyl 

region are expanded to a 100 cps sweep width, in Figure 14b to make the 

spectral peak widths greater than that of any noise. Additional peaks 

are discernible in the aromatic region (400 cps offset). The infrared 

spectrum of Compound IV is reproduced in Figure 15. The mull spectrum 

-1 
is reproduced from 4,000 to 3,000 cm and does not contain the OH 

band at 3,450 cm The spectrum of the residue, after loss of DMSO, 
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Figure 14. Nuclear Magnetic Resonance Spectrum of Compound IV 
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Figure 15. Infrared Spectrum of Compound IV 
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shows only-a slight difference, mainly in a reduction of the very in

tense absorption centered at about 1050 cm which is due to S=0 

stretching. Also, the 755 cm peak was absent. 

The visible and ultraviolet absorption spectrum of Compound IV 

and of aluminum(IIX) 8-quinolinolate were obtained in DMSO. The cal

culation of e for Compound IV is based on path length of 1 cm and a 

molecular weight of 579 includes the DMSO in the crystal. Pour maxima 

were found for each compound. The values (A _„my(log e)) for tris(8-max 

quinolinolato)aluminum(III) and the tris(2-methyl-8-quinolinolato)alu-

minum(III) are: 261 (>4), 319 (3.54), 334 (360), 385 (3.84) 262 (>4), 

315 (3.40), 334 (3.36), 360 (3.38), respectively. 

Compound V 

The preparation in DMSO that resulted in Compound IV was re

peated with A^(SO^)^•I8H2O instead of anhydrous aluminum chloride. 

Green crystals (Compound V) were obtained from the filtered solution on 

standing. The stoichiometry and other properties of Compound V are 

very similar to those of Compound IV. 

A thermogram (Figure 16) was obtained for this compound showing 

weight loss apparently due to the loss of solvent of crystallization. 

The change was not entirely stoichiometric and was followed immediately 

by additional decomposition. The percentages of solvent and residue 

were calculated from the thermogram to be 13.2 and 10.68. In an addi

tional gravimetric experiment, similar to the experiment described for 

Compound IV, Compound V lost 14.37% of its weight. Compound V was 

analysed for C, H and N without prior solvent removal. The results of 
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Figure 16. Thermogram of Compound V 



the analysis are: (found %) C, 66.11; H, 5.37; N, 7.32; (calculated 

%) for Al(C10HgNO)3-(CH3)2SO) C, 66.30; H, 5.22; N, 7.25. 

Vapor pressure osmometry was used to determine the molecular 

weight of a sample that had been heated to remove the DMSO. One solu

tion was used that had a concentration of 19.33 g/1 in chloroform. The 

concentration was 0.0577 M, corresponding to an average molecular 

weight of 3„35._ The result is indicative of decomposition, impurities 

or dissociation phenomena, similar to those found in Compound I, Fig

ure 6. 

The infrared spectrum (curve B, Figure 17) of Compound V was 

essentially the same as that of Compound IV. Curve A in Figure 17 is 

the infrared spectrum of the residue after solvent loss. The ultra

violet absorption spectrum exhibited the following absorption maxima: 

(> my(log e)): 262 (>4), 316 (3.72), 334 (3.55), 360 (3.50). The TUciX 

molar absorptivities were calculated with a molecular weight of 579 as 

they were for Compound IV. The mass spectrum is reported in Table XXIII. 

The usual weak peaks were observed at masses greater than that of the 

three to one chelate. 
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Figure 17. Infrared Spectrum of Compound V 



Table XXIII 

Mass Spectrum of Compound V 

Relative . . Relative , . 
m/ e Intensity ' m/e Intensity 

27 2.25 343 100 

51 1.0 344 23.5 

63 2.0 345 3.0 

V 1.59 501 6.35 

78 1.20 502 2.42 

103 1.46 503 .475 

130 . 2.96 

131 2.80 

159 4.09 544 < 0.06 

326 5.29 545 t f  

327 5.44 546 f t  

328 1.27 

342 2.5 720 Very weak triplet 

(a) Only % > 1 are reported except at m/e > 503 



CHAPTER 4 

DISCUSSION 

The objectives of this work have.been to demonstrate that a 3 

to 1 chelate compound containing 2-methyl-8-quinolinol and aluminum(III) 

can be obtained. With the new experimental evidence the existing 

theories will be discussed with respect to steric hindrance. The dis

cussion will proceed by taking experimental techniques in turn with a 

statement of their limitations and previous uses. Conclusions will be 

drawn and explanations proposed for some of the properties observed. 

Finally, suggestions will be made for additional experimentation. 

Stoichiometry 

Widely varying techniques have been used in this work for study

ing the stoichiometry of the compounds. These techniques were enu

merated in Chapter 2 under "Characterization of Compounds." In the 

early work, elemental micro analysis for carbon, hydrogen, and nitrogen 

were employed after screening the solid products with infrared absorp-

38 
tion techniques. Horton employed elemental analysis and bromometric 

titration for the fusion reaction products. His data are stated to be 

consistent for the amount of ligand in a 3 to 1 complex, but no puri

fication or separation of excess ligand or metal ion preceeded the 

analyses and the reaction mixture consisted of stoichiometric amounts 

of aluminum chloride and ligand. Therefore, these analyses are invalid 

97 • 
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as direct evidence because they do not differentiate between mixtures 
» 

and compounds. Thermogravimetric analysis was employed when available, 

before mass spectral techniques were widely employed, and it provided 

evidence of DMSO incorporated in the lattice of Compound V as well as 

a residue which can be taken to be A^O^. 

The stoichiometry of Compound I is questionable at this time 

presumably because of inhomogeniety of the solids associated with the 

fine crystals. This is indicated strongly by the inconsistency between 

the molecular weight from the X-ray diffraction study and that inferred 

from the analysis of the compound. It should be noted, that the molec

ular weight from X-ray diffraction is not an average measurement except 

in cases of mixed crystals which are uncommon. However, molecular 

weights from vapor pressure osmometry are average properties of the 

sample or its products if they dissociate in the solvent employed. Mo

lecular weights from X-ray diffraction suffer from ambiguities in the 

number of molecules in a unit cell and they are subject to error from 

the density measurement when the sample is non-homogeneous or very 

soluble as was Compound I. 

The stoichiometry of Compound II is well defined as AlCC^pHgNO^ 

OH-CHCl^. The elemental analysis, bromometric titration and solvent 

loss are all consistent with the molecular weight from X-ray diffraction. 

Compound III was again found to have less than a 3 to 1 ligand: metal 

stoichiometry. The experimental techniques that give an average of the 

properties indicate a 2 to 1 stoichiometry. The molecular weight was 

calculated as 704 which is close to that expected for a dimer (720). 
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Compounds IV and V were uniform and crystalline. They possessed 

a stoichiometry indicative of a 3 to. 1 chelate with a molecule of DMSO. 

The presence of a molecule of DMSO was confirmed quantitatively in both 

compounds by weight loss. The nature of the solvent of crystallization 

was confirmed by mass spectrometry. Bromometric titration for Compound 

IV, after solvent removal, indicated 91.9% 2-methyl-8-quinolinol versus 

94.6% (theoretical). This value is admittedly slightly low, but the 

thermogram of Compound V indicates that these compounds lose ligand 

after solvent and the weight loss was slightly higher than expected for 

the loss of one molecule of DMSO as is indicated in the empirical form

ula. The elemental analysis is internally consistent for as well 

as being in reasonable agreement with the calculated values. Similar 

agreement may be noted for Compound V which was sent for elemental an

alysis with the DMSO present. The mass spectra of Compounds IV and V 

and Product I all show strong molecular ion parent peaks and fragments 

that are analogous to that of the tris(8-quinolinolato)aluminum(III). 

The mass spectra will be discussed later but it is very inter

esting that the mass spectrometry was the only direct technique that 

gave indication of the 3 to 1 chelate in Product I. The X-ray diffrac

tion gave a molecular weight of 579 for Compound IV. The theoretical 

value is 579.7. Compounds IV and V were inferred to be the same from 

mass and ultraviolet spectra even though small differences existed in 

the infrared spectra. 
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X-Ray Diffraction 

The X-ray diffraction studies of the compounds in this work 

provided some interesting results. A change in the space group of 

Compound II was found to occur without weight loss when the crystals 

were irradiated with X-rays. On heating, chloroform was lost from the 

crystal but the changes in the Weissenberg zero level photograph were 

not the same. The single crystal work also gave molecular weights 

which, when used in conjunction with the s'toichiometry of the compounds, 

suggested the presence of solvent in the crystal lattice such as in 

Compound II and confirmed the molecular weight of Compound IV, the 3 to 

1 chelate. In the early stages, the solid reaction products were 

checked for similarities with a powder diffractometer. No consistencies 

were observed in the diffraction patterns of solids of different ori

gins. Compounds that were examined by single crystal techniques were 

not examined by powder diffraction methods. For the orthorhombic crys

tals, the space groups and cell constants were determined. Compound V 

was not examined by X-ray diffraction. 

Infrared Absorption Spectroscopy 

The infrared absorption spectra of 8-quinolinol and some of its 

46 
metal chelates have been studied by Charles et al., Tackett and 

46. R. G. Charles, et al. , Spectrochim. Acta, 8^, 1 (1956). 
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Sawyer,^ and by Horton."^ Initially, interest centered on the absorp-

-2. tion peak at about 1112 cm . The presence of this peak was demonstra

ted in the complexes of a wide variety of metal ions. An attempt was 

made to correlate a very small shift in the peak position with the 

atomic weight of the metal ion. The significance of this work was, 

however, in the assignment of the peak as C-0 stretching in the group 

46 
C-O-M. This assignment was the first definitive assignment in these 

complexes and remains about the only one that can be picked out with 

certainty. 

Later worlc^ involved a study of the potassium bromide region 

from about 400 to 900 cm--'-. The 460 cm-̂  peak in the 8-quinolinol was 

assigned as the C-0 in-plane bending mode. This peak was reported to 

shift to 480-500 cm-"'" on chelation. A correlation similar to that of 

the preceeding workers was obtained, but the shifts were reported to be 

greater. Other assignments were made that were based on the vibration 

modes in various organic model compounds. These assignments are more 

speculative and are not as useful as diagnostic evidence of chelation 

or complex formation as the 1112 cm-"'" peak. Thus, during the early 

stages of the present work, the presence of a strong absorption peak at 

about 1112 -cm was considered a necessary property of the tris (2-me-

thyl-8-quinolinolato)aluminum(III). 

OQ 
Recently, Horton reported the infrared absorption spectrum 

in the region 650-2000 cm-1 of the products of the reaction of anhydrous 

47. J. E. Tackett and D. T. Sawyer, Inorg. Chem. , 3_, 692 (1962). 
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aluminum chloride with molten 2-methyl-8-quinolinol. Although the in

frared spectrophotometer used (Beclcman IR-8) was capable of recording 

absorption spectra from 650 to 4000 cm"^, the author omitted reporting 

the spectrum of the region between 2000 and 4000 cm-"'* or even mention

ing the consideration of it. This region was examined extensively in 

this work and was found to be a very useful region for observing a 

number of hydrochloride impurities as well as free ligand impurities 

(Figures 4-7) because it was not obscured or complicated by bands other 

than weak C-H stretching around 3000 cm *'*. In this work in the prepar

ations in chloroform, products were obtained which were heavily con

taminated with 2-methyl-8-quinolinol hydrochloride and which contained 

only a very weak band at 1112 cm--'- when diethylamine was omitted from 

the synthesis. 

Horton also reported the presence of a strong absorption peak 

at 1282 cm--'- which was present in the spectra of numerous chelates. It 

should be noted that compounds and products reported in this work also 

— 1 displayed a strong peak in the region between 1270 and 1287 cm . This 

peak, however,, remains unassigned. 

In Compounds I, II, and III which may contain hydroxyl groups 

or hydroxy bridging groups, spectra obtained from potassium bromide 

pellets usually contained small broad peaks that were also present in 

the blanks (Figure 9). These peaks, that were attributable to the 0-H 

stretch in water, could be reduced by heating the potassium bromide 

prior to use. Thallous bromide was also found to be wet. The mull 

spectra usually did not contain any evidence of the same peak (Figures 
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13 and 15). However, spectra of some intermediate and decomposed 

samples contained a peak at 3740 cm-"'' which at times was considerably 

more intense than the very small peak in Figure 13. Unfortunately, 

very little is known about frequencies associated with hydroxy bridging 

AO 
groups and metal hydroxy complexes. 

It would seem to be advisable to defer additional discussion 

based on infrared absorption spectra until after conclusive assignments 

have been made on similar systems or until after an N-Metal stretching 

frequency is found in the metal chelates of 8-quinolinols. 

Nuclear Magnetic Resonance Spectra 

The nmr spectra (60 Hz) of several 8-quinolinols have been re-

36 
ported. Rudolph, Phillips and Puclcett prepared a number of methyl 

derivatives and reported the chemical shifts for the protons in the 

various methyl substituents. Throughout this discussion, protons will 

be specified by a number which corresponds to the IUPAC designation of 

the ring position. The chemical shifts (8 ppm), for the methyl protons 

of these compounds in carbontetrachloride, are reported in Table XXIV 

in the order of listing of the substituent position. The chemical 

shifts of the protons in the 2~methyl group varied from 2.67 to 2.73, 

while the whole range of chemical shifts reported for the methyl protons 

in various positions was 2.36 to 2.88. The chemical shifts of the ring 

protons, unfortunately, were not reported. 

48. K. Nalcamoto, "Infrared Spectra of Inorganic and Coordina
tion Compounds," John Wiley and Sons, New York (1963), p. 159. 
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Table XXIV 

Chemical Shifts of Methyl Protons in Substituted 8-Quinolinols 

Substituents S(ppm) 

2-methyl- 2.68 

2,5-dimethy1- 2.67, 2.51 

2,3,5-1 rime thy1- 2.72, 2.57, 2.54 

2,3,4,5-tetramethyl- 2.73, 
2.36 

2.72, 2.62, 

4-methyl- 2.66 

5-methy1- 2.56 

4,5-diemthyl- •V 
C

O
 C

O
 C

M
 

2.80 

4,7-diemthyl- 2.61, 2.39 

(a) Values are taken from Reference 36 
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37 Kanko and Ueno employed nmr (60 MHz) to prove the structure 

of the 2-alkyl-8-quinolinols that they had synthesized. Their data 

were obtained from the hydrochlorides of the 8-quinolinols which were 

dissolved in deuterium oxide and referred to an internal standard, 

tetramethylsilane (TMS), A partial listing of their data is given in 

49 50 
Table XXV along with data from other sources. ' Some discrepancy 

37 existed in double listings for some protons and omissions of others. 

In this work liberty has been taken in correcting these inconsistencies. 

Although in some cases the assignment of protons is not complete,^ the 

ranges reported are useful for the discussion that follows. Also, the 

fact that the nmr spectrum of quinoline is reported at 40 MHz and re

ferred to water^ should not invalidate the arguments based on the re

lative positions of protons in the spectrum. In quinoline, the proton 

in the 2-position is found at about 2 ppm downfield from the resonance 

position of the 4-proton which is included in the complex multiplet 

for the 5, 6, and 7 protons. In quinoline hydrochloride, the 4-proton 

resonance occurs with that of the 2-proton, 1 ppm downfield from the 

rest of the aromatic protons (3, 5, 6, 7, 8). A similar observation of 

a change in chemical shift may be made from a comparison of the re

maining compounds in Table XXV. There is also a slight change in the 

chemical shift of the 2-methyl protons from 2.64 to 2.77 ppm as the 

49. Sadtler Research Laboratories, Inc., "Sadtler Spectra" NMR 
Section, Philadelphia, Pennsylvania (1966). 

50. J. A. Pople, W. G. Schneider and H. J. Bernstein, "High-
Resolution Nuclear Magnetic Resonance", McGraw Hill Book Company, Inc., 
New York (1959), p. 269. 
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Table XXV 

(a) Chemical Shifts of Various Quinoline Derivatives 

Assignment of 
Compound Peaks(6) Inteiasity Ring Position 

6, 7, 8 

6, 7 

Quinoline *HC1 

Quinoline (ref. ̂ 0) 

8-quinolinol•HC1 

8-quinolinol^ 

2-Me-8-quinolinol•HC1 

2-Me-8-quinolinol ĉ̂  7-8.10 3, 4, 5, 6, 7 

9.10 2 2, 4 
8.05 5 3, 5 
3.5 2 
2.9 8 
1.8-2.4 4, 5 
1.5 3 
8.57 2 2, 4 
7.97 1 5 
7.09 2 6, 7 
6.75 1 3 
8.71 2 
7.99 4 
7.44 3 
7.04-7.41 5, 6 
8.37 1 4 
7.50 1 5 
7.20 2 6, 7 
6.93 1 3 
2.77 3 2-Me 
7-8.10 3, 4 
2.64 2-Me 

(a) From Reference 37 

(b) From Reference 50 

(c) From Reference 49 



nitrogen atom in the ring is protonated. It is reasonable to expect 

that the interaction or bonding of the nitrogen donor with a positively 

charged metal ion might lead to similar changes in chemical shifts. 

In this work, three Compounds (I, IV, and V) were found to be 

sufficiently soluble to obtain limr spectra in deutero-chloroform. The 

spectrum of Compound V was not expected to be significantly different 

from that of Compound IV. Compounds I and IV both displayed complex 

splittings in the aromatic region that differ from the free ligand 

spectrum, but were similar to that reported for the hydrochlorides of 

the ligands as previously stated; this is probably indicative of nitro

gen-metal bonding. In the spectrum of Compound IV, which is reproduced 

in Figure 14, the satellites about the prominent 2-methyl resonance at 

2.60 ppm are possibly a result of dissociation, decomposition, or per

haps steric interaction with other parts of the complex, or they could 

result from methyl group migration. The small shoulders which are ob

served on some of the peaks in the'aromatic region may also indicate 

that a mixture of compounds is present. However, there is a definite 

spread of chemical shifts that is distinctly different from that of the 

49 free ligand. This is obvious in the 400 cps offset of the 100 cps 

width spectrum (Figure 14b) in the region from 400 to 450 cps (6.66 to 

7.50 ppm). The possibility that methyl group migration causes these 

changes, may be eliminated by decomposing the compounds in acid solu

tions and recovering the unchanged ligand. I:a the spectrum of Compound 

I, one additional peak appeared at 2.45 ppm near the methyl group 
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resonance at 2.60 ppm. Previously,^ this was assigned as a hydroxy 1 

proton in the hydroxy bridged dimer by analogy to general positions of 

alcohols and the integrated peak area which was one-sixth of the peak 

area of the methyl protons. This speculative assignment has not been 

substantiated. Conclusive arguments about the bonding in aluminum com

plexes cannot be advanced from nmr spectra alone, without further work 

with analogous compounds. 

Mass Spectral Analyses 

The mass spectra of a number of metal chelate compounds have 

52 53 been reported. ' The spectra of bis-dimethylglyoximatonickel(II) 

and of bis-benzildioximatonickel(IX) were described with a procedure 

for quantitative measurement of the ion current at an appropriate 

value of m/e. The spectra of a number of the chelate compounds of 8-

quinolinol were subsequently reported after evaluation of their vola-

C O 

tilities. Jenkins examined the possibility that the 8-quinolinolato 

complexes would be more volatile than the previous oximate and that 

they would, thus, be suitable for determination of submicrogram quan

tities of metal ions. The spectra of copper(II), zinc(II), iron(III), 

cobalt(II), manganese(II), nickel(II), magnesium and aluminum(III) were 

reported at temperatures between 225 and 405°C. The mass spectrum of 

the tris(8-quinolinolato)aluminum(III) was obtained at 400°C. An 

51. P. R. Scherer and Q. Fernando, Chem. Commun., 1107 (1967). 

52. A. E. Jenkins and J. R. Majer, Talanta, 14, 777 (1967). 

53. A. E. Jenkins, J. R. Majer and M. J. A. Reade, Talanta, 
14, 1213 (1967). 



109 

intense peak was reported for m/e = 459 corresponding to the molecular 

ion (AIL^)^". There was no suitable reference peaks near to this value. 

The peak corre ing to (All^)"' at m/e = 315 was selected for quan

titative study of the ion current. Portions of the various mass spec

tra were shown in the report but quantitative reduction of data relative 

to a base peak was not reported. Four off-scale peaks occurred at m/e = 

459, 315, 116, and 89, with no fragments assigned to the last two val

ues. Stevenson"^ studied the mass spectra of 8-quinolinol, 2-methyl-8-

quinolinol and other 2-allcyl-derivatives by evaluation of the metastable 

peaks. The m/e values of the metastable peaks (m ) are related to the 

m/e of the parent species (nip) and the m/e of their fragments (m^) 

according to equation (13). Peaks at 117 and 116 may be attributed to 

fragmentation of the parent by loss of CO"* and HCO"*". A metastable peak 

m* = mf2/mp (13) 

was observed for further fragmentation by loss of HCN to form the ion 

at m/e = 89. Also for 8-quinolinol the values (m/e (relative intensity) 

for the largest peaks are: 89(23.7), 116(11.8), 117(75.7), and 145 

(100) parent peak. Analogous fragmentation of the 2-methyl-8-quinolinol 

occurred with formation of peaks at: 130(27.9), 131(56.7), 159(100) 

parent peak. The initial loss of CO was confirmed by the observation 

of a large metastable peak at m/e = 108.5. 

54. R. L. Stevenson, "Structure and Behavior of Some Substi
tuted 8-Quinolinols," Ph.D. Dissertation, Uni^ftprsity of Arizona, (1967) 
pp. 138-47. 



In this present work the mass spectra of products are reported 

in various tables in Chapter III. The spectra of Product I and Com

pounds IV and V show a very intense peak at m/e = 343 and a significant 

peak at m/e = 501. tris(2-Methyl-8-quinolinolato)aluminum(III) would 

be expected to produce a parent molecular ion at 501. The ratios of 

peak heights to the parent peak from Compound IV are calculated from 

standard isotope abundances of elements C, H, N, and 0 to be 45.5% and 

11.3%. The observed values of the peaks were 47% and 11%. In addition 

a large broad metastable peak was observed at about 234 which relates 

the base peak at 343 with the parent species which is the molecular ion. 

Therefore, 501 is indicated as a precursor of 343 and not a combination 

peak due to synthesis in the instrument. The m/e = 343 peak corresponds 

to the case of the aluminum 8-quinolinol chelate in that a large peak 

is observed for MLg"*" aiad then a very strong peak (P-L) occurs at (343"*"). 

The fact that the ligand is not changed may be inferred from the fact 

that the ligand spectrum below 159 is essentially that of the free li

gand"^ which demonstrated greater stability in the nitrogen ring due to 

the inductive effect of the methyl group stabilizing nitrogen ring 

towards rupture. In the case of Compounds I, II, and III, the spectra 

are quite different and the absence of the peak at 501 supports the 

previous suggestion that these compounds are not 3 to 1 chelates. The 

presence of peaks around 544 and higher can be accounted for as frag

mentation peaks of the diy-hydroxo bis [di^-methyl-S-quinolinolato^lu-

minumClIlJ or a monomer with the same empirical formula. It should 

be stressed that the temperature was limited to below 290°C by the 
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capability of the solids inlet heater of the instrument, but that spec

tra seemed a good deal more intense than that of the tris(8-quinolino-

lato)aluminum(III) which was repeated in this work under the same in

strumental conditions. Thus, it seems that the 2-methyl derivative 

chelate, as judged by the aluminum case, may be more-volatile than the 

8-quinolinol chelates and therefore they may give more intense spectra. 

Ultraviolet Absorption Spectroscopy 

2 6 As mentioned in Chapter I, the work of Popovych and Rogers 

on the effects of steric hindrance on the electronic absorption spectra 

of metal tris-8-quinolinolates and the 2-methyl analogs is pertinent to 

understanding the behavior of aqueous solutions containing aluminum(III) 

and 2-methyl-8-quinolinol. A comparison of the bonding of the aluminum 

and the other metal ions of Group IIIA with the ligand may be obtained. 

Popovych and Rogers reported a comparison of absorption maxima of the 

tris-8-quinolinolates and tris-2-methyl-8-quinolinolates. These values 

are listed in Table XXVI together with the values from this work for 

aluminum(III) chelates in DMSO. The values in this work were obtained 

in DMSO solutions because the complexes were apparently more stable in 

DMSO; therefore, the experimental procedure did not require as careful 

an exclusion of water. It is useful to compare the spectral maxima and 

logarithums of the molar absorptivities of tris(8-quinolinolato)alumi-

num(III) in chloroform and DMSO which are as follows: X my(log e) in 
max 

CHC13, 259(4.96), 319(3.49), 334(3.51), 384(3.80); and in DMSO, 261(>4), 

319(3.54), 334(3.60), 385(3.84). From this comparison, it is concluded 

that no peculiar solvent effects are apparent in DMSO that will 
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TABLE XXVI 

A Comparison of the Absorption Maxima of Group IIIA Metal Ion Complexes 

— 1 Metal 8-Quinolinol 2-Methyl-8-quinolinol Av cm 
V cm-"'" v cm-"'"' blue shift 
max max 

Al(III)a 26,000 

Ga(III)b 25,600 

In(III)b 25,400 

Tl(III)b 25,300 

27,800 1,800 

27,600 2,000 

26,200 800 

25,700 400 

a. This work, both values in DMSO 

b. From reference 26 

invalidate the comparison in Table XXVI. The fact that the blue shift 

of the aluminum(III) is not as great as that for gallium(lll) is pro

bably a matter of difference in the experimental techniques of two 

workers in determining the positions of two broad absorption maxima. 

Such a difference corresponds to less than one millimicron. The signi

ficance of this experiment lies in the fact that the shifts of the 

aluminum(III) and gallium(III) are very nearly the same and, hence, the 

bonding and electronic environment of the two metal ions are expected 

to be nearly the same. It is noteworthy that this similarity was also 

predicted from the similarity of the tetrahedral covalent radii of the 

.  + . 1 4 .  5 , 4 , 1 6  two metal atoms. 



113 

Conclusions 

From this discussion it is apparent that tris(2-methyl-8-qui~ 

nolinolato)aluminum(III) has been isolated. Its stoichiometry has been 

proven, and its properties have been shown to be analogous with those 

of tris(8-quinolinolato)aluminum(III). From nrar and'ultraviolet spec

tra it is proposed that the complex is probably a chelate compound. 

Also, it is proposed on the basis of the ultraviolet absorption spec

tra, that the aluminum(III) tris chelate is not significantly more 

sterically hindered than the corresponding gallium(III) chelate which 

forms in water. This implies also that ligand to metal-bond distances 

in both compounds may be very similar as was previously proposed. Be

cause the tris chelate can be prepared in DMSO by starting with a hy-

drated form of aluminum(III), the extent of steric interactions of the 
* 

2-methyl group is probably important in the complex formation mechanism. 

It is proposed that substituents in the 2-position interfere with the 

ability of the ligand to displace the highly polar water molecules from 

the coordination sphere of the aluminum(III) ion. In the solvent DMSO, 

the coordinated water may be displaced by DMSO which is then displaced 

by the 2-methyl-8-quinolinol. The linear correlation of metal-ligand 

stability constants with the corresponding proton-ligand stability con-

1 / 
stants, as proposed by Irving and Rossotti, suggests that it is not 

likely that the 2-methyl group causes a decrease in the thermodynamic 

stability of the complex. Equilibrium and kinetic studies in DMSO and 

other non-aqueous solvents should provide conclusive evidence for the 

above hypothesis. 
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Suggestions for Additional Experimentation 

1. The structures of Compounds III and IV should be elucidated 

by single crystal X-ray techniques. These structures contain light 

atoms and the synthesis of the same compounds with a heavy atom such as 

bromine in the 5 position of the ligand would simplify the determination 

of the structures but make the location of the methyl group protons much 

less accurate, if. not impossible. Therefore, neutron-diffraction might 

be required to locate the hydrogen atoms. 

2. The mechanism of formation of the aluminum(III) complexes 

should be investigated in non-aqueous and partially aqueous media. The 

effect of varying the size of the substituents in the 2-position should 

have a marked effect on the kinetics of formation of the complexes. 

3. The thermodynamic constants for the aluminum(III) and 2-

methyl-8-quinolinol system should be determined in DMSO and other appro

priate solvents. Any steric effects of the very large substituents in 

the 2-position might be apparent in the thermodynamic constants. 

4. The nmr and infrared spectra should provide diagnostic 

methods of determining whether the metal ion in the various complexes 

is bonded to the nitrogen donor atom. Correlations involving the ob

served chemical shifts and the properties of the complexes should be 

sought by studying selected ligands and their complexes. Also, "^N 

containing ligands would be useful for the study of metal-nitrogen 

3 5 
stretching frequency in the infrared and also for " N nmr which might 

be used to study metal-nitrogen interactions in this complex. 



APPENDIX 

Table I 

IR Absorption Frequencies for Compound I 
(See Figure 9) 

3050 W 1138 vw 666 (Sh) 

2980 W 1109 s 643 W 

1610 M 1050 vw 625 (Sh) 

1600 M (Sh) 1025 vw 590 vw 

1570 S 970 VW (b) 568 w 

1505 S 915 VW 540 M 

14.70 S 874 (Sh) 524 W 

1435 S 870 VW 514 (Sh) 

1380 M 857 (Sh) 495 (Sh) 

1330 S 829 s 488 VW 

1300 M 794 W (Sh) 452 VW 

1275 S 768 S 440 (Sh) 

1235 vw 750 S 430 w 

1205 vw 700 VW 418 (Sh) 

1168 vw 674 W 

S = Strong; M = Medium; W = Weak; VW = Very Weak; 

(Sh) = Shoulder on a larger peak; (b) = broad band 

approximate center reported 
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Table II 

IR Absorption Frequencies for Compound II 

3100 VW 1253 VW 665 VW 

1622 W (Sh) 1226 W 645 w (b) 

1592 M 1190 VW 574 W 

1520 M 1128 s 550 M 

1482 S 1034 s 535 W (Sh) 

1454 S 903 M 518 VW 

1405 M 828 s 490 VW 

1355 S 795 M 473 VW 

1336 W (Sh) 765 S (Sh") 458 M 

1317 VW 750 S 443 M 

1287 M 675 VW 420 W 

S = Strong; M = Medium; W = Weak; VW = Very Weak; 

(Sh) = Shoulder on a larger peak; (b) = broad band 

approximate center reported 



Table III 

IR Absorption Frequencies for Compound III 
(See Figure 13) 

3840 VW 1208 VW 765 S 

3050 w 1168 VW • 743 S 

2930 vw 1137 w 700 VW 

1615 M 1109 s 669 M 

1600 M 1042 M 636 W 

1580 s 1011 s 625 (Sh) 

1504 s 990 (Sh) 618 (Sh) 

1470 s 970 w 589 VW 

1430 s 950 (Sh) 572 M 

1395 s 920 VW (Sh) 546 S 

1380 (Sh) 889 M 526 M 

1340 s 880 (Sh) 505 VW 

1315 s 835 (Sh) 488 W 

1305 M (Sh) 830 s 450 M 

1268 s 800 (Sh) 432 S 

1238 M 793 M 412 w 

S = Strong; M = Medium; W = Weak; W = Very Weak; 

(Sh) = Shoulder on a larger peak 



Table IV 

IR Spectrum Compound IV 
(See Figure 15) 

3050 VW 1176 VW 748 (Sh) 

2990 (Sh) 1138 VW 700 VW 

2925 (Sh) 1109 s 675 M 

1603 (Sh) 1054 s 645 M 

1565 s 1025 M 585 VW 

1500 s ' 1010 (Sh) 569 W 

1456 s 945 VW 543 M 

1425 s 918 VW 529 M 

1380 M 875 (Sh) 509 VW 

1330 s 870 M 493 (Sh) 

1315 M (Sh) 835 (Sh) 485 w 

1300 M 830 s 456 (Sh) 

1270 S 793 w 450 W (Sh) 

1235 W 778 (Sh) 438 M (b) 

1205 VW 753 s (b) 

S = Strong; M = Medium; W = Weak; VW = Very Weak; 

(Sh) = Shoulder on a larger peak; (b) = broad band 

approximate center reported 
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Table V 

IR Spectra Compound V 
(See Figure 16) 

A B A B 

3050 W 3050 W 875 VW 875 (Sh) 
3000 (Sh) 3000 (Sh) 870 V 870 M 
2925 (Sh) 2925 (Sh) 855 VW 
1610 M 1610 M 835 (Sh) 835 (Sh) 
1600 S 1600 s 828 s 828 S 
1570 S 1570 s 795 M 795 (Sh)(b) 
1505 S 1505 s 790 M (Sh) 
1460 S 1460 s 770 s (b) 775 S (b) 
1440 S 1440 s 750 (Sh).(b) 750 S (b) 
1380 S 1380 s 741 s 
1330 S 1330 s 700 W 700 w 
1320 (Sh) 1320 (Sh) 695 (Sh) 
1303 S 1303 M 675 s 675 S 

1280 (Sh) 665 (Sh) 665 (Sh) 
1275 S 1270 s 645 M 645 M 
1236 W 1236 M 590 VW 592 (Sh) 
1204 VW 1206 VW 585 VW 
1168 VW 1168 VW 568 M 570 M 
1139 VW 1139 VW 540 S 545 S 
1110 S 1110 s 528 S 529 S 
1050 W 1055 s (b) 510 VW 510 VW 
1025 W 1028 (Sh) 495 (Sh) 495 w 

1010 (Sh) 490 w 
969 VW 485 (Sh) 485 w 
945 (Sh) 945 W 453 w 450 w 
917 VW 918 w 438 M 438 M 

S = Strong; M = Medium; W = Weak; VW = Very Weak; (Sh) = Shoulder on a 

larger peak; (b) = broad band approximater center reported 



Table VI 

XR Spectrum Product I 
(See Figure 3) 

3450 VW (b) 1140 VW 700 W 

3050 W 1110 S 673 M 

2980 VW (Sh) 1050 w 648 M 

1610 M 1025 VW 625 VW (Sh) 

1600 M (Sh) 970 VW 590 VW 

1575 S 915 VW 568 w 

1505 S 878 W (Sh) 540 M 

1470 S 870 w 528 M 

1435 S 858 VW 510 VW 

1380 M 833 M (Sh) 495 (Sh) 

1330 S 829 S 490 w 

1320 M (Sh) 797 W 452 w 

1300 M 791 W (Sh) 440 M (Sh) 

1270 S 770 S 432 M 

1240 VW 750 S (b) 420 W 

1207 VW 740 S (b) 

1168 VW 734 M (Sh) 

S = Strong; M = Medium; W = Weak; VW 

(Sh) = Shoulder on a larger peak; (b) 

approximate center reported 

- Very Weak; 

= broad band 
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