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THE CONDUCTANCE AND ASSOCIATION BEHAVIOR OF ALKALI 
BROMIDES IN ISOPROPANOL-WATER MIXTURES 

D.A. JANNAKOUDAKIS, G.C. RITZOULIS, J. ROUBIS 
University of Thessaloniki, Laboratory of Physical- Chemistry, Thessaloniki, ~r'eece 

(Received December 15, 1979) 

Summary 

In this work the conductance of the bromide salts of Sodium, Potassium, Rubidium and 
Caesium in isopropanol-water solvent mixtures at 25OC is studied. The experimental data 
were analysed by means of Fuoss-Onsager-Skinner conductometric equation and the values 
of limiting conductance, the association constant and the ion size parameter at various 
concentrations in isopropanol, in a region of dielectric constants 24 < D  < 72, are cal- 
culated. 

It is found that the increace of the isopropanol's concentration in the mixture, leads to a 
decrease of the limiting conductance, while the association of the ions is increasing. 

It is also found that the limiting conductance increases together with the crystallogmphic 
radii. 

The variation of the Walden products of NaBr, KBr, RbBr, CsBr in isopropanol-water 
mixtures is also examined. 

Key words : equivalent conductance. 

Introduction 

Previous conductometric measurements for alkali metal salts in various solvents 
and solvent mixtures showed that the ionic conductance decreases in the 
order CS > Rb > K > Na. The differences are higher in water and lower in nitro- 
benzene and dimethylsulfoxide. ' 

Because the ionic conductance of alkali metals increases with the size of an ion, 
it is logical to assume that the smaller ions are less conductive than the larger ones 
because the former are solvated stronger than the latter. 

From the literature it is known that in solutions of symmetrical electrolytes 
having unequal ion-size, specific ion-solvent interactions take place when at least 
one component is polar. Conductometric measurements for alkali metal salts in 
water- ethanol mixtures have shown that the association of these salts increases as 
the crystallographic radii of the cation increase. Kay and co-workers have found 
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that the CsC1, in spite of the greater size of the cation, is more associated than KC1 
in ethanol- water mixtures. The same order was found by Kay for alkali halides in 
various hydrogen -bonded solvents; namely, association increases Li < Na <K < Rb. 

In this work we examine the conductometric behavior of alkali metal ions in 
isopropanol - water mixtures in order to find out if the above mentioned order still 
remains for this system, for the isopropanol is a sec-alcohol having relatively high 
viscosity and low dielectric constant. 

We used the salts NaBr, KBr, RbBr, CsBr which have a common ion in order to 
be able to make comparison of conductometric properties between the various 
metal ions. 

Experimental 

The salts NaBr, KBr, RbBr, CsBr under investigation were obtained from Merk 
grade Suprapur after recrystallisation from conductivity water and drying. 

The isopropanol (puriss p.a.) was used after two distillations. The value of 
specific conductivity was found to be 5 X 1 0 - ~  mho cm-'. 

The resistances of the electrolytic solutions were measured by a precise 
conductance bridge, Beckman Model RC-18A, using a frequency of 3000 c/sec. 
Basically this bridge consists of an alternating current Weston Bridge and an 
oscilloscope for the determination of the balancing point. 

The conductance cell used was similar to that described by Dagget Bair and 
~ r a u s . ~  

The determination of the cell constant was carried out by nieasuring the 
resistances of Potassium Chloride in aqueous solutions using the equation of Lind, 
Zwolenick, ~ u o s s . ~  The cell constant was found equal to 0.86S5 cm-'. 

For each series of measurements the following procedure has been used. 
About 300 m1 of freshly prepared solvent was run into the cell against a counter 

current of nitrogen. The cell was then closed, weighed and placed in the thermostat. 
After thermal stabilisation nitrogen is introduced in the cell through a special 
device stirring in the meanwhile the cell contents. The nitrogen flow and the stirring 
is stopped, and the solvent resistance is measured. The same procedure is repeated 
for the measurement of the resistance of each solution. 

The various solutions of the salts under examination were prepared by the 
following procedure. An approximately 0.03M stock solution of the salt was 
prepared for the respective solvent mixtures. Certain quantities of this solution 
were added in the conductance cell and the resistances were m e a ~ u r e d . ~ , ~  

Before each run the cell was- cleaned with fuming nitric acid and rinsed 
thoroughly with conductivity water. 

The densities were measured at 25 f 0.01 'C using a Sprengel type pycnometer 
and the viscosities, at the same temperature, using an Ubbelohde viscometer which 
was calibrated with conductivity water with specific conductivity of l - 2 X I O - ~  
mho cm-'. 

The value of the viscosity for the isopropanol was q =2.07 X 10'~ poise in 
agreement with that reported in the literature. 
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The dielectric constants D of various solvent mixtures were measured by means 
of a Dipolmeter Type DM 01, (which operation is based on heterodyne principle). 
The Dielectric constant of our isopropanol was 19.45, in excellent agreement with 
the value 19.41 quoted by Dunnhauser and ~ a h e . ~  

Results and Discussion 

The values of the viscosities and the dielectric constants of the isopropanol - 
-water solvent mixtures used are listed in Table I. The solvent compositions given 
in this table are expressed in weight per cent isopropanol. 

TABLE I : Physical Properties of Isopropanol-Water Mixtures at 25'C. 

Experimental values for the equivalent conductance A, the concentration c 
(equivalent per liter) of the salts examined in the various isopropanol solvent 
mixtures are listed in Tables 11, 111, IV, and V. 

During the estimations of A, solvent corrections are made. The column M lists 
the differences of the experimental A values from the best fitts of Fuoss-Onsager- 
Skinner equation that will be discussed. 

The analysis of the conductance data were made by means of the Fuoss- 
Onsager-Skinner equations 7*8 

Equation (1) was applied for the cases of associated~electrolytes. Equation (2) 
was used for the cases of non-associated electrolytes. The various symbols 
appearing in the above equation have the following significance. A is the equivalent 
conductance, A, is the limiting equivalent conductance, S = aA, + P is the Fuoss- 
Onsager constant, L is a constant which is an explicit function of the <<ion size.. 
parameter i, f is the activity coefficient y is the fraction of the salts present as free 
ions and KA is the association constant. 

The calculations of the parameters were done on a Univac 1100 by means of a 
program which finds the values of A,, KA, a which minimize779 the sum c(AA)~, 
where 



TABLE I1 : Equivalent Conductance of Sodium Bromide in Isopropanol-Water Mixtures at 2 5 ' ~ .  
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TABLE I11 : Equivalent Conductance of Potassium Bromide in Isopropanol-Water Mixtures at 25OC. 



TABLE IV : Equivalent Conductance of Rubidium Bromide in Isopropanol-Water Mixtures at 25OC. 



U 

TABLE V : Equivalent Conductance of Caesium Bromide in Isopropanol-Water Mixtures at 2S•‹C. 3 
S 
4 
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AAi = AAobs-AAcalc 

For- the cases where there is no association, the calculations of parameters A, 
and i were done using equation (2). 

TABLE V1 : Conductance Parameters of Sodium Bromide in Isopropanol-Water Mixtures 
at 25OC. 

TABLE V.11 : Conductance Parameters of Potassium Bromide in Isopropanol-'Water Mixtures 
at 25OC. 

TABLE VITT : Conductance Parameters of Rubidium Bromide in Isopropanol-Wafer 
Mixtures at 25OC. 
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TABLE IX : Conductance Parameters of Caesium Bromide in Isopropanol-Water Mix- 
tures at 25'C. 

In Tables VI, VII, V111 and IX, the results of the above analysis are given. 
From the values of these tables it is shown that A, increases with the decrease of 
the viscosity of the solution. The product of the limiting conductance and the 
solvent viscosity should be constant for all solvents for a given salt : 

where r+ and r. are the radii of solvent ions. In all cases examined it was shown 
that the values of the product A,q are increasing as the dielectric constant of the 
solvent mixtures increases at about 20% (or D =60) and then they decrease. 

An analogous variation of the product A,q is shown by other investigators for 
various salts in alcohol-water  mixture^.'^^"^'^ Ge nerally it is shown that a 
maximum in the product A,q appears which moves to higher values as the number 
of carbon atoms in the alcohol molecule increases. 

The appearan'ce of the maximum is due to the fact that the addition of alcohol 
in water affects the structure of water and this influences gets stronger as the 
amount of alcohol increases. Thus, although small amounts of alcohol do not 
disturb greatly the structural equilibrium of water, the addition of larger amounts 
of alcohol breaks down the water structure as water molecules are replaced by 
alcohol molecules. The ions in the solutions are solvated by the polar molecules of 
the water but in low alcohol contents, the alcohol does not take part in the 
solvation effect. In the cases of high alcohol contents, molecules of water are 
replaced by water molecules in the solvated ion. . 

In all concentrations of the isopropanol-water mixtures used the limiting 
conductance increaces with the crystallographic radius of the cation. This effect is 
more intense for the first three salts, but differences of A, between Rband CS are 
small. The salts of Sodium do not show any association at the whole concen- 
trations range of solvent mixtures used but for the rest of the salts the association 
appears from a concentration about 60% (w/w). For the greater concentrations of 
isopropanol association increaces with the increace of isopropanol. This effect is 
due to the decreace of the dielectric constant as well as the smaller solvation. 
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For the bromide salts of Sodium, Potassium, Rubidium and Caesium the 
association increases with the crystallographic radius, of cation. 

The most likely explanation for the correlation is that as the sizes of an ion 
increaces, so does the probability of an intimate collision between a cation and 
anion, and because the ion-pair so formed does not contribute to the conductance 
of the solution, until the bombardment of the solvent molecules causes their 
separation. 
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KINETIC STUDY OF THE OXIDATION OF BENZOIC ACID HY- 
DRAZIDE BY MERCURY (11) ACETATE 

DEMETRIUS A. HARISTOS and DOUKENI E. MISSOPOLINOU 
Laboratory of Inorganic Chemistry, School of Science, and Laboratory of Physical Chemistry, 
Polytechnic School, Aristotelian University of Thessaloniki, Greece. 

(Received February 22, 1982) 

Summary 

The kinetics of the oxidation of bezoic acid hydrazide by mercury (11) acetate is studied at 
different temperatures and in several acid and salt concentrations. Further evidence for the 
detection of the substituent effect is given by using ring monosubstituted benzoic acid 
hydrazides. 

The reaction is of the first order in each reactant but does not show any significant 
influence with changes in the acid concentration for the pH range of 4.5 to 5.5 and in salt 
concentration from 5.10" to 1.0 M. The inductive and resonance effect of the substituent do 
not influence the reaction rate. 

The,amino-group nitrogen is the donor in the complex formation with the Hg(I1). The 
mechanism of the main reaction contains one electron transfer. The electron is transfered to 
the mercury(I1) by the amino-group nitrogen while the cleavage of the C-N bond results the 
formation of the hydrazyle radical ( N ~ H ~ ) .  It is also suggested the possibility of a four 
electron mechanism containing the intermediate formation of the diimide C @ 5CO-N =NH. 

Key words : benzoic acid hydrazide, mercury(I1) acetate, oxidation, optical density, reaction rate, 
acidity, ionic strength, inductive and resonance effect. 

Abbreviations : HBAH: benzoic acid hydrazide, XBAH: ring monosubstituted 
benzoic acid hydrazide (X= p-F, m-Cl, p-Cl, m-Br, p-Br, p-I, m-CH30, p-CH 3O 
and m-NO 2), Hg(0Ac) : mercury(I1) acetate. 

This paper deals with the redox system of benzoic acid hydrazide-mercury(I1) 
acetate and especially refers to the stoichiometry, the order and the mechanism of 
the reaction. 

The formation of complex compounds of hydrazides with mercury(I1) ions is 
already known',2 but nothing has been published concerning the oxidative action 
of mercury(I1) on hydrazides. 
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Further evidence of some aspects of the present investigation is given by using 
ring monosubstituted benzoic acid hydrazides as the reductive agents. 

Experimental 

Reagents and instruments 

The hydrazides used were prepared and identified as it has been mentioned in 
earlier papers 3,4. 

The H ~ ( O A C ) ~  was Merck pro. analysi recrystalized from water. The stock 
solutions of it were checked by determining the mercury as mercuric sulphide 5.  The 
effect of ionic strength was studied in the range of 5.10-~ to 1.0 M with BDH 
analytical grade NaC10 4. 

The measurements of optical density vs time at constant wave length were 
scanned at 245 nm which lies in the IT -- n* excitation6" of the system (Fig. 1). 

FIG.  1 : Optical density plots vs d at T= 8OC, p H z 5 . 1 2  f 0.03 and I=  1 . 1 0 ~ ~  M for the 
solutions: (I)  HR(OAC)~ ( C z 4 . 1 0 ~  W ,  (2) HBAH (C=8.1o9 M), (3) mixture of HBAH 
(C = 8. 10-S M) and Hg(OAc)2 (C = 4.10-~ M) before the reaction and (4) the same mixture after 
the end of the reaction. 

The measurements of the reaction rates were taken at the temperatures of 25 O, 35 O, 

45' and 55OC in the pH range of 4.5 to 5.5 in acetate buffers8. 
The identification and the determination of the reaction products were carried 

out in solutions of the following initial concentration : 

I H g ( 0 A ~ ) ~ l  = 1.10-~- 1 . 1 0 " ~  and IHBAH I = 1.10-~- 1 . 1 0 ~ ~ .  

The Hg(1) was calculated by determining the non reacted Hg(I1) after the end of 
the reaction in solutions containg an excess of Hg(OAc)2. Separation of Hg(1) from 
Hg(I1) was achieved by addition of hydrochloric acid and filtration. 
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The determination of the order of the reaction was carried out by application of 
the isolation method9 (Fig. 2). 

FIG. 2 : Dependence ofkOb,/s-' on Hg(0Ac) z /M concentrations for c o n s t a n t k l ~ ~ d =  8. l 0-'M 
2 at various temperatures, pH= 5.12 + 0.03, I =  I .  IO- M, /2 = 245 nm. 

Results and discussion 

The results of the determination of the reaction products between HBAH and 
H ~ ( O A C ) ~  predict that the stoichiometry is satisfactorily given by the one electron 
transfer mechanism. 

A small part of the reaction seems to follow the four electron mechanism. The 
latest has been suggested by the slightly larger quantity of N 2  and smaller quantity 
of NH found than those calculated. This could be attributed either to secondary 
reactions on N 2~ radical, l0.' ' coming out from the cleavage of the C-N bond3 or 
to the decomposition of a diimide formed as an intermediate product '2,'3 of the 
oxidation. 

The results of the isolation method showed that there is a good linear 
correlation between the kobs/s-' values and the Hg(0Ac) concentrations (Fig. 2). 
According to these the overall reaction follows the kinetics of the second order 
reactions : 
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Rate = k l HBAH I I Hg(0Ac) 1 (2) 

Calculations of the k/mol-' IS-' values are achieved by application of the second 
order reactions integrated rate expression. 

Influence of acid and salt concentration 

The effect of acidity on the oxidation rates was studied at different temperatures 
and at constant ionic strength 1.10'~ M (Table I). The results showed that the 
reaction was not significantly affected by changes in acid concentrations l4 between 
the pH values of 4.5 and 5.5. The reaction rate decreases gradually for pH values 
lower than 4.5. In this pH range the protonation of amino-group t a k e ~ ' ~ l a c e ~ , ' ~  
and thus, it is prevended the association of the hydrazide with the Hg(I1). At pH 
values higher than 5.5 the reaction rate seems to increase. Meanwhile, considerabie 
deviations of the calculated- k values as well as the presence of hydrolysation 
products of Hg(0Ac) i6,17 suggest a more complicated mechanism. The changes of 
the salt concentration did not show any significant effect on the reaction rate. 

A sufficient explanation of the above experimental results is as follows: The 
polar form of the hydrazide includes a negative charge on the carbonyl oxygen. 
This polar center can attract an H' and, in case of association of Hg(I1) with the 
carbonyl-group, the reaction rate could be influenced with changes in acid 
concentrations. The absence of any significant influence indicates that the 
carbonyl-group does not participate in the formation of any complex compound 
with Hg(I1). As well, the reaction could be influenced with changes in salt 
concentrations, if there was even a partly ionic character in each reactant. As a 
conclusion, the formation of the N-Hg(I1) bond seems to be favourable. 

From the data of the table I at the pH range 4.5 - 5.5 the following rate con- 
stant values are calculated: k =0.78 * 0.01 mol-'1s-' at 25 'C, k = 1.99 k 0.04 
mol-'1s-' at 35 'C, k = 4.17 + 0.04 mol-'1s-' at 45OC,k ~ 9 . 2 3  f 0.05 mol-'1s-' at 
SOC. These k values are in a very good agreement with those coming out of the 
data of Fig. 2. The activation energy calculated l8 from the above values of k, is 
E, 66.5 kJ mol-'. 

Substituent effect 

Nine ring monosubstituted benzoic acid hydrazides (abbreviated as HBAH) 
were used in the purpose of studying the influence of the substituent on the 
reaction rate. 

Measurements of the reaction rates were done in the pH range of 4.6 to 5.3 and 
at constant ionic strength 1.10.~ M. The khmol-'1s-' values at the temperatures of 
45 O and 55 'C are given in the table 11. It is obvious that these values are almost the 
same. The inductive and resonance effects l9 of the substituents could influence the 
electron density of the carbonyl oxygen only. Amino-group is far enough to be 
influenced. This result is in accordance with the negligible effect of acidity and of 
ionic strength. 

As a conclusion the carbonyl-group seems to act neither as a donor in an 
association bond with Hg(I1) nor as a bridge in the electron transfer reaction. 



TABbE I : Effect of Temperature on the Rate Constant at pH range 4.06-5.62 and at constant ionic strength 1 . 1 0 ~ ~  M. 

25 'C a 35OC 45 OC 55 OC 
PH k 10s k PH k log k pH k log k pH \ k log k 
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TABLE I1 : Rate Constants of the oxidation of ring monosubstituted benzoic acid hy- 
drazides by Hg(0Ac)z at pH range 4.6-5.3, at constant ionic strength 1.10-~ M and at twd 
different temperatures. 

k/mol-' 1s -' 
XBAH 

45 O c  55 O c  

p-F-BAH 4.12 9.34 

m-Cl-BAH 3.98 9.28 
p-Cl-BAH 4.06 9.04 

m-Br-BAH 4.18 8.92 

p-Br-BAH 4.32 9.42 
p-I-BAH 4.20 9.34 

m-CH 30-BAH 4.32 9.22 
p-CH 30-BAH 4.34 9.20 
m-NO z-BAH 4.22 8.98 

Reaction mechanism 

After mixing of the reactants the complex compound I is formed : 

0 H O A c  
II I I 

C6H5-C - F ~ - N - H ~ ~  
I !  I 
H H O A c  

In this complex the amino-group nitrogen acts as a donor. The electron transfer 
reactio? leads to the cleavage of CO-N bond while the formation of the benzoyl ion 
C 6H 5C = 0 and the hydrazyle radical N 2~ 3 takes place. 

Secondary reactions give the final products : 

On the other hand a part of the reaction could take place by the following reaction 
mechanism : 
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Secondary reactions give the final products : 

II 
C 6H 5 - C - H 2Hg(OAc) 2 + H 2 0  C 6H 5COOH + Hg2(OAc) 2 + 2AcOH (8) 

The k/mol-'1s-' values are comparatively3 lower. Thus suggesting that the 
electron transfer mechanism is hindered by charge or steric effects. 

The linear arrangement of the H ~ ( O A C ) ~  molecule and the strongly covalent 
character of the Hg-0 bond2' cause a considerable decrease of the electrophilic 
dehaviour of the Hg(I1). Besides the cleavage of the C-N bond becomes difficult 
because of the resonance form due to the charge delocation from the carbonyl- 
group. 



200 D.A. HARISTOS, D.E. MISSOPOLINOU 

q k ~ ~ p o v i o u  PE E V ~ I ~ ~ E ~ O  qqp01nop6  ~ q q  picaq zou u6pacu'hiou ( N ~ H ~ ) .  n t  
0av.q snioqq ~ivctt nap6hhqhq ctvri6paoq pe~acpop6q zsoo6pov qhs~~poviwv PE 
~v6t6psoo qqpctnop6 611p16iou (C 6H $0 - N = NH). 
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Summary 

Conductimetric measurements have been performed on sodium benzenesulfonate solu- 
tlons in dioxane-water mixtures at 2 5 ' ~  over the range 78.30 2 D 2 16.11. The data have 
been analysed with the Fuoss-Onsager-Skinner conductivity equations and the resulting 
parameters are reported. 

Association to ion pairs begins to be increasingly visible below to D =44.71. The l o g K ~  
vs I / D  plot yields a straight line in agreement with Fuoss' theory of ion-pair formation. The 
observed complicated behavior of Walden product over the dielectric range covered is 
discussed in terms of Fuoss-Zwanzig theory and various conclusions are made concerning 
the applicability of the sphere-in continuum model on the electrolytic solutions studied. 

Key Words : Conductimetry, Sodium Benzenesulfonate, Dioxane-Water mixtures, Zwanzig's 
theory. 

Introduction 

Studies on the conductance behavior of arenesulfonic electrolytes (salt and 
acids) in pure and mixed solvents are in progress1 - the authors'interest being 
stimulated by the fact that these electrolytes have not been extensively investigated 
conductimetrically afid data reported on them are only sporadic. Furthermore, in 
what concerns the nature of the factors affecting ionic mobilities, the large enough 
arenesulfonate anions should better approach Stokes'law, since an inherent 
requirement of this law - not having received much attention - is that the moving 
entity must be large enough compared to solvent molecules. 

In the present investigation the electrical conductances of sodium benzenesul- 
fonate in dioxane-water mixtures were measured over a large range of values of the 
dielectric constant 78.30 2 D 2 16.11. The experimental results were analysed by 
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suitable conductivity equations in order to obtain conductimetric parameters 
capable of yielding information about the applicability of ..sphere-in-continuum,, 
model on ionic association process as well as to allow a deeper insight into the 
nature of the structural effects affecting the hydrodynamic behavior of the 
electrolytic systems studied. Association process and hydrodynamic behavior ob- 
served have been discussed in terms of Fuoss theory (of ion-pair formation) and of 
Fuoss-Zwanzig's theory (of dielectric friction) respectively. 

Experimental 

Sodium benzenesulfonate (Fluka, puriss, 99.5% minimum purity) was repeatedly 
recrystallized from conductance water and dried at 150 'C under reduced pressure. 
It was stored over phosphorus pentoxide in an evacuated desicator. , 

Solvents'purification, instrumentation and experimental procedure were the 
same as described earlier. ' Water and dioxane had a specific conductance of about 
2 X I O - ~  ohm-'cm-' and 1 X 10-' ohm-'cm-' respectively. The conductivity mea- 
surements were made at 2 5 f  0.002•‹C. The cell constant was found2 to be 
0.0270 cm-' and it was repeatedly rechecked during the work. The apparatus used 
for conductimetric measurements permitted the solvent and solution to be kept in 
an all glass completely closed system under an inert gas atmosphere at all times. All 
salt solutions were prepared just before use. 

Results and discussion 

The measured densities (d), viscosities (q), and low-frequency dielectric 
constants (D or E,) as well as the values of infinite-frequency dielectric constants 
(E,) and of relaxation times (T) evaluated by -interpolation from literature1-5 are 
summarized in Table I. The molar conductivities A and the concentrations c of the 

TABLECL: Properties of solvent mixtures at 2S•‹C 

System wt-% d 1 0 2 ~  D(Eo) E m I O ' ~ T  

No Dioxane (g cm") (Poise) (sec) 
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salt for the complete range of doxane-water compositions are listed in Table 11. 

TABLE I1 : Molar concentration (c/mol dm") and molar conductivities (A/S cm2mol-') 
of sodium benzenesulfonate in Dioxane-Water mixtures at 2S•‹C. 
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In order to obtain the suitable parameters, the results were analysed by the 
following forms of Fuoss-Onsager-Skinner equation6 

A = A. - Sc '"y 'I2 4- Ercyln(6E\cy) + Lcy - (1) 

for associated and unassociated electrolytes respectively. (The symbols have their 
usual significance). The equations were solved using a computer programme by a 
procedure which is reported in detail elsewhere.  he parameters obtained as well 
as the standard deviations o~ of the individual points from the values predicted by 
the conductance theory are reported in Table 111. The last column numbers identify 
the equation used in each case according to Fuoss' ~uggestion.~ 

TABLE I11 : Derived parameters for sodium benzenesulfonate in Dioxane-Water mixtures 
at 2S•‹C. The confidence limits of the results are shown in 95% level. 
(Ao/S cm2mol-l ; ~ ~ / d m  3mol-'; aL/prn; Aoq/S cm 2mol- '~)  

Inspection of the derived data shows that there is a slight amount of association 
up to a dielectric constant of about 44.71 which then increases continuously as the 
dielectric constant is lowered (as dioxane is added). The plots of logKA vs I/D are 
shown in Fig. 1. In this figure the least square regression line has a correlation 
coefficient of 0.999. This near unity value indicates the linearity of the logKA vs 
1/D plot. It also suggests for the applicability of the following theoretical Fuoss' 
e ~ ~ r e s s i o n ~ ~ ~  for the ion-pair formation constant KA 

whi$h - taking logarithms and inserting numerical constants, ion size parameter, a 
in A and 25OC for temperature - becomes 
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FIG. 1 : Dependence of association constant on dielectric constant. 

The various symbols have their usual significance. 
The slope and intercept values of the experimental logKA - D-' plot were 

calculated to be 46.2 and 0.1899 respectively. From the theoretical IO~K,(D-') 
function (4), the slope and intercept, when equated to their corresponding 
experimental values, lead separately to an average value of the distance of closest 
approach equal to 527 pm and 850 pm respectively. 

Such a discrepancy, between values of the same contact distance, indicates the 
inadequacy of the simple model of <<charged, spheres in a continuum* to reach to a 
comprehensive description of ion-pair formation and further, suggests that 
structural effects due to microscopic properties of the solvent mixtures must be 
included in addition to electrostatic attraction. 

Such effects have as a main result, the ion-pair formation to be accompanied by 
a change in the molar free energy of solvation, AG, (molar free energy of solvation 
of free ions less that of ion pair). Additionally, the variation in the composition of 
the polar-nonpolar solvent mixture not only does the dielectric constant change, 
but also does the value of AG, change. 

These changes in the difference of free energy of solvation-affecting ion pairing 
process-should in general lead to a curvature (variable slope) in logKA - D-' plot. 24 

The linearity (constant slope) of the experimental plot reveals, however, that the 
pairs of ions formed are of the same kind having a constant ~slopen distance of 
closest approach. Therefore, it becomes clear that the <<intercept;> term of eqn. (4) 
includes the influence of AG, changes leading, in turn, to an <<intercept,, distance of 
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closest. approach:which is remarkably different from that obtained from the d o p e *  
term. 

Furthermme, it must be noted here that the observed systematic increase of a~ 
values with decreasing dielectric constant (Table 111) should also have its origin to 
similar structural effects mentione-d above (ignored by any continuum theory).' 

From the salt limiting conductance A. obtained in water and the limiting 
conductance of the sodium cation (50.10) the limiting conductance of the ben- 
zenesulfonate anion as well as the transference numbers of the individual salt 
ions are calculated to b h i  = 37.61 S cm2 mol-l, t +  =0.57, t- =0.43 (water, 25'C). 

In dioxane-water mixtures the total salt conductance can not be resolved into 
separate ionic contributions due to the lack of necessary transference data. 
However, an application of the extra-thermodynamic assumption that the trans- 
ference numbers of the salt ions in water are independent of the composition of the 
dioxane-water mixtures allows the calculation of the individual limiting ionic 
conductances and the respective conductance-viscosity products in each solvent 
composition. These can then be used to estimate the hydrodynamic radii (Stokes 
radii) of the ions from the following Stokes'law  expression^'^," 

rstick = ~ ~ e ~ / 6 n h ~ q  or rstick = 82/hoq (in pm) 

far the cases of perfect sticking (5) and slipping (6) of the solvent at the surface of 
the ions. The results obtained are listed in Table IV. 

Inspection of the electrolyte limiting conductance-viscosity product as well as of 
that of single ions shows that its b'ehavior is complicated over the dielectric range 
covered. A closer scrutiny shows that there must be a maximum in the water-rich 
region (though 'not so clear since the measurements have been carried out at too 
wide a composition interval) after which the conductance decreases to much lower 
values of the Walden product (as the dielectric constant decreases). A reverse 
procedure is observed in the variation of Stokes'radii (Table IV). 

This complicated behavior will be discussed in terms of the factors affecting 
ionic mobilities. These factors can be identified by writing the limiting conductance- 
solvent viscosity product hoq as a sum of the following terms 

where the term subscripted CS gives the total contribution to the conductance to be 
expected from a charged sphere. This charged-sphere contribution is written as 

where the term subscripted IS gives the contribution to be expected from an inert 
sphere and the term subscripted DR gives the contribution to the conductance 
resulting from a dielectric effect caused by a relaxation of solvent dipoles about the 
moving ion. The last term of eqn. (7) subscripted CE is a term which reflects the 
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TABLE IV : Limiting single ion conductance-viscosity products (hoq/S cm2mol-'P) and 
Stokes hydrodynamic radii (r/pm) of sodium benzenesulfonate ions in dioxane-water 
mixtures at 25OC. 

Syst.NO. G r l  horl r + (stick) r -(stick) r + (slip) 

1 0.4455 0.3345 184 245 276 

2 0.4542 0.3409 180 240 27 1 

3 0.4447 0.3355 184 244 276 

4 0.4445 0.3353 185 245 277 
5 0.4226 0.3 173 194 258 29 1 

6 0.396 1 0.2973 207 276 311 

7 0.3755 0.2820 218 29 1 328 

8 0.3715 0.2789 22 1 294 331 

effects resulting from changes in the solvent in the vicinity of an ion (in its ionic 
coesphere) due to the presence of either a charged or an inert sphere. It is recalled 
here that this last factor has been ignored totally by any continuum theory. 

The simplest substitution for the inert sphere term comes from an application of 
Stokes' law (5-6). In order to study the retarding effect resulting from the solvent 
dipoles relaxation around the moving ions, the experimental data have been 
analysed using the semi-empirical Fuoss'expression 12, from which the classical 
Stokes'radius can be derived, written as 

as well as using Zwanzig's more rigorous derivation 13'3 

where A, = 6, AD = 318 for perfect sticking 

A, = 4, AD = 3/4 for perfect slipping 

0 

Inserting numerical constants and r in A, the resulting equation is 
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for perfect sticking and 

for perfect slipping. 
Essentially, another term inversely proportional to the cube of the ionic radius 

has been added to the Stokes'radius and the contribution to the total frictional 
force seems to depend on the ion size. For small ions, dielectric friction dominates 
while kor bulky ions the viscous force is dominant. Furthermore, the dielectric 
frictional force in a solvent is determined by its P* value. 

In order to visualize the different contribution to the dielectric friction, the 
relaxation term P* is considered to be a function of an <<effective dynamic radius,,, 
ref, and of a characteristic <<equilibrium distance,, deq, of the solvent which are 
defined by the following expressions l4 

Furthermore, according to eqn (IO), hoq product for any given solvent has a 
maximum at a certain value of r. Simple calculation'leads to the following ex- 
pressions l4 

All theoretical predictions based on Zwanzig's theory and concerning the 
solvent mixtures used, have been calculated and listed in Table V. The observed 
systematic increase of P* values - yielded from independently measurable solvent 
parameters E,,, Em, T - means that the dielectric frictional force of the solvent 
system becomes larger, leading to a system&ic decrease in ion mobilities, as the 
dielectric constant decreases (with increasing dioxane content). 
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TABLE V : Theoretical predictions on solvent mixtures, 2S•‹C (Based on zwanzig's theory). 

System mole-% P* ref deq rrax/pm (h pq)max/S cm 2m~l- '  P 
No Dioxane s poise" pm pm stick slip stick slip 

However, it must be noted here that Zwanzig's theory, based on a continuum 
model for solvent, completely ignores the possibility for a change in the size of the 
moving ion owing to changes in solvation. Thus, it is most successful for large 
organic ions in solvents where solvation is likely to be minimal and where viscous 
friction predominates over that caused by dielectric relaxationI4, as already 
mentioned. The discrepancies becomes more striking the smaller the ionic radius is 
and the Zwanzig's continuum model fails to account quantitatively for the 
dependence of ionic mobility on solvent dielectric properties whenever the 
relaxation term P* becomes large. 

A test of eqn. (9) is shown in Fig. 2(B) where the r'D and r-D experimental 
values are plotted against D for both extreme cases (of perfect sticking and perfect 
slipping). The plots are linear with a correlation coefficient of 0.999. (The point of 
pure water has been omitted and not included in the analysis because it deviated 
too much from rD-D lines). Inserting the calculated slope-intercept numerical 
values (r,,s) in eqn. (9), the following equations are obtained which reproduce with' 
precision the Stokes radii over the D range covered 

Linear plots of L* vs P* have been obtained only in the dioxane-rich region the 
deviations being remarkably large in the water-rich region. Fig. 2(A) shows the 
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FIG. 2 : (A): A plot of L* function versus the solvent function P* Anion, upper plot; Cation, 
lower plot. (B): Dependence of classical Stokes' radius of anion (-) and cation (+) on dielectric 
constant. (- : .<stick,,; ---- : dip,?). 

L* - P* plots, for both cation and anion, covering the range of dielectric constant 
36.22 2 D 2 19.84. Both plots are good straight lines with a correlation 
coefficient of 0.999. The resulting values of hydrodynamic radii are as follows : 

r/pm 

A n i o n  C a t i o n  

<<stick,, 4 p  ,, .<stick,, <<slip B 

Intercept 
Slope 

It is clearly observable that the values obtained for the anion (intercept, slope) 
hydrodynamic radii are in good agreement and closer enough to each other in the 
case of perfect slipping. For the cation the intercept-slope radii values are far from 
equal in both <<stick,, and<<slip,, cases and much higher than its ionic radius of 
95 pm. A further interesting comparison can also be made, in each solvent com- 
position studied, between the experimental hoq value (Table IV) and the 
corresponding value of (hoq)max (Table V) predicted by either <.stick,, or <<slip,, 
equation (14). It can be seen that Walden product is in every case smaller than the 
corresponding ..maximum,, for the anion and always larger in the case of the 
cation. 
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Acording to the results mentioned above, it should be supported that the 
contribution of (hoq)CE term, which reflects ion-solvent interactions (in eqn.7), 
appears to be absent or at least negligible in the case of benzenesulfonate anion. 
The fact that the value of 316 pm (on the average) obtained for d i p ,  case is 
satisfactorily close to r; value of 327 pm (concerning an uncharged, inert, unsol- 
vated analog-eqns. 9, 16) could be also considered as a positive evidence that 
benzenesulfonate anion-solvent interactions are likely to be minimal. 

In what concerns the discrepancies observed in cation behavior, it is clear that 
in this case (hoq)cE term dominates. The fact that the values obtained for cation 
hydrodynamic radius are, in all cases, larger than its crystallographic size, suggests 
that it should be strongly solvated. This is a reasonable hypothesis since, as it has 
repeatedly noted, ' , l5  the smaller and presumably more solvated ions show the 
greatest deviation. Furthermore, this interpretation receives support from the fact 
that dioxane-water mixtures appear to form intermolecular hydrogen-bonded 
complexes of various possible structures53'6,2',25,26 which should be immobilized 
around a cation yielding a firmly held solvation sheath. Thus, the Na' experimental 
mobilities appear to be enhanced against them predicted by the theory since, 
Zwanzig's equation, overestimating the dielectric friction effect on the solvated 
cation, lead to lower mobilities. 

The difference between the derived distance of closest approach and the average 
hydrodynamic radius is calculated to be 215 pm and it should be considered as an 
average hydrodynamic radius of the solvated Na' in dioxane-water mixtures. This 
value remains somewhat lower than the sum of the ionic radius and the solvent's 
effective dynamic radious obtained for each solvent composition (Table V). 
Furthermore, this value belongs to a position midway between r: values 
(164-245 pm) obtained from eqn. (15) as well as between the ri',,,, values (160 and 
239 pm) obtained from eqn. (1 1) for both <<stick% and <<slip>> extreme conditions. 

The initial increase observed in Walden product, as dioxane is added to water, 
is likely to be the typical behavior of structure-breaking ions on an enhanced 
solvent structure. However, such an enhancement is probably absent in dioxane- 
water mixtures since they appear to form two distinct intermolecular hydrogen- 
bonded ~ o r n p l e x e s ' ~ ~ ~ ' ~ ~ ~ '  and further, Na' is considered as a poor structure- 
breaking ion. Therefore, there must be little doubt that what appears to be an 
enhanced ion mobility in the region of low dioxane contents is actually the result of 
a dehydration effect occuring upon addition of dioxane 22,23 rather than a better ion 
structure-breaking ability on an enhanced water structure. If really a dehydration 
occurs sharply as dioxane is added and a little dioxanation also occurs20, the size of 
the moving cation would decrease and a mobility increment would be observed. 
Furthermore, in what concerns anion behavior, a hydrophobic rather than hydro- 
philic dehydration may probably occur at the hydrocarbon surface of its benzene 
ring (considered as a hydrophobic structure-maker surface). Its ability to exhibit 
hydrophobic effects enforcing the structure of pure water, rapidly disappears as 
dioxane is added. 2 2 , ~  

Whatever we ascribe the observed hydrodynamic behavior to, it is clear that no 
definite conclusion can be reached until diffusion data on uncharged molecules- 
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comparable in size to the ions - become available. By means of these data - 
containing no contribution from the dipole relaxation or cosphere effects - the 
inert-sphere term of eqn. (8) could be evaluated with precision and the use of 
Stokes'law could be avoided. 
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Summary 

Measurement of the residual solvents in plastics packaging materials has become in- 
creasingly important over the past few years. Such solvents may migrate from the packaging 
material into the contained product thus causing an off-odor and/or off-taste in the latter. 
Gas Chromatography and recently G.C-Mass Spectrometry have been successfully used to 
determine the above migrating species. In this paper three compounds namely, Toluene, 
Ethanol and Methyl Ethyl Ketone, responsible for an off odor caused in packaged bakery 
products have been identified and quantified. 

Key words : Residual solvents, packaging materials, off odors. 

Introduction 

Cellophane, one of the most well known food packaging materials today, is 
seldom being used unconverted in packaging applications. It is usually coated on 
one or both sides with a polymer such as polyvinylidene chloride (PVDC), Poly- 
vinylchloride (PVC) or Polyethylene (PE). A common method of application of 
these coatings is to dissolve the polymer in a suiiable solvent mixture and then to 
apply it to the film, after which the solvent is removed by vaporization.' 

It is possible however for any residual solvents remaining in the laminate to 
migrate from the film into the foodstuff being packaged thus causing: i) off.odor 
and/or off taste problems ii) food safety problems if these solvents are toxic, 
carcinogenic etc. 2,3,4 

Similar problems can arise from residual solvents used in the application of inks 
and adhesives on plastics packaging materials. 

A factor which should be seriously considered in such cases is the increased 
normal storage time for packaged foodstuffs. The <<convenience* packages in 
particular, are designed for long time, ambient temperature storage. Under such 
conditions even low amounts of residual solvents may migrate and in some cases 
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accumulate in sufficient quantities to affect the food The introduction of 
Gas chromatography 7,8 opened a new path to the solution of the above problem. 
This tool provides the sensitivity and the analytical description needed to measure 
the volatile residuals in packaging materials. 

Two major paths have been followed in the use of this tool : 
a) to extract the solvents by a suitable extraneous solvent and analyze the resulting 
extract. ' 
b) to distil1 off solvents by heat using appropriate collecting  device^.^^,'^ 

A derivahve of this concept proposed by Wilks and Gilbert ",'2 was used in the 
present work. Recently the use of Mass Spectometry in combination with Gas 
Chromatography has significantly contributed to the positive identification of such 
compounds. 

Materials and Methods 

Qualitative and quantitative analysis of retained solvents in film samples was 
perfomed by use of the <<hot jar,, in combination with Gas 
Chromatography (ASTM-72) and Mass Spectrometry: 

Samples 
The following film samples were provided for analysis 

i) Film A 
ii) Film B 
iii) Film C 

All films were laminates consisting of Cellophane/Saran/PE. According to the 
supplier, bakery products packaged in the above films developed an objectionable 
<<plastic,, off odor which was stronger3 in the case of film C. 

Gas Chromatographic Conditions. 
A 5750 Hewlett Packard G.C equipped with a dual flame ionization detector 

was employed for the chromatographic analysis. Stationary phases incljuding SE-30 
and Chromosorb 104 were checked for degree of separation of eluting volatiles. 
The chromosorb 104 column gave better resolution and was thus chosen tor the 
analysis. 
The operational conditions used were as follows : 

St. phase : Chromosorb 104 on Anaknom ABS 60-80 Mesh 
Column Temp : 150•‹C 
Injection Port Temp : 150•‹C 
Detector Temp : 240•‹C 
Carrier Gas : Helium 60 mVmin. 

Mass Spectometric Conditions 
Temperature programmed analysis was carried out for all three samples. 
A Hewlett Packard 5992A G.C-Mass Spec. instrument system was used. 
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The operational conditions used were as follows : 
St. phase : OV-101 10% in a 30m, 0.25mm ID glass capillary column 
Initial Column Temp : 30•‹C 
Final m : 200•‹C 
Injection Port Temp : 210•‹C 
Detector Temp : 240•‹C 
Running Time : 120min 
Carrier Gas : Helium 15 ml/min 

Analysis of Films 

Gas Chromatography Analysis 
Two 27 in2 pieces of films A,B and C were cut out from the respective rolls. 

These pieces were cut again into smaller size of 1 X l cm and put into serum vials 
of 120 m1 capacity. 

TABLE I : Gas Chromatographic Analysis of Film Volatile Compounds 

Sample injected Retention time Response A Response B Response C Proposed solvents 

2'54" 1 05 32.0 16.7 Ethanol or 

2-propanol 
0.5 m1 5'55" - 75.5 123.8 Methyl Ethyl Ketone 

9'17" - 198.4 153 1.2 Toluene 

FIG. 1 : Gas Chromatogram of Head space Sample of Film A. 
FIG. 2 : Gas Chromatogram of Head space sample of Film B. 
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The vials were then immediately closed with rubber stoppers, sealed with 
aluminum crimp caps, evacuated to 15 in. Hg and heated at 100•‹C for 1 hr. 

Using a gas tight 0.5 m1 syringe, equipped with a two way luer lock valve, 0.5 
m1 aliquots were withdrawn from the head space of the vials and injected into the 
G.C. The response and retention times of the respective peaks are shown in Table I 
and Figures 1, 2 and. 3. 

FIG. 3 : Gas Chromatogram of Head space Sample of Fiim C. 

Mass Spectrometry Analysis 

The above experimental procedures were repeated and headspace aliquots of 
the three film samples were introduced into the G.C-Mass Spec system. 

Response and retention times of the respective peaks are shown in Figures 4,5, 
and 6. 

Indentijication and Quantification of Head Space Volatiles 

After careful examination of the Chromatograms, a series of known solvents, 
1p1 of each, were introduced into glass serum vials of 120 cc capacity, using a 5pl 
liquid syringe. Subsequently, the vials were sealed and heated as described above. 
Using gas tight syringes of 0.25 m1 and 0.5 m1 capacity, known head space aliquots 
were withdrawn from the vials and injected into both the G.C and G.C-Mass Spec 
system. Recovery of method was tested by comparing response of direct injection 
of liquid solvents and response of head space injection of same solvents. 

The retention times and responses of the respective peaks are shown in Table I1 
for the Gas chromatographic analysis and Figures 7, 8 and 9 for the Mass 
spectrometric analysis. 

Standard curves for Toluene, Methyl Ethyl Ketone and Ethanol were sub- 
sequently constructed. 
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Spectrum cf Film A. Retention Tin?e=5.8 
Number of peaks detected = 77 
Scanned from 10.to 200 Base PeaklSG.6 
nase Peak Abudance=lC560 Tctal Abuda~ce 20201 
----------------v------------ --________________________________________________________________________________- - ----------------------------------- 

Lower Abundance Cut off Level = 1.0 
VASS ABUNDANCE ' hASS ABUNDANCE 

FIG. 4 : Mass Spectrum of Head space sam& of Film A. 

Spectrum of Film B Retention Time = 7.8 
Number of Peaks detected = 91 

Lower Abundance Cut off Level = 1.0 
MASS ABUNDANCE NiSS ABUNDANCE 

FIG. 5 : Mass Spectmm of Head Space Sample of Film B. 
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Spectrum o f  F i l m  C Retention Time =12.1 
Number o f  peaks detected = 89 
Scanned from 10 t o  200 Base Peak =90.8 
Base Peak Abundance = 20892 Total  Abundance =51334--------------- ___________________-________________________________________________________________________________________________________________________________________________________________---------------------- 

Lower Abundance Cut o f f  Level = 1 . 0  
MASS ABUNDANCE MASS ABUNDANCE 

FIG. 6 : Mass Spectrum of Head Space Sample of Film C. 

TABLE I1 : Gas Chromatographic Analysis of Known Compounds 

Compound Retention Time Response 

2-propanol, Ethanol 2'58" 266.6 

Methyl Ethyl Ketone 5'55" 302.7 

Toluene 9'20" 601.6 
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Spectrum of Ethanol Retention Time = 6 . 1  
Number of peaks detected 102 
Scanned from 10 to 200 Base Peak = 3 0 . 8  
Base Peak Abundance = l 1 4 2 4  Total Abundance = 20383  ---------- -------------- --- ---------- - ---- ------_____- _ _ _ _  _ _ _ _  _ _  _ _ _  

I 

Lower Abundance Cut off Level = 1 . 0  
MASS ABUNDANCE MASS ABUNDANCE 

FIG. 7 : Mass Spectrum of Head Space Sample of Ethanol. 

Spectrum of Methyl Ethyl Ketone Retention T k = 7 . 8  
Number of peaks detected = 92 
Scanned from 10 to 200 Base Peak = 4 2 . 6  
Base Peak Abundance =2852  Total Abundance =S561 
-A---------------------- ---- -------- - ---------- ----- 

I 

Lower Abundance Cut o,ff Level = 1 . 0  
MASS ABUNDANCE MASS ABUNDANCE 

FIG. 8 : Mass Spectrum of Head Space Sample of Methyl Ethyl Ketone. 
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Lower Abundance Cut o f f  Level = 1.0 
MASS ABUNDANCE MASS ABUNDANCE 

FIG.  9 : Mass Spectrum of Head Space Sample of Toluene. 

By comparissn,.of the retention times and peak areas of the known solvents 
with those of the unknown components (head space volatiles of the film samples) 
identification and quantification of the above compounds was accomplished. 
Results are shown in Table 111. 

TABLE I11 : Amounts of Solvents Present in each of the Films 

Film Type Ethanol (mg/m2) M.E.K. Toluene 

Discussion 

From both Gas Chromatographic and Mass spectrometric data it is concluded 
that the compounds present in the packaging materials examined, are Ethanol, 
Methyl Ethyl Ketone and Toluene. Toluene was found in excessive amounts in film 
sample C and is probably responsible for the off taste if transferred into the 
product. 
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Ta zshsuzaia xp6vta kxst G09si kpqaoq ozov npooGtoptop6 ~aoahoinmv 
Gtahurt~hv pkoa os nhaozt~d ouo~~uaoiac ,  opocpipv. T i ~ o t a  Gtahuzt~d Fuva~6v 
va ~ E T C ~ ( P E ~ ~ O ~ ) V  K ~ T O  an6 optopkv~c, ( S U V ~ T ~ K E <  an6 TO ~ h t ~ 6  (~U(TKEUC~O~CIS BzO 
R E ~ ~ E X ~ ~ E V O  zp6cptp0, npo~ahhv~ac,  k~ot 8uooopia fl   at ahhoiwoq ozq ysboq 
zou zshsuzaiou. H Akpta Xpoparoypacpia K ~ I  np6ocpaza o ouvGuaop6c, Aiptac, 
Xpwpazoypacpiac,/Qaopaz~cpozop~~pia~ Mdrqc, 6 x 0 ~ ~  xpqotponotq9~i ~ntzuxhc, 
ozov npooGtoptop6 ~ m v  nt6 7 t h ~ ~  p~~acp~popkvwv 0 ~ 0 t h ~ .  C' auzq zqvkpyaoia 
zpstc, svho~tc, Sqh. TO Tohou6ht0, M~9uho-atOuho~~z6vq  at At9av6hq, une69u- 
vsc, yta zq Guooopia nou np0KhTjblK~ 0s ouo~~uaopkva  siSq apzonotiac,, 
~ a u r o n o t f i ~ q ~ a v   at npoo81opiozq~w ~ O ~ O Z L K ~ .  
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Summary 

A generalization of the Dirac equation is developed both through a van der Waerden- 
type derivation and from a Dirac-like Langrangian density. The Langrangian and equation 
are invariant with respect to a .gauge-like. transformation out of which the fundamental 
Weak coupling for leptons falls out. Setting a parameter m = 0 results in the corresponding 
Dirac equation which is not invariant under the transformation in question. 

Key Words : Weak Interactions - 'A66vazat 'AhhqhsztGp&oslg,Gauge Interactions - 'Ahhq- 
hszt6p&osq BaBpiGov. Elementary Interactions - C z o q ~ ~ h S s t ~  'Ahhqhsz~6p6ost~,Electrons - ' H -  
he~rp6vta,  Myons - Mo6vta. 

Introduction 

The Dirac equation is known to describe the kinematics of leptons and believed 
to also describe the kinematics of quarks'. However, it does not describe gauge 
interactions in a natural way, except for these derived from the gauge group U (1) 
of electromagnetism; for example in describing the leptonic Weak Interaction, it 
necessitates the ad hoc elimination of the Y,yv(I - y5)Yb and Y by v(l * y 5)Y 
transition amplitudes. Still it has met with amazing success in describing electro- 
magnetic interactions as mediated by a gauge field and this has led to the attempt 
to describe all interactions as mediated by gauge fields, which has resulted in the 
brilliant gauge theories of the last fifteen years2. Such gauge field theories have 
used the Higgs mechanism3 to overcome the problem that, if the vacuum is 
invariant under a gauge group, the masses of the particles are identically equal to 
zero. The Higgs mechanism permits some of the gauge bosons to acquire non- 
vanishing and, in general, different from each other masses; observable con- 
sequences of this mass splitting have been experimentally verified2. Similarly, 
consequences of the invariance of quarks under SU (3) and of leptons under SU (2) 
have been tested quite successfully4. But there are also experimental results that 
apparently q n  only be derived from quark models making contradictory assum- 
ptions about the physical properties of the constituent quarks 5. Moreover gauge 
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symmetries by themselves do not predict everything we would wish a complete 
theory to predict, for an obvious example, the masses of the quarks and leptons. 

We are perhaps at the stage where it would be profitable to be more specific. 
One way to do so is to study different generalizations of the Dirac equation with an 
eye toward the degree of fitness to experimental results and naturalness with which 
gauge interactions can be introduced into the resulting theories. It is in such a spirit 
that this series of research papers is undertaken. 

We begin by developing a Dirac-like equation, namely 

where 

y ,, y being the Dirac matrices, P" the momentum-energy operator and m, p real 
numbers. The equation is <<derived* and its plainwave solutions are found to 
satisfy. 

and therefore it is reasonable to assume that (m2-p2)"2 is the (rest) mass; as 
should be the case in any relativistic theory6, the mass commutes with the gene- 
rators of the Lorentz group. 

It can be shown that the equation can be made invariant with respect to a 
transformation similar to the gauge transformation of the electromagnetic potential, 
it can be formally derived from a Langrangian density also invariant under the 
transformation and it naturally excludes interactions of the form 
Y ,(l f y 5) Y, fF(xp). In fact it gives the fundamental Weak coupling of the 
lepton fields and should be considered as a candidate for the equation that 
describes leptons. However we find that, for the invariance to hold, m and p must 
be functions of the space-time coordinates with the restiction that (m - ' l2 be 
a constant. 

A Dirac-like equation 

The Dirac equation may be derived from a special case of the system of two 
two-component equations 

namely the case p=O. Here P, is the energy and P the momentum operators, o 
the Pauli matrices and both m and y are assumed real. Adding and subtracting the 
equations, we derive the following generalization of the Dirac equation: 
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where 

are specific representation of the Dirac gamma matrices and 

is a Dirac-like spinor. In fact the Dirac equation was derived by B. L. van der 
waerden7 from the special case p = O  of eq. (2.1) above. 

The transformation 

leaves the /equation invariant if S is invertible and there exists another representation 
of the Dirac matrices y,, y 5 ,  a vector P'" and scalars m', p' such that 

Since the continuous Lorentz transformations are expressible in terms of such 
matrices, namely8 products of SROt.,, and SBoost ( i j  camtake the values 1,2,3, with 
i# j )  given by 

and 

the equation is invariant under the continuous Lorentz transformations. 
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If the theory is to lead to the same predictions for the primed as for the un- 
primed spinor, equation (2.2) must permit the probability of covariant quantities 
(i.e. tensors and spinors) to remain covariant and of the same tensorial/ spinorial 
rank as the quantities themselves; and equation (2.5) must result in transformed 
probability amplitudes whose relationship to the original ones is consistent with 
the interpretation of the theory. The two most commonly mentioned examples 
of eq. (2.2) are given by' S =e"eE(X" resulting in a gauge transformed equation 
and the S of eq. (2.7) resulting in a Lorentz transformed equation. For the gauge 
transforming S, the transition amplitude of a physical i.e. measurable quantity, say 
a Lorentz vector must remain unaltered; but this need not be true of the 
electromagnetic potential because it is not directly measurable; also the amplitude 
of P V  must transform into the amplitude of P" = P v  -ie '(lnS) and therefore PV 
is not a measurable vector; the amplitude of (m2 -p2)  'l2 must remain unchanged 
(see eq. (1.3)), but that of m 4- y5p need not be. For the S given by eg. (2.7), the 
transition amplitude of the same Lorentz vector P V  must also transform as a 
Lorentz vector. We see by these examples that different assumptions about what is 
physically measurable would place different restraints on our freedom to choose S. 
In the case of equation(2.2),this requirement and the usual assumptions about 
which quantities are physical necessitate the usual interpretation of the Dirac 
covariants as the bilinear covariants of the theory. 

The free-particle Hamiltonian 

commutes with the operator 

(again i and j range over 1 ,  2, 3 and i #  j) from which we conclude that our 
equation describes a spin 11'2 particle. 

Gauge invariance 

By analogy with the gauge theory of electromagnetism, we note that eq. (1.1) is 
invariant under the transformation 

where f is a real constant and F(x9  a real function, if ]PV is generalized to 

and the additional transformations 
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B '(X p) -- B ' '(X p) = B '(X " + dV(F(x p)) (3.3A) 

C "(X p) -- C ' V(xp) = C V(x p) + dV(F(x p)) (3.3B) 

are simultaneously performed. 
It is reasonable but not necessary, in view of these equations, to assume that 
B V = C V  and we shall make this assumption until circumstances suggest otherwise. 
Also M, which up to now was implicitly assumed to be constant, is seen to be a 
variable field; but the quantity (m - p2) remains invariant. There remains one 
final task: specifying under what conditions the free-particle Hamiltonian H, eq. 
(2.8), commutes with the angular momentum operator, eq. (2.9). It is obvious from 
the form of H that this will be the case when M is spherically symmetric. If the 
generalized gauge transformation, (3.1) - (3.3), is to preserve this, the generalized 
gauge functions F(xp) must all be spherically symmetric about the same center of 
symmetry. 

Considering now the quantity 

an obvious extension of the Dirac Langrangian density, the only exception being 
that the bra and ket spinors are not Langrangian we get the equations of motion 

and 

which show that Y, and Yb belong to states that couple to the field BV with 
opposite charges. The Langrangian density is invariant under the transformations 
(3.3) and 

and it gives a fundamental .coupling of the form 

where 
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This of course is the coupling of the electronic (or alternatively the muonic) leptoa 
field to a vector boson field9. We may further choose the sum of two Langrangiah 
densities, one coupling the electron to the electronic neutrino and the other 
coupling the rnuon to the rnuonic neutrino, to be the leptonic Langrangian density, 
i.e. 

In fact, since S is not Hermitian, we must add it to its Hermitian conjugate to get 
the full leptonic Langrangian density 

C' will give the equations of motion for the Dirac conjugates of the spinors that 
enter in S, however this redundancy is unavoidable here as much as with the Dirac 
Langrangian, since the spinors Y, and q, are treated as distinct fields by the 
formalism. 

The z lepton can also be incorporated in exactly the same way. 

Plane wave solutions 

We now look for solutions of the form 

which, when inserted into equation (2.2), ghes 

Pre-multiplying the first of these by E +  m, we find 

i.e. the momentum-energy vector is constrained to satisfy 

so it is reasonable to identify m 2  - p2 with the square of the physical mass, and 
therefore also positive. 

One set of solutions is, up to a normalization constant, the following : 
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Since / E 1 can vary continuously from less than I m I to greater than I m l, as 
equation (4.3) shows, avoiding.singular solutions requires that E/m > 0 for the first 
two solutions and E/m < 0 for the other two. We note that setting p=O gives the 
usual plane-wave Dirac spinors. 

Another set of plane-wave solutions, which gives quite different, but related, 
values for the bilinear covariants, is the following 
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(4.56) 

where 

and here the first two solutions satisfy E h  >O while the last two satisfy E/n < 0. 

Conclusion 

The equation we developed has several appealing features. It describes a spin 
1/2 particle and couples to a field which we have attempted to identify with the one 
that describes the Weak Interaction. It naturally describes particles with a Weak 
charge of value +f, and equi-charged particles do not interact with each other 
through this field. The equation is susceptible to further generalization and we 
intend to see how far this can go and whether more interesting groups such as 
SU(2) X SU(3) can lead us to a differential equation that describes a larger portion 
of the realm of elementary particle interactions. 

The equation also has several drawbacks. It is derived from a Langrangian 
density that is not invariant with respect to the gauge group of electromagnetism*. 
It couples two leptons of the same mass-squared (in our notation the same m* - p2). 
The choice (l - y5)fF(xp) for a gauge function is a possibility that we only ex- 
cluded by our choice of the gauge function and it can not be excluded on principle. 
Of these drawbacks only the last one can not be dealt with by resorting to the 
Higgs mechanism and therefore is the more serious one; it is however a drawback 
that also exists in the Dirac equation. 

In subsequent papers we intend to proceed along two parallel paths. One is the 
development of the theory derivable from equation (1.1) particularly such aspects 
of it as the study of the bilinear covariants, second quantization and classification 
of the fields described by the equation, derivation of physically relevant, closed-form 
and approximate solutions and the relationship to experimental results. The other 
is the generalization of the equation & indicated in the first paragraph of this 
section. 

* It can be made invariant but only by giving Y, and Y electric charge of equal 
magnitude in contradiction of the identifications in eq. (3.8). 
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Summary 

A new series of (triphenylphosphine) (N-alkyldithiocarbamate) (nitrosy1)nickel complexes 
of the general formula, Ni(N0) (S2CNHR) (PPh3), R =Me, Et, i-Pr, n-Bu, S-Bu, t-Bu, i-Bu, 
C6H5,  n-ClC6H4 and n-CH30C6H4, have been prepared and studied. The structures of 
the new comple~es are discuskd in relation to their spectroscopic (IR, 'H-NMR, W-Vis 
and MS) and magnetic data. All the complexes were found to be of the {NiNO) 'O type with a 
pseudo-tetrahedral geometry containing a bending NI-N-0 group. The bending of the 
Ni-N-0 group is relatively small and slightly depended on the nature of the dithiocarbamato 
ligands. These new nitrosyl-complexes do not oxidized to the corresponding nitro-complexes 
and therefore could not support 0-transfer reactions. 

Key Words : (triphenylphosphine) (N-alkyldithiocarbamate) (nitrosy1)nickel complexes, bending 
Ni-N-0 group, 0-transfer reactions, pseudo-tetrahedral geometry. 

Introduction 

Transition metal nitro-nitrosyl redox couples have attracted considerable in- 
terest in the last few years, because of their use to the catalytic air oxidation of 
inorganic and organic s.ubstrates such as CO, NO, PR3,  olefins and isonitriles.'"' 
In the course of a research program in our laboratory to further develop new nitro- 
nitrosyl redox couples we have prepared and studied some new mixed-ligand nickel 
nitro- and nitrosyl-complexes. 536 Some of these complexes were found to be 
potential homogeneous catalysts for the reaction between atmospheric oxygen and 
carbon monoxide. This catalytic 0-transfer reaction takes place rapidly under mild 
conditions (room temperature and atmospheric pressure). Continuing our interest 
on the chemistry of nickel nitrosyl complexes we report on our results concerning 
the synthesis and study of some new (triphenylphosphine) (N-alkyldithiocar- 
bamate)(nitrosyl)nickel complexes. 
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Results and discussion 

The new (triphenylphosphine~-alkyldithiocarbamatenitrosyl)nickel complexes 
were prepared by the reaction bf the bis(triphenylphosphine)(bromo)(nitrosyl), 
nickel complexes with the sodium or ammonium N-alkyldithiocarbamates according 
to the following general equation 

Ni(NO)(Br)(PPh 3) 2 + NaS &NHR. xH 20 - 
Ni(NO)(S &NHR)(PPh 3) 4- NaBr f PPh f xH 20 

where Ph =phenyl and R = Me, Et, i-Pr, n-Bu, S-Bu, i-Bu, t-Bu, C& 5 ,  n-%lC 
and 7c-MeOC & 4.  

The analytical data, as well as the melting points and the colors of the new 
compounds are shown in Table I. 

These new nitrosyl-nickel complexes, which were obtained in nearly quantitative 
yields, were remarkably stable in the atmosphere either in solid state or in solution. 
However, on standing in the atmosphere for a long period (more than two weeks) 
showed decomposition, which was evident from the gradual change of their color 
from deep-blue to greenish-gray. All the complexes are soluble in most of the 
common organic solvents, such as chloroform, acetone, benzene, methylene 
chloride, but are insoluble in petroleum ether and water. 

The structures of the complexes under investigation were established by spectro- 
scopic methods (IR, UV-Vis, 'H NMR and MS) as well as by magnetic susceptibility 
measurements. 

Table I1 lists some of the most important infrared absorption bands of the new 
compounds along with their assignments. 

The nitrosyl ligand showed in the infrared spectra a very strong and broad band 
in the region of 1720-1750 cm-'. The v(N0) stretching frequency strongly 
suggest7-9 the existence of a bending Ni-N-0 moiety in the complexes under in- 
vestigation. Formally the nitrosyl-complexes can be regarded as containing the NO 
ligand in the form of NO' with a considerable 7c-back bonding of the type 
Ni(d) - (NO)(,+): which has as a result the bending of the Ni-N-0 group. As the 
X-back bonding Increases the N 0 bond order decreases and consequently the 
v(N0) stretching frequency decreases as well. This is reflected from the lower 
v(N0) stretching frequencies observed in the complexes under investigation com- 
pared with those of the corresponding (triphenylphosphine)(nitrosyl)(O-alkyl- 
dithiocarb0nate)nickel complexes. This observation could be explained on the 
basis of the stronger electron releasing ability of the N-alkyldithiocarbamato 
ligands relative to that of the 0-alkyldithiocarbonato ligands, which enhances the 
7c-back bonding phenomenon. Also, by substitution of the triphenylphosphine 
ligand with the stronger Lewis-base tri-n-butylphosphine ligand one could expect 
an enhacement of the 7c-back bonding and consequently a decrease of the v(N0) 
stretching frequencies. In fact this is the case.6 It is also worthwhile to be noticed 
that the v(N0) stretching frequencies of the studied compounds is only shlightly 
affected from the nature of the alkyl group of the dithiocarbamato moiety. 



TABLE I : Elemental analysis results and some physical properties of the (triphenylphosphine)(N-alkyldithiocarbamate)(nitrosyl) 
nickel complexes. 
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The bending of the Ni-N-0 moiety is further supported by the examination of 
the region of 400-600 cm-' in the infrared spectra of the studied compounds. In this 
region the weak skeletal vibrations of the Ni-N-0 group occur together with some 
other bands due to the other ligands in the complexes. 1•‹," The 400-600 cm-' region 
of the infrared spectra of some representative nitrosyl-complexes under question is 
shown in Figure 1. 

600 400 600 400  

cm-' 

FIG. 1 

From figure 1 it is evident that the two bands at 420-440 cm-' and 570-620 cm-', 
which are attributed lo3" to v(Ni-NO) and G(Ni-NO) normal modes of vibration, 
respectively, are weak for our nitrosyl-complexes with about the same intensity. 
This pattern of the two bands is indicative for the existense of a bending Ni-N-0 



240 C.A. TSIPIS, D.P~. KESSISSOGLOU, G.E. MANOUSSAKIS 

group, since it is well known"," that in linear MNO moieties the degenerate 
bending vibration 6(M-NO) ,is more intense than the v(M-NO) vibration. On the 
other hand in the strongly bent MNO moieties the intensity of the v(M-NO) band is 
increased while that of the 6(M-NO) band is decreased and only one bending 
vibration is expected because 6(M-NO) is nondegenerate in strongly bent MNO 
moieties. 

Of interest and considerable importance is also the region of 1350-1550 cm-' of 
the i.r. spectra of the compounds under consideration. In this region the very 
intense thioureide band occurs. l2 The position of the thioureide band indicates that 
the C .lr N bond 'in the N-alkyldithiocarbamato ligand has a significant double 
bond character. This strongly suggest the bidentate character of the dithio- 
carbamato ligand. 

From the above discussion of the infrared spectra we can conclude that the 
nitrosyl-complexes studied are four-coordinated nickel complexes containing the 
[NiNO]' unit. Such complexes must be of the (NiNO]" type which are complexes 
of the zerovalent nickel (d") containing the NO' ligand and a heteroallyl type 
q3- bonded dithiocarbamato ligand. It  is obvious that the structure of these 
complexes must be tetrahedral with no unpaired electrons on the nickel atom. In 
fact, magnetic measurements by the Faraday technique showed that the complexes 
were diamagnetic which is in agreement with the d" electron configuration of the 
central atom. The square-planar structure expected for the nitrosyl-complexes of the 
(N~NO) type containing ~i 2+(d ') and NO- ligand, which correspond to dia- 
magnetic complexes as well, can be excluded on the basis of the infrared spectra, 
since no L.R. absorption bands characteristic for the coordinated NO- ligand in the . 
region of c.a. 1100 cm-' were observed. 7-9 On the other hand, as it is well knownI3 
the tetrahedral (MNO)" complexes contain a linear MNO moiety which can be 
bent if the symmetry of the complexes is lowered. The bending of the Ni-N-0 
group in our complexes indicates a low symmetry and therefore their structure 
must be a distorted tetrahedral or in other words a pseudo-tetrahedral. Recent 
X-ray structure investigation14 of the analogous complex (triphenylphosphine) 
(0-cyclopentyldithiocarbonato)(nitrosyl)nickel, which gave the v(N0) stretching 
frequency at 1780 cm-', showed that the c~omplex adopts a pseudo-tetrahedral 
geometry with a bending Ni-N-0 moiety (Ni-N-0 angle = 167'). The pseudo- 
tetrahedral structure of the new nitrosyl-complexes is further supported from their 
electronic spectra. The positions of the band maxima and of discernible shoulders, 
as well as their  log^,,^ values are given in Table 111. 

In the ultraviolet region of the electronic spectra a number of intense bands 
occur, which can be assigned to intraligand transitions (n* -- n and K* -- n). In the 
visible region of the spectra three low intensity bands occur, which on the basis of 
their intensity could be assigned to charge-transfer transitions. The high exctinction 
coefficient of the band at c.a. 17.5 kK (P 500-800) is characteristic for tetrahedral 
complexes. Crystal-field transitions (d-d) are not expected for tetrahedral complexes 
of central atoms with dI0 electron configuration, and were not observed in the 
nitrosyl complexes studied. 

The 'H NMR chemical shifts (qppm) of the complexes described herein are 
given in Table IV. 
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TABLE I11 : Electronic spectra of the (triphenylphosphine)(N-alkyldithiocarbamate)(nitro- 
sy1)nickel complexes in CH2C12 solutions. 

Ultraviolet reqion Visible reqion 
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The chemical shifts and the multiplicity of the peaks observed are in accordance 
with the formulation of the new compounds. For the complexes (triphenyl- 
phos'phine)(~-aryldithiocarbamate)(nitrosyl)nickel the peaks due to the aryl boup 
of the dithiocarbamate moiety are obscured by the peaks due to the phenyl groups 
of the triphenylphosphine ligand and therefore no information could be obtained 
for their chemical shifts. This is the reason for the exclusion of these complexes in 
Table IV. 

The most important peaks in the mass spectra of the studied nitrosyl-complexes 
are given in Table V. 

The salient feature of the mass spectra of the studied compounds is the absence 
of the peak due to the molecular ion. This fact may be due to the pyrrolytic 
decomposition, which these complexes undergo at elevated temperatures (170- 
250'~). All the compounds gave the base peak'atm/e = 262. This peak corresponds 
to the [PPh3]f ion. Another peak with high relative intensity was observed at 
m/e ~ 2 9 4  and corresponds to the [SPPh3]' ion. This fragment is probably formed 
during the pyrrolytic decomp\osition of the complexes, or through an intramolecular 
sulfur elimination from the dithiocarbamato ligand by the phosphine ligand, since 
it is well known that phosphines react easily with sulfur either bonded or free. 
Based on literature concerning the fragmentation pattern of phosphines 
and dithiocarbamate complexes we can propose the fragmentation scheme showed 
in figure 2 for our new nitrosyl-complexes of nickel. 

{Ni (NO) (SzCNHR) [ P ( C ~ H S )  311' 

I 

FIG. 2 
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Finally, it is worthwhile to be noticed that the new nitrosyl-complexes studied do 
not react with dioxygen to give the corresponding nitro-complexes. Therefore, our 
attempts to use these complexes as homogeneous catalysts in 0-transfer reactions 
were unsuccessful. Comparing the new nitrosyl - complexes with the corresponding 
(tri-n-butylphosphine)(N-alkyldithiocarbamate)(nitrosyl)nickel complexes, which were 
found to be potential homogeneous catalysts in 0-transfer reactions6, we can 
attribute their catalytic inertness to the lower bending of the Ni-N-0 moiety as it is 
reflected from the v(N0) stretching frequencies. This idea is supported from the 
fact that the mechanism of the oxygenation of nitrosyl - complexes26 includes an 
attack of the nitrogen atom of the nitrosyl ligand by the dioxygen through a 
HOMO-LUMO interaction. Thus as the bending of the Ni-N-0 moiety increases, 
also the electron density on the nitrogen atom increases and the nucleophilic attack 
of the dioxygen is enhanced. Of course some more results concerning the 
mechanism of these catalytic 0-transfer reactions are necessary to be obtained in 
order to find out the relation between the extent of the bending of the Ni-N-0 
moiety and the catalytic activity of the nitrosyl-complexes. Such studies are at 
present under investigation and the results will be published soon. 

Experimental 

Physical Measurements 

Infrared spectra were recorded in the region of 4000-250 cm-' on a Perkin-Elmer 
467 spectrophotometer using KBr discs or nujol mulls. 'H NMR spectra were 
obtained on a Varian A 60A (60 Mc/s) instrument in CDC13 solutions using TMS 
as an internal standard. Electronic spectra were obtained on a Perkin-Elmer- 
Hitachi 200 spectrophotometer with freshly prepared acetone or methylene chloride 
solutions. Mass spectra were measured on an RMU-6L Hitachi Perkin-Elmer mass 
spectrometer with ionisation source of AT-2P type operating at 70eV. Magnetic 
susceptibility measurements in solution were done by the Evans method using 
chloroform solutions 2% v/v in TMS and in solid state by the Faraday technique 
using H~[CO(SCN)~] as the calibrant. Carbon, hydrogen and nitrogen were 
determined using a Perkin-Elmer 240 Elemental Analyzer. 

Preparation of the complexes 

All manipulations were done under argon atmosphere and the reactions were 
carried out into Schlenk tubes. The solvents used were all of reagent grade and 
were used without further purification in synthetic work. For the preparation of the 
new (triphenylphosphine)(N-alkyldithiocarbamate)(nitrosy1)nicke1 complexes the 
following general method was employed : 

To a solution of 0.6938 (1.0 mmol) of the complex bromobis(tripheny1- 
phosphine)(nitrosyl)nickel prepared by published method27 in 20 m1 of acetone, a 
solution containing 1.0 mm01 of the appropriate sodium or ammonium salt of the 
dithiocarbamato ligand in 20 m1 of acetone was added slowly under continuous 
magnetic stirring. The reaction mixture was kept for 1 hr at room temperature and 
then the solvent was removed by evaporation under reduced pressure. The resulting 
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solid material was treated with diethyl ether (c.a. 30-40 ml) and the undissolved 
sodium or ammonium bromide was removed by filtration. The deep blue filtrate 
was condensed up to a small volume (c.a. 5 ml) and was diluted by addition of 5.0 
m1 of methanol. After cooling the new solution at - 2 0 ' ~  the desired complex was 
separated as a deep blue _crystalline material. After removing the solvent by 
filtration the solid compounds were washed several times with small portions of 
methanol and were dried under vacuum. Purification of the complexes was carried 
out by repeated recrystallizations from a mixture of diethylether and methanol. 

&qv spyaoia auzG napouotcicovzat za anozshkc3paza nou acpopo6v zq 
o6vOeoq  at q p~hkzq tqq 6op?jq ptaq vkaq ostp65 q~~ptcpatvuhocpwocp~vo)(N- 
a h ~ u h o 6 t ~ & t o ~ a p ~ a p ~ 6 t ~ w v ~ v t t p o ~ u h o ) o u p n h 6 ~ ~ ~  TOU vt~shiolj TOU ~ E V L K O ~  z6- 
nou Ni(NO)(S2CNHR)(PPh3), 6nou R =Me, Et, i-Pr, n-Bu, S-Bu, t-Bu, i-Bu, Ph, 
n-ClC ,jH 4 KaL K-CH 30C 6H 4. 

H 60prj 'CwV V ~ U V  o ~ p i ' d 6 ~ w v  ~ ~ E u K P ~ v ~ ~ E T C X ~  p& PChq 'CC1 c p a o p a z o o ~ o n ~ ~ 6  
tous 6~60pkvu (IR, 'H NMR, UV-V~S KaL MS), Kaehq &doqq ,KaL p& p & z p ? j o ~ t ~  
twv payyqzt~hv zouq tFtoz?jzwv. 'Oha m obpnho~a nou p~hszo6vzat~PpkBq~~, 6zt 
n~ptkxouv zq 60pt~?j  pov66a (NiNO)'  at JO N-ah~u3Lo6~0sto~ap~ap~6~~6 ligand 
w~ Ft6paozt~6 ligand. Tkzota o6pnho~a  sivat zou ~ E V ~ K O ~  z6nou (NiNO)1•‹ K ~ L  

~ i v a t  o6pnho~a  zou p q 6 ~ v o o ~ s v o 6 ~ : ~ t ~ ~ h ~ o u  (dl'), xou n~ptkxouv 70 t6v TOU 

vttpocwviou, NOf, oq ligand  at TO ligand p& zq 
popcp?j &v65 q3-6~crp~upkvou ~ z ~ p o a h h u h t ~ 0 6  zdnou ligand. H 6tapayvqzt~?j 
cpbq zov pshsro6p~vov o u p d d ~ o v  ouvqyopsi yta ptcl z&zpas6pt~?j 6tap6pcpooq 
y6pw an6 TO K E V T P ~ K ~  chop0 TOU ~ i ' .  Eivat, bpwq, yvoozb 6zt za z s z p a ~ 6 p t ~ 6  
o6pnho~a  eou ysvu~o6 t h o u  (MNO)" nsptkxouv ypappt~fi  M-N-0 op66a, q a 

onoia pnopsi va nrxpouatbost ~ & p ~ q  6zav q ouppstpia tou oupnh6~ou shaz- 
zwesi. Ta  ~ E ~ E Z O ~ ~ E V ~  06pnh0~~1 PpkOq~s ~ T L  K E P L ~ X O U V  K E K ~ ~ ~ V I )  opci6a Ni-N-0 
 at snopkvw~ q C T ~ E P E O X ~ ~ ~ K ~ ~  tou 60pq 8a npknet va ~ivclt napapopcpwpkvq 
zszpasSpt~lj ?j ~ E ~ ~ o - T E T ~ ~ E ~ ~ L K ? ~ .  ~pciypazt,  a ~ z 6  S t a n t o z h e q ~ ~   at an6 p&?&- 
tsq p& ~ K Z ~ V E < - X  avcihoyou oupnh6~ov nou nsptk~st,  avzi tou N-ah~uho6testo- 
6appapt6~~06 ligand 70 O - ~ ~ K ~ ~ O ~ L ~ E L O K ~ ~ ~ O V E K ~  ligand. H stioou nteavlj 
E ~ ~ ~ C E ~ ? ~ T & T ~ ~ U ~ C O V L K ? ~  60p?j yta ogpnho~a  tou ~ i * ' ( d ~ )  p& 26 ligand NO NO- 
ano~hsiszat  ps p&oq t a  cpkopaza I.R., acpo6 6sv napazqp~izat q xapa~zqp toz t~? j  
zatvia anopp6cpqo1lq v(NOe) oza 1100 cm-' nspinou. Enioqq, Givezat ntOav6 
np6zuno. 6taonhosoq zov oupnh6~wv oza cpciopaza puchv. 

Tkho~ ,  .ra p shs~o6p~va  odpnho~a  os  avziesoq pc za avzioltot~a o6pnho~a  
zqq zpt-n-~~uzuhocpwocpivq~, ~ E V  o~~tShvovzat  npoq za a v z i m o t ~ a  vtzpo-o6pnho- 
KU, PE anozkh~opa va pq pnopo6v va ~pqotponotqOo6v w~ Katah6zs~ os avzt- 
6pciostq pszacpopciq okuybvou. 
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Summary 

A number of aromatic complexes with rare earths (Lanthanides) and other elements of 
the IIIa Group of the periodical system have been synthesized. Many of these complexes 
exhibit a strong monochromatic fluorescence when excited with ultra-violet light. The 
formation of complexes is indicated through their physico-chemical properties. Three 
mechanisms which could be responsible for the enhancement of the fluorescence have been 
investigated. The complexes reported possess very important physical, chemical and bio- 
logical properties which could be applied in several fields of science. 

Key words : Monochromatic fluorescence, aromatic complexes, rare earths, Actinides, Scandium, 
Yttrium, Intramolecular Energy Transport. 

Introduction 

Some elements, especially these of the IIIa group of the periodical system such as 
Scandium, Yttrium, Lanthanides (rare earths) and Actinides, form complexes 
which in their electronic excited state, exhibit strong fluorescence of varying 
monochromatic properties l'*. Also some organic compounds possess fluorescent 
properties which can be enhanced in presence of the above mentioned elements. 
The menchanism of the fluorescent enhancement is probably due to the following 
possibilities. 4 

I. The fluorescence of the reagent is enhanced in the presence of the elements. 
11. The fluorescence of the elements is enhanced by the presence of the reagent. 
111. Through the so dntramolecular Energy Transport,, the excitation 

energy is absorbed from part of the complex; The energy is then in- 
tramolecularly 

chelates was reported two 
decades ago. 



It must be pointed out that some aromatic heterocyclic reagents investigated 
have a very important practical application in solar energy conversion for the 
photochemical cleavage of water in Hydrogen and Oxygen.14 For example 2,2- 
bipyridine forms transition metal complexes with Ruthenium which can serve as 
both electron acceptors and electron donors. ''-l9 In the present paper some 
fluorescent reactions of aromatic complexes with Lanthanides and other elements 
of the IIIa group are reported. 

Materials and Methods 

Except Promethium which exists in radioactive form, all other rare earths 
(Lanthanides) as well as Scandium, Yttrium, Thorium and Uranium in form of 
their oxides, chlorides or nitrates, were purchased from Auer-Remy Hamburg, 
Fluka Buchs, and other International Chemical Companies. Their purity was 
99.9 %. 

The chlorides and nitrates of the investigated elements were dissolved according 
to their solubility in water, ethyl alcohol or pyridine. For the quantitative de- 
termination of the sensitivity of the reaction of the elements with the chosen 
reagent, increased amounts from 0.5 to 30 micrograms/element were plotted on a 
Schleicher and Schiill No 2043a paper at 2-3 cm intervals, by means of a micro- 
apparatus (Desaga Mikrometer-Dosiergerat). The paper stripes were dried at 
1 0 0 ' ~  for 5-10 minutes. The dry papers were then sprayed with an aqueous or 
alcoholic solution of 0.1 - 0.5 % of the selected reagent, dried again at 1 0 0 ' ~  and 
observed under the Ultra-Violet light with two UV-lamps of a wave length of 254 
nm and 366 nm (UFANALYS). The fluorescence intensity of the reaction was 
registered in relation to the amount present as a weak fluorescence sensitivity (+), 
medium (++) or strong fluorescence (++-F). The fluorescence spectra of the com- 
plexes were recorded either from the chromatographic stripes or from solutions, by 
means of a ZEISS PMQ I1 Spectral fluorimeter using varying excitations wave- 
length. 

For the above mentioned investig~tions only microgram amounts were ne- 
cessary. For further studies on the nature and properties of the complexes, greate5 
amounts of substances were required. The synthesis of many lanthanide complexes 
is a relatively easy procedure. For example, 100 mg of EuC13 or TbC13 are 
dissolved in 10 ml pyridine or ethyl alcohol. The corresponding reagent is also 
dissolved in pyridine or ethyl alcohol and mixed together with the lanthanide 
solution at a ratio of Lanthanidemeagent l : l ,  1 : 2, 1 : 3, and 1 : 4. A precipitate is 
formed either immediately or after refluxing the reaction products for a few 
minutes up to some hours, depending upon the nature of the complexes formed. 
After filtration, the solid phase Oprecipitate) is washed several times with different 
solvents in order to remove impurities and dried in an excicator. 

The infrared spectra of the complexes were recorded with a Beckman IR-4 
spectrographic apparatus. 

The melting points of the complexes were determined with a Mettler FP-I 
apparatus (sensitivity zk 0.1 'C). 
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Results and Discussion 

The formation of complexes between the rare earths (and other elements) and 
some organic compounds, is indicated through the changes of the following 
physico-chemical properties of the reacting componentsz0. 

1. Changes of solubility after the reaction of the Lanthanide solution and the 
reagent solution and the formation of precipitates. 

2. The characteristic intensive fluorescence produced after the excitation of the 
complex with ultra-violet light. 

3. The comparison of the infrared spectra of the reacting components and the 
Lanthanide complex formed (Figure 1). 

F I G .  1 : Infrared spectra of: ( l )  Phenyl-acetylene-monocarboxylic .acid (above), and (2) 
Phenyl-acetylene-monocarboxylic acid Europium complex (below). Notice the different ab- 
sorption bands, especially between 12-14 p resulting from the formation of a complex. (3) 
EuC13. 

4. Changes of the melting point of the new complex derivative formed in 
comparison to the reacting components. 

Concerning the possible mechanism of the fluorescence enhancement either of 
the reagents or of the elements, it was found experimentaly that : 

I. The weak fluorescence of some organic compounds such as Reserpine or 
Testosteron can be intensified in presence of Thorium or Terbium ions respectively 
(Figures 2 and 3). The fluorescence intensity is proportional to the concentration of 
the ions present in the investigating solution (Figure 4). 

11. The weak fluorescence of some elements of the IIIa group can be intensified 
in presence of suitable reagents (Figure 5). 



FIG. 2 : Absorption and fluorescence spectra OJ? (I)  Reserpine 0.5 mg/ml; (2) Reserpine 0.5 
mg/ml+ ThC14 0.5 mg/ml, and (3) ThC14 0.5 mg/ml in ethyl alcohol. Excitation 393 nm. 
Fluorescence maximum 500 nm. 

FIG. 3 : Fluorescence spectra of (I) Testosteron I mg/ml, (2)'Testosteron l mg/ml+ TbC13 
0.5 mg/ml and (3) TbC13 0.5 mg/ml in ethyl alcohol. 
Excitation energy 278 nm. Fluorescence maxima 542 and 490 nm. Notice the increased intensity 
of the fluorescence of the Tb-Testosteron-complex. 



ORGANIC RARE EARTH DERIVATIVES 

ThC14 - Concentration in Vg 

FIG. 4 : Fluorescence intensity of constant amount of 0.5 mg/ml Reserpine (ordinates) in 
relation to increased concentration of Thovium ions (Abscissas). Notice the enhancement of the 
Reserpine fluorescence from 4 RFI-units (Relative Fluorescence Intensity) without Thorium ions, 
to 120 RFI-units in presence of 0.4 mg ThC14/ml. (Excitation wavelength 392 nm. Fluorescence 
maximum 500 nm). 

1. Phenylpropiolic acid 

2 ,  Eu-Phenylpropiolic acid - Complex 
3. EuC13 

l FIG. 5 : Fluorescence spectra ox (I) Phenylpvopiolic acid (Phenylacetylene-monocarboxylic 
acid), (2) Eu-phenylpropiolic acid complex, and (3) EuClj registered from paper chromato- 
graphic stripes (I X 4 cm) with a Zeiss spectral fluorimeter RMQ II, ZFM 4. (Europium con- 
centration ca 40 micrograms/cm2. Excitation energy 312.5 nm (32 X 103 cm-'). 



111. For studying the ~dntramolecular Energy Transport,, a number of aromatic 
complexes of rare -earths have been synthesized which are classified in eleven 
groups .(Tables I-XI). 

I. Group : Acetylene derivatives : (Table I) 

TABLE I : Acetylene derivatives 

Chemical formula Substance Element / Fluorescence / Intensity 

H C Z  C- COOH 
Acetylene-monocarboxylic 

0 c= C-COOH 

acid Y green ++S 
Lu, green +++ 
Gd green S+ 

Eu red +++ 
Tb green +++ 

Phenyl-acetylene-mono 
carboxylic acid (Phenylpropiolic acid) 

Acetylene derivatives form complexes with Yttrium and several Lanthanides. 
For example, acetylene monocarboxylic acid forms with Yttrium and Lutetium 
complexes which exhibit a strong green fluorescence in UV-light. The complexes 
with Gadolinium posse'ss a less intensive green fluorescence. Europium and 
Terbium complexes exhibit a weak red and yellow fluorescence respectively. The 
red and the yellow-green fluorescence of Europium and Terbium can be enhanced 
when the Hydrogen of the acetylene group is substituted with a phenyl group, i.e. 
phenylpropiolic acid. 

11. Group : Five member heterocyclic rings (Table 11) 

TABLE I1 : Five membered heterocyclic rings 

Eu red +++ 
Tb green S++ 

HOOC Gd blue ++ 
Pyrazol-3,5-dicarboxylic 
acid 

red 
green 

Thiophen-2-carboxylic 
acid 

Pyrazol-3,5-dicarboxylic acid forms complexes with Europium, Terbium and 
Gadolinium which exhibit a strong red green and blue fluorescence respectively. 
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Thiophen-2-carboxylic acid forms complexes with Europium and Terbium with 
a red and green fluorescence in UV-light. 

111. Group : Benzoic acid derivatives (Table 111) 

TABLE I11 : Benzoic acid derivatives 

Chemical formula Substance Element / Fluorescence / Intensity 

COOH 

6 Benzoic acid 

' COOH COOH COOH 

ortho-, meta-, and para- 
phthalic acid (Phthalic, 
Isophthalic and Terephtha- 
lic acids) 

COOH COOH COOH 

HOOC COOH 

COOH 

1,2,3-, 1,2,4- and 1,3,5-Benzene- 
tricarboxylic acids (Hemimellitic, 
Trimellitic and Trimesic acids 

g,","," 
HOOC 

1,2,3,5-Benzene-tetracarboxylic acid 
(Prenitic acid) 

COOH 

HOOC W 

green 

green 

green 

green 

red 
green 

1,2,4,5-Benzene-tetracarboxylic acid 
(Pyrromellitic acid) 



TABLE 111 : Benzoic acid derivatives (continue) 

Chemical formula Substance Element / Fluorescence / Intensity 

COOH COOH 

COOH 
Tb 

COOH 
green 

COOH COW 

1,2,3,4,5-Benzene- 1,2,3,4,5,6Benzene- 
penta-carboxylic hexa-carboxylic 
acid acid 

All benzoic acid derivatives from mono- up to hexacarboxylic acids form 
complexes mainly with Terbium which exhibit a strong green fluorescence. The 
position of the carboxylic groups in the benzene molecule may influence the 
intensity of the green fluorescence of Terbium in W-light. The strongest green 
fluorescence under the experimental conditions mentioned, was observed with the 
1,2,4,5-tetracarboxylic acid derivative, the Pyrromellitic acid-Terbium complex. 

IV. Group : Biphenyl derivatives (Table TV). 

TABLE IV : Biphenyl derivatives 

Chemical formula Substance Element / Fluorescence / Intensity 

red 
green 

red 
Tb green +++ 

Biphenyl-4-carboxylic acid 

Biphenic acid Eu red f 
HOOC COOH Tb green f+f 

Biphenyl forms complexes with Europium and Terbium, possessing a weak red 
and green fluorescence in UV-light respectively. The fluorescence of'both com- 
plexes is enhanced when a Hydrogen of the aromatic ring is substituted with a 
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carboxylic group, i.e. in case of Biphenyl-4-carboxylic acid. A further enhancement 
of the green fluorescence intensity of the Terbium complex may occur, when a 
second Hydrogen atom from the second aromatic ring is substituted with a carbo- 
xylic group, i.e. in case of Biphenic acid. In that case, a reduction of the red fluo- 
rescent intensity of the Eu-biphenic acid complex takes place. This example in- 
dicates the importance of the substitution for the enhancement or reduction of the 
fluorescent intensity of the complexes. 

V. Group : Pyridine derivatives (Table V). 

TABLE V : Pyridine derivatives 

Chemical formula Substance Element / Fluorescence / Intensity 

COOH @ 

Pyridine-2-carboxylic 
acid (2-Picolinic acid) 

Pyridine-3-carboxylic 
acid (Nicotinic acid) 

Pyridine-4-carboxylic 
acid (Isonicotinic acid) 

2-Pyridine-2-sulfonic 
acid 

red 
green 
green 

red 
green 
green 

red 
green 

green 

red 
green 
green 

green 

2-Hydroxypyridine Tb green +++ 

Pyridine-2,3-dicarboxylic Eu red ++ 
acid (quinolinic acid) Tb green +++ 



TABLE V : Pyridine derivatives (continue) 

Chemical formula Substance Element / Fluorescence / Intensity 

Pyridine-2,5-dicarboxylic Eu 
HOOCQ acid 

red 

COOH 
Tb green 

Pyridine-2,6-dicarboxylic Eu red +S+ 
HOOC COOH acid (Dipicolinic acid) Tb green +++ 

Pyridine itself exhibits no fluorescence with the rare earths. It is mainly used as 
a solvent for many reactions of lanthanides and reagents. 

Its substituted derivatives are very important compounds because they form 
complexes with a number of elements. For example, Pyridine-2-carboxylic acid 
(2-picolinic acid) form complexes with Europium, Terbium and Uranium with an 
intensive red, green and green fluorescence respectively when stimulated with UV- 
light. The strong green fluorescence of Uranium is reduced when the distance of the 
carboxylic group from the Nitrogen of the heterocyclic ring is increased, as in the - 
case of pyridine-3-carboxylic acid (Nicotinic acid) and pyridine-4-carboxylic acid 
(Isonicotinic acid). 

The groups in the a-substituted position also influence the intensity of the 
fluorescence. For example, the different acidic groups may selectively reduce the 
red fluorescent intensity of Europium in the following order : 

The intensity of the green fluorescent complex of Terbium with the above 
groups remains almost unchanged. 

A strong green fluorescence exhibits the Tb-pyridine-2-aldehyde complex. 
Pyridine-dicarboxylic acids: Pyridine-2,3-dicarboxylic acid (quinolinic acid), Pyri- 
dine-2,5-dicarboxylic acid and Pyridine-2,6-dicarboxylic acid (dipicolinic acid) form 
also complexes with Europium and Terbium producing a strong red and green 
fluorescence respectively under the W-light. Furthermore, Eu-dipicolinate was 
used in the TREES (Time-Resolved Eu Excitation Spectroscopy) technic for 
elucidating details of Eu (111) binding to macromolecules, for example zinc 
endoprotease thermolysin. 21 

VI. Group : Pyrimidine and Pyrazine derivatives (Table VI). 
Orotic acid forms fluorescent complexes with Europium, as well as green and 

blue fluorescent complexes with Terbium and Gadolinium respectively. 2322,23 The 
green fluorescence of Terbium is enhanced when instead of orotic acid, the iso- 
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TABLE V1 : Pyrimidine and pyrazine derivatives 

Eu red ++ 
Tb green +++ 
Gd blue + 

Iso-orotic acid Eu red 
Tb green 

Tb green f++ 

''OH Pyrazine-2,3-dicarbo- Eu red +++ QXCo0,, xylic acid Tb green +++ 

orotic acid is used as complexing agent. In this case, the red fluorescence of 
Eu-iso-orotic acid complex is reduced in comparison to Eu-orotic acid complex. 
Alloxan forms complexes with Terbium exhibiting a strong green fluorescence in 
UV-light . 

Pyrazine-2,3-dicarboxylic acid forms complexes with Europium and Terbium 
with a strong red and green fluorescence in UV-light. 

VII. Group : Di- and tripyridyl derivatives (Table VII). 
a,a-Dipyridyl forms complexes with several rare earths such as Europium, 

Terbium and Gadolinium exhibiting red, green and green fluorescence in the UV- 
range. 234,25 

The isomer y,y '-dipyridyl forms also complexes with Europium and Terbium 
but the fluorescence intensity is weaker in comparison to Eu-a$-dipyridyl complex. 

Very interesting monochromatic fluorescent derivatives forms a,&a ' '-tripyridyl 
with Europium and Gadolinium (red), Terbium (green) as well as Scandium 
Yttrium and Lanthan (blue) when excited with UV-light. Terpyridyl complexes. 
with Europium and Terbium have been reported since 1 9 6 5 . ~ ~  

VIII. Group : Quinoline derivatives (Table VIII). 
Unsubstituted quinoline forms complexes with Scandium, Yttrium, Lanthanum, 

Cerium and Thorium. Substituted derivatives such as 8-hydroxy-quinoline forms 
also complexes with Scandium, Yttrium, and Lutetium as well, possessing a strong 
fluorescence. 



TABLE V11 : Di- and tripyridyl derivatives 

Chemical formula Substance Element /Fluorescence / Intensity 

a,a '-Dipyridyl Eu red +++ ' 

Tb green ++S 
Gd green + 

Eu red 
Tb green 

Eu red +++ 
Tb green +++ 
Y blue U+ 
La blue +++ 
Sc blue ++ 
Gd red ++ 

TABLE V111 : Quinoline 'derivatives 

Chemical formula Substance Element / Fluorescence / Intensit) 

OQ Quinoline 

Quinoline-2-carbo- Eu 
xylic acid (quinaldinic La mcooH acid 

blue 
green-yellow 
green-yellow 
green-yellow 
green-yellow 

green 
green 
green 

red 
blue 

Phenyl-quinoline- Eu red +++ 
4-carboxylic acid Sc yellow + 
( Atophan) 
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TABLE V111 : Quinoline derivatives (continue) 

Chemical formula Substance Element / Fluorescence / Intensity 

4-hydroxy-quinoline- 
2-carboxylic acid 
(Kynurenic acid) 

7-Jodo-8-hydroxy- 
quinoline-5-sulfonic 

J 
(Chiniofon) 

1,4,5-Triaza-naphtha- 
e n e  

N 

Eu red +S+ 
T b  green +++ 
G d  green +++ 
Sc blue ++ 
Y blue ++ 

Y blue +++ 
Lu blue +++ 
G d  orange ++ 

Eu red + 
Tb green +++ 

Quinoline-2-carboxylic acid (quinaldinic acid) forms fluorescent derivatives 
. with Europium (red) and Lanthanum (blue). The pharmacologically active drug 

Atophan (phenyl-quinoline-4-carboxylic acid) forms complexes with Europium, 
exhibiting a strong red fluorescence while Scandium gives a weak yellow fluo- 
rescence. 2,27 

Some metabolic products such as kynurenic acid (4-hydroxy-quinoline-2- 
carboxylic acid) forms complexes with a characteristic monochromatic strong 
fluorescence in the UV-range with Europium (red) Terbium and Gadolinium 
(green) Scandium and Yttrium (blue). Another substituted quinoline derivative, 
the Chiniofon (7-Jodo-8-hydroxyquinoline-5-sulfonic acid) forms complexes with 
Yttrium and Lutetium exhibiting a strong blue fluorescence while Gadolinium gives 
an orange fluorescence. 

1,4,5-Triazanaphthalene reacts with Terbium and the complex exhibits a strong 
green fluorescence in UV-range, and a weak red fluorescence with Europium. 

IX. Group : Phenanthroline derivatives (Table IX). 
l ,  10-Phenanthroline forms fluorescent complexes with Europium, Terbium and 

Uranium exhibiting a strong red, green and green fluorescence respectively, in UV- 
2 , 4 2 3  

Some physico-chemical properties such as LASER action, fluorescence analysis, 
etc, of Europium, Terbium and Gadolinium-l, 10-phenanthroline complexes have 
been reported. 25,28,29 
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TABLE IX : Phenanthroline derivatives 

Chemical formula Substance Element Fluorescence / Intensity 

Eu red +++ 
Tb green +++ 
U green +++ 

Eu red +++ 
Tb green +, 
U .  green +++ 

4,7-diphenyl- l , l  0- 
phenanthroline 
(Bathophenanthroline) 

Eu red + I - +  
Tb 
U green f 
Th blue +++ 
La blue ++ 

Similar results were obtained with the 4,7-dimethyl substitution of the 1,lO- 
phenanthroline. More interesting is the 4,7-diphenyl substitution of 1,lO-phenan- 
throline (Bathophenanthroline) because the red fluorescence of Europium is 
enhanced and the green fluorescence of Terbium and Uranium is diminished. 
Bathophenanthroline forms also complexes with Thorium and Lanthanum pos- 
sessing a blue fluorescence in the UV-range. 

X. Group : Cytostatic derivatives of Aza-uracil (Table Xa). 
Europium and Terbium-5-aza-uracil complexes exhibit a red and green 

fluorescence in UV-region. The intensity of the green fluorescence of the Terbium 
complex can be enhanced if the 6-aza-uracil isomer is used. 

Xb : Cytostatic purine derivatives (Table Xb). 
Allopurinol forms complexes with Terbium and Uranium possessing a weak 

green fluorescence in UV-region. A stronger green and blue fluorescence exhibit the 
8-azaxanthine complexes of Terbium and Gadolinium respectively. 
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TABLE Xa : Cytostatic Aza-uracil derivatives 

Chemical formula Substance Element / Fluorescence / 1ntensity 

5-Aza-uracil Eu red + 
Tb green ++ 

TABLE Xb : Cytostatic purine derivatives 

Chemical formula Substance Element / Fluorescence / Intensity 

Allopurinol green + 
green + 

green +++ 
blue +++ 

Tb . green +++ 

green +++ 



TABLE Xb : Cytostatic purine derivatives (continue) 

Chemical formula Substance Element / Fluorescence / Intensity 

The compounds 6-mercaptopurine, 6-chloropurine, and 6-aminopurine-2-thiol 
form complexes with Terbium exhibiting a strong green fluorescence in UV-region. 30 

Lanthanide-cytostatic complexes possessing both tumor growth inhibitory effect 
and. malignant cells photosensitive properties may be useful for the selective 
distiuction of cancer cells. 3' 

XI. Group : Organic phosphonimido derivatives (Table XI) 

TABLE XI : Organic phosphonimido derivatives 

Chemical formula Substance Element / Fluorescence / Intensity 

P - N  
red 

green 
green 

Diphenyl-phosphonimido-triphenyl-phosphor forms complexes with Europium, 
Terbium and Uranium. These complexes exhibit a strong red, green and green 
fluorescence respectively, when excited with ultra-violet light. 

Many of the above mentioned reactions have also a practical application in 
several fields of science and have been used in the analytical chemistry for the 
detection of Lanthanides and other e l e r n e n t ~ , ~ ~ , ~ ~ , ~ ~  for fluorimetric analysis35 for 
the enhancement of sensitivity in microanalysis3 etc. I 

Also in Physics, i.e. monochromatic fluorescence, intramolecular energy 
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transport, LASER, etc. In biology and Medicine, for example the combination of 
both cytostatic and photosensitive properties in one compound with the target of 
selective killing of malignant cells, etc. Furthermore, many of the aromatic 
compounds mentioned form also complexes with Ruthenium and other elements 
which could be useful derivatives for the important research projects of the solar 
energy conversion for the photochemical cleavage of water, in order to increase 
their efficacy and yield of Oxygen and Hydrogen. 
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