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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, Greece

(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 25°C 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 crystallographic

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 dlfferences 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 $alts 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 CsCl, in spite of the greater size of the cation, is more associated than KCl
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 5X10® 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
Kraus.?

The determination of the cell constant was carried out by mieasuring the
resistances of Potassium Chloride in aqueous solutions using the equation of Lind,
' Zwolenick, Fuoss.> The cell constant was found equal to 0.8685 cm™.

For each series of measurements the following procedure has been used.

About 300 ml 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 measured.*’

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

The densities were measured at 25 % 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 1-2X 10
mho cm,

The value of the viscosity for the isopropanol was w=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 méans
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 Bahe.®

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 1 : Physical Properties of Isopropanol-Water Mixtures at 25°C,

i-prOH n- 102p0ise D
w/w %
10 1.390 72.35
20 2.038 65.80
40 ' 2.891 49.96
60 3.005 35.43
80 2.543 24.21

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

During the estimations of A, solvent corrections are made. The column AA 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’® '

A =A,-Sc"?yV2 +E’cyIn(6Ecy) + Lcy - Kocf2A SR}
A=A,-Sc?+E’cIn(6E’c)+Lc. )

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 =0aA, + B is the Fuoss-
Onsager constant, L is a constant which is an explicit function of the «ion size»
parameter 3, f is the activity coefficient 7y is the fraction of the salts present as free
ions and K, 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,, K4, a which minimize”? the sum Z(AA) 2
where :



TABLE

II : Equivalent Conductance of Sodium Bromide in Isopropanol-Water Mixtures at 25°C.

-1

-1

1

-1

-1

1

-1

= Z e 2 T s o 5 T .
2; L1 2; LI .5 i 2: i ;P
3% <r~-g AA ‘:§ <mE AA -:;% <~§ AA :§ <1~E AA :% <1~E AA
s : :o: . f s S
10% i-prOH (w/w) 20% i-prOH (w/w) 40% i-prOH (w/w) 60% i-prOH (w/w) 80% i-prOH (w/w)
8.2228 86.07 -0.07 9.1398 61.88 -0.09 35144 40.89 0.09 5.7815 30.47 -0.03 45022 2434  -0.08
12.138 85.67 -0.03 17.984 6142 -0.14 6.9155 40.71 -0.02 11.376  29.92  -0.02 8.8592 2343  -0.01
15931 85.32 0.01 26.549 61.04 -0.12 10.208 40.53 -0.06 16.793  29.51 -0.01 13.077 22.76 0.02
19.608 85.06 0.02 34.854 60.76  -0.12 13.398 40.36  -0.06 22.042 29.20 -0.02 17.164 22.24 0.03
23.176  84.82 0.05 42.887 60.51 -0.10 16.490 40.20 -0.05 27.128 28.92 . -0.01 21.125 21.81 0.03
29.989 84.39 0.11 50.684 60.30 -0.08 19.489 40.06 -0.03 32.061 28.67 0.00 24966 21.44 0.03
36.415 84.17 0.03 58.249 60.12  -0.07 22.398 3994 -0.02 36.846 28.46 0.00 28.693 21.12 0.03
42484 83.94 0.01 65.591 59.95 -0.04 25.221 39.85 -0.03 41.490 28.28 0.00 32310 20.83 0.02
48.225 83.77 -0.03 72.721 59.79 -0.01 27.962 39.76  -0.02 46.000 28.11 0.01 35822 20.59 0.02
53.664 83.59 .-0.05 79.647  59.65 0.01 30.626  39.65 0.00 54.639 27.81 0.03 39.233 20.36 0.00
58.824 8342  -0.05 86.378  59.53 0.03 33.214 39.57 0.01 58.778  27.67 0.03 42.549 20.16 0.01
92.921 5940 0.07 35.730 39.49 0.03 62.804 27.55 0.02 45.772 19.97 0.02
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TABLE III : Equivalent Conductance of Potassium

Bromide

in Isopropanol-Water 7Mi);c\tu‘r¢s at ZSOC.

i

-1

1

-1

-1

. 5 . 2 - E v Z ' 2
25 < NE M 2 % <% AA 2 % <% AA 2 % <gn o oA 2 % <% AA
& 2 & £ & 2 & fg’ & £
10% i-prOH (w/w) 20% i-prOH (w/w) 409 i-prOH (w/w) o 0% i-pr('),i-l,’(‘\;v/w)A  80% i-prOH (w/w)
44148 10343 001  4.6614 7384 008 95514 4736 -0.06  6.0306 33.50° -0.07 32660 26:10  -0.03
8.6872 1028  0.01  9.1724 7352° -003 18794 46.76 -0.01  11.866 32.84 -0.04 64266 2520  0.00
12.824 10246 0.02  13.540 73.19 -0.02 27.744 4637 -0.02  17.517 3237 -0.04 94869 24.53 0.0l
16831 102.12 003 17771 7294 -003 36415 4604 -001 22991 3197 -0:02 12451 24.00 001
20.815 101.87 0.00 21.872 7275 -0.06 44.818 4579 -0.02  28.297 31.65 -0.02 -15325 2355  0.02
24.482 10161 0.02 25849 7252 002 52967 4554 000 33442 3137 002 18101 2316  0.02
28.136 10142 000 33452 7221 003  60.872 4534 001 38433 3103  -0.02 23438 2254  0.00
31682 101.21 0.01  40.620 7191  0.00 - 68.545 4515 003 43278 3091  -0.02 28460 22.02  0.00
35126 101.03 002  47.390 7171 -001 75996 4497  0.06  47.982 3071 -0.01 33204 21.60  0.00
41723 10074 0.00 53795 7154 -0.03  83.23¢ 44.82  0.08  52.552 30.53 -0.01 37.691 2124  0.00
44.884 10058 0.02  59.862 7135 000 90269 44.67  0.11  56.993 3037 -0.01 41.942 2093  0.00
47958 10045 0.03 65618 7120 000 97.106 44.94 -026 61311 3027 006 45975 2067 -0.01
50.949 100.33  0.03 65510 30.08  0.00
53.861 10023  0.02 69.596 29.95  0.00
56.695 100.12  0.03 73.573  29.83  0.00
77.445 2972 0.00

SHANIXIAN INHATOS NI SHAINOCYE I'TVITV J40 JONVIDNAANOD HHL
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TABLE 1V : Equivalent Conductance of Rubidium Bromide in Isopropanol-Water Mixtures at 25°C.

-1

-1

-1

-1

0 5 o 2 D B D 3 - >
% % < % AN ‘E % < NE AA % % < % AA % § < NE AA Su’é < NE AA
5 2 - 5 £ 8 £ B £
10% i-prOH (w/w) 2% i-prOH (w/w) 40% i-prOH (w/w) 60% i-prOH (w/w) 80% i-prOH (w/w)
4.1097 105.79 -0.03 6.5006 75.53  -0.04 4.3764 48.83  -0.03 4.1038 34.45 000 49602 25.67 -0.05
8.0869 10541 0.05  12.791 7492  -0.05 86116 48.41  -0.03 8.0752 33.84  0.02 9.7605 24.47 -0.04
11937 105.14 0.00  18.882 74.61 0.00 12712 48.07 001  11.920 3338  0.03 14408 23.58 -0.02
15.668 104.81 -0.03 24783 74.33 -0.03  16.685 47.81 0.02 15645 33.01 0.04 18910 - 2290 ~ -0.03
19.284 10452 -0.01  30.503 7406 -0.0L  20.535 47.59  0.03 19256 3272  0.03 23275 2234 -0.03
22,790 104.30 -0.01  36.049 73.84 -0.01 24.269 4742 002 22757 3248  0.00 27.506 21.87 -0.03
29.493 10396 0.01 41429 7362 001 31407 47.13  0.00 29450 32.06 0.00 35597 .21.12 -0.05
35813 103.64 001  46.651 7345 001 38137 4689 -0.02 35761 3171 0.00 43225 20.53 -0.05
41.782 103.37 0.01  51.722 7329  0.02 44.493 46.67 -0.01 41722 3144  -0.02 50429 20.05 -0.04
47428 103.11 0.00 56648 7316 001  50.506 46.49  0.03 47360 31.18  0.00 57.244 19.65  -0.02
52.777 10288 0.03 61438 73.01 003 56202 4630  0.00 52.701 3098 -0.01 63.700 - 1929  0.02
57.852 0.03 72.89 003 61.606 46.15  0.00 69.825 18.99  0.06

102.70

66.090
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TABLE V : Equivalent Conductance of Caesium Bromide

in Isopropanol-Water Mixtures at 25°C.

-1

-1

T z T 2 - Z o 2 T 2

= E & g & 5, = E) h=1 5

3 5 1 S s 2 Sz 2 = 2 Sz 2
Eug <~E AA %g <~E AA ;g <§ AA d% <§ AA :'Er <§ AA

: 5 : S : g g g : S

) £ g £ ) 2 g £ ) £

109% i-prOH (w/w) 209 i-prOH (w/w) 406 i-prOH (w/w) 60%; i-prOH (w/w) 80% i-prOH (w/w)

6.6994 105.74  0.06 6.5593 75.83  -0.04 6.3875 48.64 -0.04 7.9898 33.84  -0.02 4,6435 25.65. 0.00
12,985 105.01° 0.12 12.907 75.23 0.00 12.569 48.10  -0.02 15.722  33.01 0.00  9.1373 24.39 0.02
19.169 104.65 -0.00 19.053 7486 -0.02 18.554 47.69 -0.00 23.208 32.41 0.01 13488 23.49 0.00
25.160 104.30 -0.03 25.007 74.58 -0.08 24.352 47.38 0.00 30.461 31.92 0.02 17703 2277 0.01
30.966 10397 -0.03 30.778 7432  -0.10 29.975 47.11 0.00 37.491 31.52 0.02 21.789 22.17 0.02
36.596 103.68 -0.02 36.374 7408  -0.10 35.422 46.88 0.00 44.307 31.17 0.02 25750 21.69 0.00
47.360 103.26 -0.07. 47.073 73.63 -0.07 45.840 46.51 -0.01 57.339 30.61 0.00 33324 2090 -0.03
57.509 102.88 -0.07 57.160 73.29  -0.07 55.663 46.17 0.01 69.626  30.13 0.01 40465 2026 -0.01
67.094 102.58 -0.08 66.687 7297 -0.03 64.940 45.92 0.00 81.230 29.76 0.00 47209 19.76 -0.02
76.161 102.26 -0.03 75.698 72.73  -0.04 73716 45.69  -0.01 92.207 29.43 0.00 53589 19.35 -0.03
84.750 101.93 0.06 84.236 72.53 -0.06 82.030 45.49  -0.01 102.60 29.16 0.00 59.633 18.99 -0.02
92.899 101.68 0.10 92.335 7233  -0.05 89.917 4529 -0.01 112.47 2891 0.01 65367 18.62 -0.07

SHINLXIAN LNIATOS NI SHAQIANOAL I'TVITV 40 HONVIONANOD HHL
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AAi = AAobs‘AAcalc
For the cases. where there is no association, the calculations of parameters A,

and a& were.done using equation (2).

TABLE VI : Conductance Parameters of Sodium Bromide in Isopropanol-Water Mixtures
at 25°C.

i-prOH w/w (%) A, Ka a CA Ao.m .
10 87.78 — 3.8 0.05 1.220
20 63.18 — 4.8 0.09 1.285
40 41.78 — 5.1 0.04 . 1255
60 31.76 — 3.2 0.02 0.807
80 26.20 16.0 3.1 0.03 0.666

TABLE -VII : Conductance Parameters of Potassium Bromide in Isopropanol“Water Mixtures
at 25°C.

i-prOH w/w (%) A, Ka a oA Ao
10 104.86 — 3.7 0.02 1.457
20 75.04 — 3.7 0.03 1.529
40 48.74 — 3.7 0.09 1.409
60 34.92 4.0 3.3 0.03 1.409
80 27.92 44.0 3.3 0.01 0.710

TABLE VIII : Conductance Parameters of Rubidium Bromide in Isopropanol-Water:
Mixtures at 25°C. -

i-prOH w/w (%) Ao Ka a GA Ao
10 107.34 — 4.5 0.07 1.492
20 76.82 — 3.7 0.02 1.565
40 49.80 — 3.1 0.01 1.439
60 35.58 4.5 2.9 0.02 1.065

80 28.19 70.0 3.5 0.03 0.717
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TABLE IX : Conductance Parameters of Caesium Bromide in Isopropanol-Water Mix-
tures at 25°C.

i-prOH w/w (%) A, Ka a CA Ag.M
10 107.54 — 3.9 0.06 1.494
20 77.16 — 33 0.06 1.572
40 49.89 30 - 41 0.01 1.440
60 35.63 6.0 2.9 0.01 . 1070
80 ' 28.28 86.0 33 0.01 0.719

In Tables VI, VII, VIII 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 :

Xe I 1
Ao = <1800n > <T+ r_>

where 1, and r_ are the radii of solvent ions. In all cases examined it was shown
that the values of the product A, n 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,n is shown by other investigators for
various salts in alcohol-water mixtures.!%!"'2 Generally it is shown that a
maximum in the product A, n appears which moves to higher values as the number
- of carbon atoms in the alcohol molecule increases.

The appearance 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.

Hepidnym

Aywyipopstpisi ovunepipopd kar 66levn ota Bpauiodya dlara twv adkaliuetdiiov
oe JIKTd S10AVTIKA GUOTHUATA 1GOTPOTAVOANG - VEPOD

2y epyacia avtr peAeTdtor N ayoyudunta v Bpopodyov aAdtov Tov
Natpiov, Kariov, Povfidiov ka1 Kaiciov oe piktéd Siadvtikd cvotipata 1co-
nponavoing-vepod otovg 25°C. '

To mepopatikd amotehécpota avarvovior pe T eéiovoelg tov Fuoss-
Onsager-Skinner. Aidovtar ot Tiuég NG 10080vounNg ayoyludTnTaS GRELPNS
apoimong, Tng otabeplc ovlevéewg katl Tng TapapéTpov Tov ovikoy peyéfovg o
dAPopeg MEPLEKTIKOTNTES LOOMPOTAVOANC. '

BpéOnke OTL adfnomn NG TEPLEKTIKOTNTAG NG 100MPOmavOAng £xel ocav
anotéleopo THY eLETTOON TG 160d0VAUNG ay®ydTNTac drelpng apaioong kKat
v avgnon tov Pabpod cvledéemg TOV 16VIMV.

Awmiotodnke akdpo 6TL N 1603OVOUT AYOYIHLOTNTA dnetpnc; apaioong, ywo
NV 1310 TEPLEKTIKOTNTA 1OOTPOTAVOANG, AvVEPYETAL e TNV 0VENON TNG KPLOTUA-
hoypagikiig axtivog TOV KATLOVIOV.
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Summary

The kinetics of the oxidation of bezoic acid hydrazide by mercury (II) 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(1). The
mechamsm of the main reaction contains one electron transfer. The electron is transfered to
the mercury(1l) by the amino-group nitrogen while the cleavage of the C-N bond results the
formation of the hydrazyle radical (N,H3). It is also suggested the possibility of a four
electron mechanism containing the intermediate formation of the diimide C ¢H;CO-N =NH.
Key words : benzoic acid hydrazide, mercury(Il) acetate, oxidation, optical density, reaction rate,
acidity, ionic strength, inductive and resonance effect.

Abbreviations : HBAH: benzoic acid l'iydrazide, XBAH: ring monosubstituted
benzoic acid hydrazide (X = p-F, m-Cl, p-Cl, m-Br, p-Br, p-I, m-CH;0, p-CH;0
and m-NO,), Hg(OAc),: mercury(Il) acetate.

Introduction

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

The formation of complex compounds of hydrazides with mercury(II) ions is
already known'? but nothing has been pubhshed concerning the oxidative action
of mercury(1l) 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>*,

The Hg(OAc), was Merck pro. analy51 recrystalized from water. The stock
solutions of it were checked by determining the mercury as mercuric sulphide®. The
effect of ionic strength was studied in the range of 5.10 to 1.0 M with BDH
analytical grade NaClO .

The measurements of optical density vs time at constant wave length were
scanned at 245 nm which lies in the m — n* excitation®’ of the system (Fig. 1).

{4)

\>

\

220 ’ 240 260 zso
A/nrn —

~——g

0.0

FIG. 1 : Optical density plots vs A at T=8°C, pH=5.12%£0.03 and I=1. 1072 M for the
solutions: (1) Hg(OAc), (C=4.10% M), (2) HBAH (C=8.10" M), (3) mixture of HBAH
(C=8. 10'5111) and Hg(OAc) ,(C =4.107° 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°, 35°,
45° and 55°C in the pH range of 4.5 to 5.5 in acetate buffers®. - »

The identification and the determination of the reaction products were carried
- out in solutions of the following initial concentration :

|Hg(OAc),| = 1.10%~1.10°M and [HBAH| = 1.107 - 1.10*M.
The Hg(I) was calculated by deternﬁm‘ng the non reacted Hg(IT) after the end of

the reaction in solutions containg an excess of Hg(OAc),. Separation of Hg(I) from
Hg(II) 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 method® (Fig. 2).
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FIG. 2 : Dependence of k ,,bs/s'l on Hg(OAc) /M concentrations for constant[HBAH/=8.10°M
at various temperatures, pH=175.12+0.03, I= 1.107° M, 2=245 nm.

Results and discussion

The results of the determination of the reaction products between HBAH and
Hg(OAc), predict that the stoichiometry is satisfactorily given by the one electron
transfer mechanism.

2C (H sCONHNH , + 2Hg(OCOCH 3) , + 2H,0 ~ 2C¢H sCOOH +
" Hg,(OCOCH;),+ N, +2CH;COONH (N

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, and smaller quantity
of NH ; found than those calculated. This could be attributed either to secondary
reactions on N,H 5 radical,!®!' coming out from the cleavage of the C-N bond? or

. to the decomposition of a diimide formed as an intermediate product 1213 of the
oxidation.

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

Calculations of the k/mol™1s! 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 1.1072 M (Table I). The results showed that the
reaction was not significantly affected by changes in acid concentrations '4 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 takes place -1
and thus, it.is prevended the association of the hydrazide with the Hg(IT). At pH
values higher than 5.5 the reaction rate seems to increase. Meanwhile, considerable
deviations of the calculated-k values as well as the presence of hydrolysation
products of Hg(OAc) 126’17 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(II) 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(IT). 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(II) 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'ls™ at 25°C, k=1.99 £ 0.04
mol s at 35°C, k=4.17£0.04 mol'ls"! at45°Ck =9.23 £ 0.05 mol!1s! at
55°C. These k values are in a very good agreement with those coming out of the
data of Fig. 2. The activation energy calculated '® 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 1.102 M. The k/mol '1s™! values at the temperatures of
45° and 55°C are given in the table II. It is obvious that these values are almost the
same. The inductive and resonance effects® 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(II) nor as a bridge in the electron transfer reaction.



TABLE I : Effect of Temperature on the Rate Constant at pH range 4.06-5.62 and at constant ionic strength 1.1072 M.
25°C . 35°% 45°C 55°C

pH k log k pH - k log k pH k log k pH k log k
'4.33 0.55 -0.2596 4.12 1.25 0.0969 4.06 2.65 0.4233 4.12 5.49 0.7396
4.50 0.68 -0.1678 4.22 1.52 - 0.1818 4.19 3.18 0.5024 4.25 6.14 0.7882
4.64 0.74 -0.1308 4.42 1.78 0.2504 4.31 398 0.5999 440 7.34 0.8657
4.78 0.82 -0.0862 4.60 1.98 0.2967  4.51 4.18 0.6212 4.52 9.21 0.9640
4.98 0.74 -0.1308 4.82 1.88 02742 4.65 4.09 0.6117 4.71 9.28 0.9676
5.12 0.77 -0.1135 4.98 2.06 0.3159 4.79 4.17 0.6201 4.82 9.04 0.9562
5.24 0.80 -0.1069 5.12 1.97 0.2945 4.93 4.24 0.6274 4.94 9.42 0.9741
5.45 0.79 -0.1024 5.24 2.14 0.3096 5.11 4.15 0.6181 5.14 9.12 0.9600
5.62 0.86 :  -0.0655 5.38 1.94 0.2878 5.28 4.35 0.6385 5.31 9.07 0.9576
5.54 2.20 0.3424 5.46 4.43 0.6464 5.44 9.40 0.9731

5.56 4.57 0.6500 5.58 934 ° 09704

NOILVAIXO INIZVITAHTAOZNAY FHL 40 SOILANIA

L6l
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TABLE II : Rate Constants of the oxidation of ring monosubstituted benzoic acid hy-
drazides by Hg(OAc), at pH range 4.6-5.3, at constant ionic strength 1.10 M and at twd
different temperatures.

k/mol 157!
XBAH
45°C 55°C

p-F-BAH 4.12 9.34
‘m-Cl-BAH 3.98 9.28
p-CI-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 ;0-BAH 432 9.22
p-CH;0-BAH 4.34 9.20
m-NO ,-BAH 422 8.98

Reaction mechanism _
After mixing of the reactants the complex compound I is formed :
gt e
CeHg—C-N-N—Hg" 3
H H OAc
In this complex the amino-group nitrogen acts as a donor. The electron transfer

reactio+n leads to the cleavage of CO-N bond while the formation of the benzoyl ion
C¢HsC=0 and the hydrazyle radical N,H; takes place.

T
I — C¢Hs-C+N,H;+HgI)OAc +AcO" 3)

Secondary reactions give the final products :
i
C6H5—€+H20 - (:61‘15—C()OI‘I‘1'H+ (4)
. 1
N,H; — 5 N, +NH; (%)

On the other hand a part of the reaction could take place by the following reaction
‘mechanism : :
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0
i 4 . :
[+ Hg(OAc), — C¢Hs-C-N=NH +Hg,(OAc), + 2AcOH ©)

Secondary reactions give the final products :

0 1
C¢Hs-C-N=NH — C¢Hs-C-H+N, %)

I
C¢Hs - C-H +2Hg(OAc), + H,0 — C¢HsCOOH +Hg,(OAc), +2AcOH (8)

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

The linear arrangement of the Hg(OAc)2 molecule and the strongly. covalent
character “of the Hg-O bond? cause.-a considerable decrease of the electrophilic
_ dehaviour of the Hg(II). ‘Besides the cleavage of the C-N bond becomes difficult

" because of the resonance form due to the charge delocation from the carbonyl-

group.

Iepidnym

Kyt ueréty g oéeléamsa)g tov vépalidiov tov Pevloixab oféoc amd ofiké
vépapyvpo(1l) -

MeXetriOnke pe ™ péBodo Tng EACHATOQOTONETPLOG I KIVNTIKT TNG oke1d®- -
cewg Tov Ldpalidiov tov PBevlioikob o&Eog amd ofikd vdpdpyvpo(ll).

H pedétn éywve oe Slopopetikég Beppokpacies, CUYKEVIPOGELG 0EEog Kal
TG LOVIKAG oyvog anovoia ofvydvov. Ta mpoidvio tng avn&paoscog eivai
stCouco oY, Glwto, appovio kot vdpdpyvpog(l).

“Bpéfnke 611  avridpaon eivar dpoproky kot TpOTNG TGEEMG Yo TO Kabiva
anéd 1o avidpaotipie (HBAH kov Hg(OAc),). H tayxdtmta g aviidpaoeng
dev ennpedletar and tn petaforl TG cvYKEVTpOGEMG Tov o&fog yia meprox pH -
4.5 - 5.6. Eniong dev napotnprdnke enidpacm g tovikig 16x00g yio TIPEG avTg
and 5.107 éog 1.0 M.

Tw 1 depedvnon g eMIPACEDS TOVL 8naymyucou kat tov ouvluylakov
QUIVOPEVOL TIOL ELOAYEL O VIOKATACTATNG X PTCIUOTOIOTKAY EVVEN LTOKATEGTT-
.uéva atov mupriva vipalidio Tov Pevioikol o&fog. Kat ot nepintoon avty dev
napotnpidnke aloonueintn enidpacn Tov VIOKATOOTATNH OTNV TaxhTNTO TNG
avTI8paoewe. )

Me v avipén tov avidpaotnpiov guvoeitor o oynuatiopds decuod N-
Hg(I). T v kvpio avtidpacn mpoteivetar Pnyoviopds UETaPopds &vog
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NAgkTpoviov pe evdibpeco oynuatiopd g pilag Tov LV8paluriov (N,H;). T
Bavry eniong eivar mapdAinin avtidpaon petapopdg tecodpmv NiekTpoviny pe
evdidueco oynuationd dupidiov (C4H CO - N =NH).
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Summary

Conductimetric measurements have been performed on sodium benzenesulfonate solu-
tions in dioxane-water mixtures at 25°C over the range 78.30 = D = 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 logK o
vs 1/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 progress' - the authors’interest being
stimulated by the fact that these electrolytes have not been extensively investigated
conductimetrically and data reported on them are only sporadic. Furthermore, in.
what concerns the nature of the factors affecting ionic mobilities, the large énough
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 =D =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
2X 107 Ohm'em™ and 1X10® Ohm'em™ respectively. The conductivity mea-
surements were made at 25+ 0.002°C. The cell constant was found? 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 (n), and low-frequency dielectric
constants (D or g,) as well as the values of infinite-frequency dielectric constants
(¢=) and of relaxation times (1) evaluated by -interpolation from literature 15 are

summarized in Table I. The molar conductivities A and the concentrations c of the

TABLE h: Properties of solvent mixtures at 25°C

System Wwt-% d 10’n  D(gg) Eoo 1027
No Dioxane (g crn,’3) (Poise) (sec)
1 0.00 0.9971 0.8903 78.30 550 8.30
2 20.25 -1.0145 1.2772 61.73 4.80 10.41
3 39.93 "1.0286 1.7025 44.71 4.12 13.60.
4 1 49.70 1.0335 1.8701 36.22 379 -~ 1717
5 59.42 1.0362 1.9515 28.17 3.46 18.91
6 64.33 1.0369 1.9406 24.01 3.30 23.11
7 69.40 1.0371 1.8988 - 19.84 3.14 23.92
8 74.33 1.0363 . 18175 16.11 3.01 12363
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salt for the complete range of dioxane-water compositions are listed in Table II.

TABLE 11 : Molar concentration (c¢/mol dm'3) and niolar conductivities (A/S cm 2mol'l)
of sodium benzenesulfonate in Dioxane-Water mixtures at 25°C.

10% A 10%c A 10% A
D = 78.30 D =61.73 D = 4471
7.939 85.06 7.939 60.06 7.939 43.88
9.923 84.65 9.923 59.72 9.923 4359
11.908 84.20 11.908 59.43 11.908 43.42
13.893 83.98 13.893 5912 13.893 L4321
15.877 83.61 15.877 58.88 15.877 43.01
17.862 83.27 17.862 58.68 17.862 42.85
19.847 83.01, 19.847 5839  19.847 42.70
21.832 82.65 21.832 58.16 21.832 42.59
23.816 82.49 23.816 57.98 "
- 25.801 82.21 25.801 57.81
27.786 82.04 27.786 57.61
29.770 81.65 29.770 57.42
31.754 81.40
33739 8132
D = 36.22 D = 28.17 D = 2401
7.993 38.95 6.946 34.47 5.954 32.07
8.931 38.73 7939 34.18 6.946 31.72
9.923 38.53 8.931 33.96 7.939 31.48
10916 38.37 9.923 33.70 8.931 31.25
11.908 38.18 10.916 33.45 9.923 30.99
12.900 38.02 11.908 33.25 10.916 30.80
13.893 37.87 12.900 33.08 11.908 30.60
14.885 37.74 13.893 3287
15.877 37.58 14.885 32.71
16.869 37.40
17.862 - 37.34
D = 19.84 D = 16.11
5.954 29.36 4.962 26.41
6.946 28.97 5.954 25.72
7.939 28.69 6:946 25.15
8.931 28.34 7.939 24.50
9.923 28.08 8.931 24.13

10.916 27.90 9.923 23.80
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In order to obtain the suitable parameters, the restilts were analysed by the
following forms of Fuoss-Onsager-Skinner equation®

A =Ay-Sc2y2 +E’cyln(6E7cy) + Ley - K acyf?A )
' A=Ay-Sc”?+E’ cIn(6E’c)+Lc ’ )

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. !The parameters obtained as well
as the standard deviations o 5 of the individual points from the values predicted by
the conductance theory are reported in Table III. The last column numbers identify
the equation used in each case according to Fuoss’ suggestion.$

TABLE III : Derived parameters for sodium benzenesulfonate in Dioxane-Water mixtures
at 25°C. The confidence limits of the results are shown in 95% level.
(Ag/S cmzmol'l; KA/dm3moI'l; ap/pm; A n/S cmzmol'lP)

Syst.N° D A, Ka oL oA Agm eqn
| 78.30 87.71 £ 0.09 — ‘ 0.06 0.7805 1
2 61.73 62.25 £+ 0.05 T 0.03 0.7951 1
3 44.71 45.83 = 0.05 — 240 0.02 0.7802 I
4 3622 4170 30+£7 . 410 002 07798 2
5 28.17 3791 - - 63 =9 680 0.02  0.7399 2
6 24.01 3573 132 + 20 1140 0.02 0.6934 2
7 19.84 34.62 - 340 .+ 34 1620 0.03 0.6574 2
8 2

16.11 35.78 - 1128 + 98 1510 0.08 0.6503

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 logK 4 vs 1/D are
shown in Fig. l. In this figure the least square regression line has a correlation
coefficient of 0.999. This near unity value indicates the linearity of the logK 5 vs
1/D plot. It also suggests for the applicability of the following theoretical Fuoss’
expression’® for the ion-pair formation constant K 4 :

K o = (4nNo’/3000)e® 3)
b = e2/axDkT

which - taking logarithms and inserting numerical constants, ion size parameter, a
in A and 25°C for temperaturé - becomes
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100/D

FIG. 1 : Dependence of association constant on dielectric constant.
o ° l
logK o = 10g(2.523 X 107%a%) +(243.335/dx) 15~ (4

The various symbols have their usual significance.

The slope and intercept values of the experimental logK , - D! plot were
calculated to be 46.2 and 0.1899 respectively. From the theoretical logK A(D'I)(
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 Jess 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 logK 4 - D! plot.?*
The linearity (constant slope) of the experimental plot reveals, however, that the
pairs of ions formed are of the same kind having a constant «slope» 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 «slope»
term. ‘

- Furthermorze, it-must be noted here that the observed systematic increase of aj,
values ‘with decreasing dielectric constant (Table III) should also ‘have its origin to
similar structural effects mentioned 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 A;=237.61 S cm?mol ', 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 hydrodynam1c radii (Stokes
radii) of the ions from the following Stokes’law expressions

Tstick = NAe2/6n)"0n - or Tstick = 82/)‘-011 (11’1 pm) (5)
rgp = Nae?/4mhgn  or rgp, = 123/A¢n (in pm) ©)

for the casesof 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 behavior is complicated over the dielectric range
covered. A closer scrutiny shows that there must be a maximum in the water-rich
region (though mnot 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 An as a sum of the following terms ‘

Aon = (omes +(aes ™

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

(/A cs = (1/AoM)s +(1/AoM) bR @®)

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 (A,1n/S cm 2mol']P) and
Stokes hydrodynamic. radii (r/pm) of sodium benzenesulfonate ions in dioxane-water
mixtures at 25°C.

Syst.N°. Ain Agn - ri(stick)  r(stick) 1 *(slip) r (slip)
1 0.4455 0.3345 184 245 276 368
2 0.4542 0.3409 180 240 271 361
3 0.4447 0.3355 184 244 276 366
4 0.4445 0.3353 185 245 277 367
5 0.4226 0.3173 194 258 291 387
6 0.3961 0.2973 207 276 311 414
7 0.3755 0.2820 218 291 328 436
8 0.3715 0.2789 221 294 331 441

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'?, from which the classical
Stokes’radius can be derived, written as

I =re+s/D or D =s+r.D C)
as well as using Zwanzig’s more ‘rigorous derivation >3
2¢F ApZ?  eXgy—€w)
2 = A+ — . - (10)
Aom r? g(25+ 1) 1

where A, =6, Ap = 3/8 A for perfect sticking
A, =4, Ap =3/4 for perfect slipping

Inserting numerical constants and r in ;\, the resulﬁng equation is

15.46 o , 8.64 102(g-€x) 1
o 18.841% + o w@e FD T an

. . 8.64
or L*= 1884F + —— p*
T
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for perfect sticking and

15.46 . 1728 102(gp-€x) ¢
on 12.56¢ + 5 Bl FD T (12)
or = 12.561 + - 17 2 P*
I‘

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 for 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»,
I, and of a characteristic «equilibrium distance», dq, of the solvent which are
defined by the following expressions 4

kKT < (Ze)2 €g~C€eo
3 I e———— =
Tt = 27 7 » deq kT  g,(2g, T 1) (13)

P* = 0.54d,r%x  (dr in A)

Furthermore, according to eqn (10), 2,1 product for any given solvent has a
maximum at a certain value of r. Simple calculatlon leads to the following ex-

pressions 14
«stick» _ «slip»
e = 1,08 P4 I = 143 Pl
M oM)max = 0.57/P* V4 oM max = 0.65/P* /4 (14)
0 .

XL m) = 0.62 TP ) max = 0.93

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 indeépendently measurable solvent
parameters €j, €., T — means that the dielectric frictional force of the solvent
system becomes larger, leading to a systematic decrease in ion moblhtles as the
diclectric constant decreases (with increasing dioxane content).
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TABLE V : Theoretical predictions on solvent mixtures, 25°C (Based on zwanzig’s theory).

System mole-% P* Tef deg #/pm (A %Mmax/S cm’mol'P
N¢  Dioxane s poise -1 pm pm stick slip stick slip
1 0.00 5.500 145 331 165 219 0.372 0.425
2 4.93 6.037 139 416 169 224 - 0.364 0.415
3 11.96 8.016 138 564 182 241 0.339 0.386
4 16.81 11.198 144 684 198 262 0.312 0.355
5 23.04 14.822 147 859 212 281 0.291 0.331
6 26.94 20.955 157 988 231 306 0266 0.304
7 31.68 26.057 160 1161 244 323 0.252 0.288
8 37.19 31.816 162 1374 257 . 340 0.240 0.274

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 relaxation'®, as already
mentioned. The discrepancies becomes more striking the smaller the ionic radius is
and the Zwanzig’s contintum mode! 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 experlmental
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

6173 > D > 16.11, (r/pm)

«Stick» = «slip»
Y —
rt = 164 + —9—3 rf =245 + ﬂS_ (15)
2 .
r- =218 + ——1 > =327 4+ ——-1830 (16)

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»; -~ ! «slip»).

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

t/pm
Anion Cation
«stick» «Slip » «stick» «Slip »
Intercept : 213 319 160 239
Slope : 248 312 273 343

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 Ayn value (Table IV) and the
corresponding value of (Agn)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 (A¢n)cg 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 «slip» case is
satisfactorily close to rg 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 (Agn)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, !> 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 structures>!%21:252¢ 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 rj values
(164-245 pm) obtained from eqn. (15) as well as between the r'jr. values (160 and
239 pm) obtained from eqn. (11) 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 complexes 62! 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*>? 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 occurs?’, 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. 22,23

Whatever we ascribe the observed hydrodynarnlc 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.

Ilepiinym

Aywyrpouetpiky kxar wviky; ovunepipopd tov Pfevioaovipovikod vatpiov ge vdato-
dwlavikd SwaAbuata

Meletinke 1 oyoylHOHETPIKY] KOl LOVIKT] CUUTEPLPOPE TOoL Pev{oroGOULA-
@ovikob vatpiov og vdatodogavikd doddpata otovg 25°C v gupeia meproyt
diniektpiktic otabepdc 78.30 =D = 16.11. H avdivon TtOV TELPOUATIKOV ATO-
teheopdtov £yve pe Tig ayoyipopstpikéic eflodoelg twv Fuoss-Onsager-Skinner
Yio £TOLPICPEVOLC KAl [T £TOLPLOREVOVS NAEKTPOADTEG Kal TpocdiopicOnkav ot
TIHEG TOV AYOYHOUETPIKAOV TOPAUETPAOV.

Awamiot@dnke 611 o gtarpiopdg tov 16viov oe Lgbyn apyiler vo yivetar
a1ointog (K o > 10) and tnv tun] diniextpikrig otabepdg 36,22 ka1 avEdvetal
KaBdg erattdveTal 1 diniekTpik) otabfepd Tov SLKAVTIKOD ocvothjiatog (Kabdg
dnA. eumdrovtileton avtd oe dodvio). H ocuviptnon logK 4 - 1/D mpokintet
wovonownTikétata ypoupkt (cvvieheotnic ocvoyeticewng 0,999), yeyovdg mtov Bpi-
oKeTAL GE TA|pT) SupQeVia pe TIg andyels Tov Fuoss nepi etalpiopot v 16viov.
A6 T ypapuikn avtr) oyéon npocdiopicOnke 1 wovikr TapapeTpog a (EAdytoTn
amOoTACT] TPOCEYYICEDG TOV - 1OVIOV).

Iopotnprifnke Wialovoa cvunepipopd oo yivopevo Walden 6g cuvdptnon
pe T petoforn] ng dinAekTpikfig otabepds Tov daALTIKOD GUOTNOTOG, dloKpL-
vopevn oe 8o meployéc: Apyikd, otnv Thodolo GE vEpS TEPLOYT] TOL SLaAvTiKoD
cuoThuatog Tapatnpeitar pid abénon oto ywopevo Walden, petd to péyioto g
omolog T0 YvOuEVO ELOTTOVETOL CLUOTNHATIKG kabd¢ guniovtiletal To SloAvTikd
ovoTnuo og dtokavio (kabdg dnA. elartdvetar n dinhektpiky otabepd). H avri-
feTn mopeia mapaTnpeiTar 0T HETOBOAY TOV «OTOAOYIGHEVOV> LEPOSLVAUIKOV
aktivov tov 6viov. H ocvpnepipopd tng apyiknc neployric omnodidstal oe o1-
pavtikég dpdoelg dtaAvTn-Staritn, mov 06Myodv oIV 0ELEETOCT TV 16VIVY,
gvd 1 8ebtepn meployn peretiOnke pe pdon T andyeig kan e€iodosig Tov Fuoss
kol Zwanzig ywr tn diniextpkr) Tpipi. ‘
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THE DETERMINATION OF RESIDUAL SOLVENTS IN PLASTICS
PACKAGING MATERIALS IN RELATION TO OFF ODORS DE-
VELOPED IN PACKAGED BAKERY PRODUCTS
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Department of Food Chemistry University of Ioannina, Ioannina, Greece

(Received March 16, 1982)

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 _pdlyvinylidene chloride (PVDC), Poly-
vinylchloride (PVC) or Polyethylene (PE). A common method of application of
these coatings is to dissolve the polymer in a suitable 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 tox1c,
carcinogenic etc, >>*

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 stuff.”® The introduction of
Gas Chromatography ® 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 distill off solvents by heat using appropriate collecting devices. !
A derivative 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» technique!? 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 stronger® 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 including 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 for the
analysis. o - '
. 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 ml/min.

Mass Spectometric Conditions

Temperature programmed analysis was carried out for all three samples.
A Hewlett Packard 59924 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 caplllary column

Initial Column Temp : 30°C

Final » » 1 200°C

Injection Port Temp : 210°C

Detector Temp : 240°C

Running Time : 120min

Carrier Gas : Helium 15 ml/min

Analysis of Films

Gas Chromatography Analyszs
Two 27 in? pieces of films A,B and C were cut out from the respectlve rolls.
These pieces were cut again into smaller size of 1X1cm and put into serum vials

of 120 ml capacity.

.TABLE I : Gas Chromatographic Analysis of Film Volatile Compounds

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

2754 105 320 167 Ethanol or
2-propanol
0.5 ml 5°557° — 7535 © 123.8  Methyl Ethyl Ketone
917" — 198.4 1531.2 Toluene
:ﬂ N
N 8 ®n 7
g w n o
g A
~ ® ¥ +
(=} .
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FIG. | : 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 ml syringe, equipped with a two way luer lock valve, 0.5
ml 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.

A
(o]
A
N
N
It
12
+
R [
N
T2 =]
7o N}
N o
0w

Ethanol tr= 27547~

FIG. 3 : Gas Chromatogram of Head space Sample of Film 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.

Indentification and Quantification of Head Space Volatiles

After careful examination of the Chromatograms, a series of known solvents,
1ul 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 ml and 0.5 ml 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 II
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.



DETERMINATION OF RESIDUAL SOLVENTS IN PACKAGING MATERIALS 219

Spectrum of Film A. Retention Time=5.8

Number of peaks detected = 77

Scanned from 10, to 200 Base Peak=3(G.6

fase Peak Abudance=10560 Total Abudarce 20201

.

“—‘P‘-v——l—w-'a—jf‘w—-!—ﬂ—"——l“-|——|—-|——|"-|——|—~|-—|-\ i s e Bt e Sl s Bt S Bt ey |

50 100 150 200 250 300

Lower Abundance Cut off Level = 1.0

MASS ABUNDANCE © MASS ABUNDANGE
13.8 14.0 30.6 100.0
14.9 15.3 42.6 9.2
27.3 5.5 44.6 43,6

FIG. 4 : Mass Spectrum of Head space sarh};le of Film A.

Spectrum of Film B Retention Time = 7.8

Number of Peaks detected = 91

Scanned from 10 to 200 Base Peak =42.6

Base Peak Abundance = 4876 Total Abundance =9433

—'I-'li "ll\";'-.-;l-‘-ﬂl"‘—“— St At ek Tl Tpds e fantes Tnden S Tty Gt i S s dhoiun Rnies St Boale, R bodion Do B Bty Bl o
! 5b 1bo 1507 T 72807 750 390 T

Lower Abundance Cut off Level = 1.0

MASS ABUNDANCE MASS ABUNDANCE
13.5 22.9 27.3 2.6
14.9 4.5 42.6 100.0
16.0 3.3 49.9 1.5
17.3 6.6 56.5 6.9
25.3 7.0 71.5 22.1

¢ 72.7 1.8

FIG. 5 : Mass Spectrum of Head Space Sample of Film B.
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Spectrum of Film C Retention Time =12.1
Number of peaks detected = 89

Scanned from 10 to 200 Base Peak =90.8 .
Base Peak Abundance = 20892 Total Abundance =51334

a .l

--1——1—-|--|-|-!--|—1—'-|—'-1--'|—ﬂ—-|—-|—-|—-|—-'—-|—-1—ﬂ—1—1-1-1—-1—1—7—-1-—|—1--|—-v—-r—-

50 100 . 150 200 250 300
Lower Abundance Cut off Level = 1.0
MASS ABUNDANCE “MASS ABUNDANCE
13.5 1.5 62.5 8.3
15.0 4.0 64.5 14 .1
25.4 1.6 73.5 1.2
38.5 14.5 76.4 1.3
44.7 4.4 88.7 4.2
50.2 6.7 90.8 100.0
50.6 7.7 91.6 64.0
51.8 1.5

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

TABLE 11 : Gas Chromatographic Analysis of Known Compounds

Compound Retention Time Response
2-propanol, Ethanol 258" 266.6
Methyl Ethyl Ketone 57557 302.7

Toluene 9720"" : 601.6
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Spectrum of Ethanol

Number of peaks detected 102

Scanned

from 10 to 200 Base Peak =

Retention Time =6.1

30.8

Base Peak Abundance =11424 Total Abundance = 20383

il

—4—1-1—1—3—-1—-—1--11—8

I
0 150

Lower Abundance Cut off Level =

MASS

ABUNDANCE MASS
1.7 17.4

2.3 30.8
12.2 42.6
2.9 44.5
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200 250
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FI1G. 7 : Mass Spectrum bf Head Space Sample of Ethanol.

Spectrum of Methyl Ethyl Ketone Retention Time=7.8
Number of peaks detected = 92

Scanned from 10 to 200 Base Peak =

)

42.6

_‘l-"“ﬂ-‘!"1"‘!""1"'1—'1-1—-|-ﬂ'--|—"'1—-|"-"'-1—'—|—‘|’-|--|-1—1"-I"-|--|-1_‘1'
50 100 150 200 250 300
Lower Abundance Cut off Level = 1.0 ) .
MASS ABUNDANCE ’ MASS ABUNDANCE
13.4 1.3 49.4 1.4
14.9 32.7 50.6 1.5
17.4 6.7 56.4 6.9
37.0 2.0 71.6 21.6
42.6 100.0 104.6 1.2

FIG. 8 : Mass Spectrum of Head Space Sample of Methyl Ethyl Ketone.
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Spectzum of.Toluene

Number of ‘Peaks detected =81 Retention Time=12.4
Scanned from 10 to 200 Base Peak = 90.8

Base Peak Abundance = 3556 Total Abundance =10032

hantis Racks Rt b --I—ﬂ——!——c—ﬂl— TATATAT AT AT T AT AT —'—l——'l——\-‘!'-'1—ﬂ—‘|-'v—“"1\ﬁ“"’—‘|'-|_
50 100 150 200 250 300

Lower Abundance Cut off Level = 1.0
MASS ABUNDANCE MASS ABUNDANCE

11.9 1.1 62.6 7.5

16.0 39.1 64.5 13.1

37.1 3.3 73.1 1.4

38.9 15.7 76.7 2.1

40.6 2.4 88.7 4.5

44.6 5.6 90.8 100.0

50.5 6.8 91.6 61.1

51.7 1.3

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

By comparisen.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 III.

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

Film Type Ethanol (mg/m?) MEK. Toluene
A 3.04 — -
B 1.22 1.90 3.84
C 0.85 2.40 33.84

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.



DETERMINATION OF RESIDUAL SOLVENTS IN PACKAGING MATERIALS 223

Mepiinyn

IIpoadiopicuds karadoinwv S10lvtdv oe Tlaotikés ovokevaoies, og ayéon ue dvoo-
ouiec mov Tpokalobviar o¢ cvokevadguéva Eidn apromoriag

Ta televtoio xpovia £xer do0el &uQooT oTOV TPOGHIOPIONS KOTAAOITOV
dradvtikdv péoa oe TAaoTikd cvokevaoiog Tpoeipmy. Tétora dtohvtikd duvatdy
va peTaeepbodv kétw and opiopéves ovvBnkes amd 10 LAMKS CLOKELACING OTO
nepLexdpevo Tpée1po, Tpokakdviag £1ol Svcoopia 1 kar aldoiwon oTn yedon
Tov 1eAevtaiov. H Aépra Xpopatoypagia kar tpdoeata o cvvdvaouds Aépilog
Xpopatoypoapios/Pacpatopatopetpiag Mdaling éxovv ypnoporondei emrvydg
oToV TPoGdlopiopd TV mMé ndve peTapepopévey ovsldy. T avth TNV epyacia
Tpelg evoelg dni. to Torovdiio, MeBuho-atBvhoketdvn kot ABavoin, vredfu-
veg via ) dvooopia mov mpokAfbnke o©e cvokevaopiva eidn aprtomoiiog,
tovTomolnkav kol TPoodlopicTNKAY TOCOTLKE. :
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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 - *Addvatar ~AAAniemdpdaoseic, Gauge Interactions - *AlAn-
Aemdpdoelc Babpidwv, Elementary Interactions — Xrowyeuddeig ~ AAAniemédpdoeig, Electrons - "H-
Aekrpévia, Myons — Muvdvia.

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 W, y,(1-ys5)¥y and ¥Yyy, (1 = v5)Ws
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 years? Such gauge field theories have
used the Higgs mechanism? 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 successfully*. But there are also experimental results that
apparently can only be derived from quark models making contradictory assum-
ptions about the physical properties of the constituent quarks>. 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 .

YWP'Y = MY (1.1)
where
M=m+vysu (1.2)

Y., Y5 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.

E2-p-p = m?-p (1.3)
and therefore it is reasonable to assume that (m2-p?)'/? is the (rest) mass; as
should be the case in any relativistic theory®, 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. (1Exys)¥, fF(x"). 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?-p?)"? 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

(Po-0-P)®; = (m+p)®y (2.1A)
(Poto P)Or = (m-p)Py, (2.1B)
namely the case y=O. Here P, is the energy and P the momentum operators, o

the Pauli matrices and both m and p are assumed real. Adding and subtracting the
equations, we derive the following generalization of the Dirac equation:
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7WPYY = (m +ys50)'Y, (2.2)
where i
(5 o)
Yo = ’
O -1
O O'i
v = . i=1,23 (2.3B)
'-O'i O
o 1 _
Ys = = 1Y1Y2Y3V4 (2.30)
I (0]

are specific representation of the Dirac gamma matrices and

Dr+ @,
¥ = (2.4)
(DR - q)L

is a Dirac-like spinor. In fact the Dirac equation was derived by B. L. van der
Waerden’ from the special case p =0 of eq. (2.1) above.
The transformation

¥ =S¥ 2.5)

leaves the/equation invariant if S is invertible and there exists another representation
of the Dirac matrices v,, ys, a vector P’V and scalars m’, pu” such that

Y WP V-m’-ysp” = S(y,P¥-m-ysu)St. (2.6)

Since the continuous Lorentz transformations are expressible in terms of such
matrices, namely® products of Sgoeq and S peos (i,j can-take the values 1,2,3, with
i7j) given by

S Boost = cosh(®) + YoY; sinh(9), . (2.7A)
and

Skorn = cos(®) + vy, sin(®), (2.78)

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 = ¢ 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 PV must transform into the amplitude of P"V =PV -ie V(InS) and therefore P
is not a measurable vector; the amplitude of (m? - p?)"? must remain unchanged
(see eq. (1.3)), but that of m + ysp need not be. For the S given by eg. (2.7), the
transition amplitude of the same Lorentz vector P¥ 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

H = «y,7iP' +y,m+7,750 (28)
commutes with the operator
x'Pi-Pixi+ % iyl (2.9)
(again i and j range over 1, 2, 3 and i7j) from which we conclude that our
equation describes a spin 1/2 particle.
Gauge invariance

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

P(xH) — P(xH) = Ty xH), (3.1
where f is a real constant and F(x") a real function, if PV is generalized to
PV = id" -iy sfBY(x¥) - ifCY(x¥), (3.2)

and the additional transformations
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BY(x*) — B"V(x¥) = BY(x") + 8"(F(x")) (3.3A)
CYxH)— CV(x*) = CY(x*) + 0" (F(x*)) (3.38)

and
M— M’ = Me2sTeH (3.3C)

are simultaneously performed.
It is reasonable but not necessary, in view of these equations, to assume that

V= C" 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?-p?)!”? 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(x") must all be spherically symmetric about the same center of
symmetry. :

Considering now the quantity

Lap = Walyy[id”-i(1 +y)fBY(xH)] - (m +ysm)}¥y (3.4

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

{yy[i8"-i(1 +y5)BY(x*)]-(m +ysm)}¥, = 0 (3.:5A)
and
{v,[i6" +i(l +y5)fBYx")] -(m-ysm)}¥, = 0 (3.5B)
which show that ¥, and Wy, belong to states that couple to the field BY with
opposite charges. The Langrangian density is invariant under the transformations
(3.3) and
W, (x") — Wix*) = TNy xiy (3.6A)
Po(xH) = Whxt) = e N1 (x), (3.6B)
and it gives a fundamental coupling of the form
H = -fL(x")B"(x"), B.7A)
where

Ly(x*) = Pa(x*)yv(1+75) Poxh). (3.7B)
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This of course is the coupling of the electronic (or alternatively the muonic) lepton
field to a vector boson field®. We may further choose the sum of two Langrangiah
densities, one coupling the electron to the electronic neutrino and the othet
coupling the muon to the muonic neutrino, to be the leptonic Langrangian density,
ie.

Lrept = Loy, T Lpy, "(3.8)

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

Crgpr = L+ €7 (3.9)
£* will give the equations of motion for the Dirac conjugates of the spinors that
enter in €, however this redundancy is unavoidable here as much as with the Dirac
Langrangian, since the spinors ¥, and ¥, are treated as distinct fields by the

formalism. ,
The 1 lepton can also be.incorporated in exactly the same way.

Plane wave solutions

We now look for solutions of the form

A .
Y o= B e—lEt-HP b3 (41)

which, when inserted into equation (2.2), gives

(E-m)A = (-o- P +p)B (4.2A)
(E+m)B = (- P -p)A (4.2B)

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

(E2-m?)A = (-o- P +p)E-+m)B
= (-P-P-pH)A,

i.e. the momentum-energy vector is constrained to satisfy
E2-P:P = m?-p?, 4.3)
so it is reasonable to identify m?-pu? 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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1
O . v
¥, =\ -(P;+w/(E+m) e EIFIPTx
(P +iP,)/(E+m)
0
l . -
¥y =\ ~P;-iP)/(E+m) | eB+Ex
“(P3-p)/(E +m)
(P53 -p)/(E-m) o
¥y = «Py-iPy)/(E-m) | eEtHiPx
1
0
: ~(P; +iP,)/(E -m) o
Wy=( AP3-p/(E-m) | eETEx
0

1
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(4.4A)

(4.4B)

(4.4C)

(4.4D)

Since |E| can vary continuously from less than |m | to greater than |m |, 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=0 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

m + uP;/(E F+n)

¥ = [ pP,+iP,)/(E+n) g Bt HiP'x
-t-mP3/(E+n)
-m(P; +iP,)/(E +n)

(P -iP,)/(E +n)

¥, ={( m-pP3/(E+n) HiBt+HiP x
-u(P{ +iP;)/(E +n)
-u+mP;/(E+n)
-mP:;/(E-n)-u . ‘

¥; = [ m(P;+iP,)/(E-n) | e Ft+iPx

pP3/(E-n) +m
u(P; +iP;)/(E-n)

(4.5A)

(4.5B)

(4.5C)
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—m(P1 -le)/(E - Il)

¥, = [ -u+mP;/(E-n) e it (4.5D)
u(P;-iP;)/(E-n)
m - pP3/(E-n)
where
n = (m?2-p?)2 (4.6)

and here the first two solutions satisfy E/n >0 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?-p?),
The choice (1-y5)fF(x*) 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 as indicated in the first paragraph ef this
section.

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

Mia &licwoic Toémov Dirac

Ei¢ adté 16 dpBpov dvantdoopey piov yevikevorv tiic EElchoeng tob Alpdk,
npdtov amd piav mopayoyiv tomov Bav viép Bépvtev. (Van der Waerden) kai
Sevtepov péco pdc mukvémntog Aavykpd vl (Langrange) tob €idovg Aipdk. “H
TokveTng Aaykpavl kai ) ¢Eicooic slval dvarlioiotol H1é Eva petacyuatiopdv
Babpidog ¢k tob Omoiov mapdyetot | Baciky ~AcbBeviic ZolevEic thV Aentoviov.
O¢tovieg ™v mopdpetpov tiig E€lodoemg ionv tob «undév» AapPdvopev Thv
¢ticwowv 100 Apdk, 1 omoia-Spuwg dév eivar dvairoiotog OO TOV petacynua-
Tiopdv Babpidog v Omolov GVOQEPANE TPOTYOLHEVEG.
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Summary

A new series of (triphenylphosphine) (N-alkyldithiocarbamate) (nitrosyl)nickel complexes
of the general formula, Ni(NO) (S,CNHR) (PPh3), R =Me, Et, i-Pr, n-Bu, s-Bu, t-Bu, i-Bu,
Cg¢Hs, n-CICcH4 and n-CH 3OC 6H 4, have been prepared and studied. The structures of
the new complexes are discusséd’ ih relation to their spectroscopic (IR, H-NMR UV-Vis
and MS) and magnetic data. All the complexes were found to be of the {NlNO} type with a
pseudo-tetrahedral geometry containing a bending Ni-N-O group. The bending of the
Ni-N-O 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 O-transfer reactions.

Key Words : (triphenylphosphine) (N-alkyldithiocarbamate) (nitrosyl)nickel complexes, bending
Ni-N-O group, O-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 substrates, 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.>® Some of these complexes were found to be
potential homogeneous catalysts for the reaction between atmospheric oxygen and
carbon monoxide. This catalytic O-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}(N-alkyldithiocarbamate)(nitrosyl)nickel complexes
were prepared by the reaction of the bis(triphenylphosphine)(bromo)(nitrosyl),
nickel complexes with the sodium or ammonium N-alkyldithiocarbamates according
to the following general equatién ’

Ni(NO)(BrXPPh;), +NaS,CNHR - xH ,0 =
Ni(NO)(S ,CNHR)(PPh ;) + NaBr + PPh; +xH ,0

where Ph =phenyl and R =Me, Et, i-Pr, n-Bu, s-Bu, i-Bu, t-Bu, C¢H, n-CICxH
and n-MeOC4H . )

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 II 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 WNO) stretching frequency strongly
- suggest™ the existence of a bending Ni-N-O 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 n-back bonding of the type
Nig — (NO)z+), which has as a result the bending of the Ni-N-O group. As the
n-back bonding increases the N == O bond order decreases and consequently the
V(NO) stretching frequency decreases as well. This.is reflected from the lower
v(NO) stretching frequencies observed in the complexes under investigation com-
pared with those of the corresponding (triphenylphosphine)(nitrosyl)(O-alkyl-
dithiocarbonate)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 O-alkyldithiocarbonato ligands, ‘which enhances the
n-back bonding phenomenon. Also, by substitution of the triphenyiphosphine
ligand with the stronger Lewis-base tri-n-butylphosphine ligand one could expect
an enhacement of the m-back bonding and consequently a decrease of the v(NO)
stretching frequencies. In fact this is the case.® It is also worthwhile to be noticed
that the V(NO) 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.

M.W.

Compound color m.p. (°C) %C %N %H $Ni

Ni (NO) (S,CNHCH;) (PPhj) blue 115-118 448 52.45 6.10 4.10 12.50
(457)  (52.51)  (6.12)  (4.15)  (12.84)

Ni (NO) (S ,CNHC,Hs ) (PPhy) blue 118-122 476 53.48 5.90 4.40 12.30
(471) = (53.50)  (5.94)  (4.45)  (12.46)

Ni (NO) [szczm (n-cung)] (PPhy) blue 121-125 489 55.25 5.10 5.00 11.60
. (499)  (55.31)  (5.61) (5.01)  (11.76)

Ni (NO) [szczqnti—cl,ﬂg)] (PPh;) blue 117-121 507 55.30 5.55 4,91 11.65
(499)  (55.31)  (5.61)  (5.01)  (11.76)

Ni (NO) [szcm (s—cmg)] (PPhy,) blue 100-104 480 55.15 5.50 4.90 11.50
(499)  (55.31)  (5.61)  (5.01)  .(11.76)

Ni (NO)[SZCNH(t—CL.Hg)] (PPh;) blue 70- 75 482 55,18 5.53 4.96 11.70
(499)  (55.31)  (5.61)  (5.01)  (11.76)

Ni (NO) (S,CNEC;Hs ) (PPhs) blue-green 128-130 522 56.90 5.85 4,02 - 11.11
(519)  (57.80)  (5.39)  (4.04)  (11.36)

Ni (NO) [szcmn (n‘—ClCBH“)] (PPh;) green-blue 130-134 557 53,60 5.00 3.60 10.20
(555)  (54.05)  (5.04)  (3.60)  (10.23)

Ni (NO) [sz‘cNH (m=CH30C4H, )] (PPh;) green-blue 92 540 56.80 5.00 4,16 10.50
(549)  (56.88)  (5.10)  (4.18)  (10.74)

SAXITdNOD TAADIN-TASOULIN

LET
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The bending of the Ni-N-O 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-O group occur together with some
other bands due to the other ligands in the complexes. %' The 400-600 cm ! region
of the infrared spectra of some representative nitrosyl-complexes under question is

. shown in Figure 1.

WW VM j \Nc

v

| L
I | |
600 400 800 400 800
cm™!

oL

FIG. 1

From figure 1 it is evident that the two bands at 420-440 cm ™' and 570-620 cm™,
which are attributed '%!! to v(Ni-NO) and 3(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-O



240 C.A. TSIPIS, D.Ph. KESSISSOGLOU,  G.E. MANOUSSAKIS

group, since it is well known!®!! that in linear MNO moieties the degenerate
bending vibration 3(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 §(M-NO) band is decreased and only one bending
vibration is expected because 3(M-NO) is nondegenerate in st‘rongly bent MNO
moieties.

Of interest and considerable 1mportance 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. 2 The position of the thioureide band indicates that
the C==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
[NiNO7]* 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
13- 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
{NINO}?® type containing Ni*(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.” On the other hand, as it is well known !>
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-O
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 investigation'* of the analogous complex (triphenylphosphine)
(O-cyclopentyldithiocarbonato)(nitrosyl)nickel, which gave the w(NO): stretching
frequency at 1780 cm™, showed that the complex adopts a pseudo-tetrahedral
geometry with a bending Ni-N-O moiety (Ni-N-O 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 loge,,, values are given in Table III.

In the ultraviolet region of the electronic spectra a number of intense bands
occur, which can be assigned to intraligand transitions (n* ~— © and 7*  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 (&=500-800) is characteristic for tetrahedral
complexes. Crystal-field transitions (d-d) are not expected for tetrahedral complexes
of central atoms with d'° electron configuration, and were not observed in the
nitrosyl complexes studied. )

The 'H NMR chemical shifts (t,ppm) of the complexes described herein are
given in Table IV.
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TABLE III : Electronic spectra of the (triphenylphosphine)(N-alkyldithiocarbamate)(nitro=
syDnickel complexes in CH,Cl, solutions.

Compound

Ultraviolet region

v (kK) (logeml

)

Visible region

v (kK) (09, ;)

Ni {NO) {S,CNHCH3) (PPhj)

Ni (NO) (S,CNHC,Hs) (FPhs)

i (NO) [ S,CNH (1-C4Hs) | (BPhs)
NL (NO) [S,CNH (£-C4Hs) ] (PPhs)
Ni(No)[SZCNH(s—cqu)](Ppha)'
i (NO) [S,CMH (nC,Hs) | (BPh3)
Ni(NO)(SZCNHC?HS)(PPha)
Ni(NO)[SZCNH(n—c1c5Hk)](PPh3f

Ni. (NO) [ 8,C0H (n-CH;0CH,,) | (2Ph3)

41.32sh(4.25),
35.46  (3.95),
26.17 (3.32)

40.81sh(4.05),
35.08 (3.90),
25.77 (3.04)

40.65sh(4.04),
34,72 (3.83),
26.10 (3.25)

40.98sh{4.15),
35.08sh(3.95),
25.70 (3.17)

40.98sh(4.20),
35.33sh(3.98),
25.70 (3.13)

40.81sh(4.15),
35.33sh(4.02),
25.90 (3.21)

40.81sh(4.10),
35.08sh(4.00),

40.65sh(4.15),
35.08sh(4.00),

41.00sh(4.10) ,
35.06sh(4.01),

37.59(4.01)
31.44(3.85)

37.33(3.98)
31.44(3.78)

37.73(3.99)
31.44(3.83)

37.59(4.00)
31.54(3.90)

37.59(4.04)
31.54(3.95)

37.59(4.10)
31.54(3.98)

37.73(4.05)
31.25(3.95)

37.73(4.10)
31.26(3.90)

37.73(4.05)
31.25(3.90)

23.69sh(2.83)
21.50sh(2.49)
17.48 - (2.70)

23.64sh(2.75)
21.50sh(2.59)
17.54 (2.98)

23.52sh(2.82)
21.50sh(2.58)
17.54 (2.74)

23.52sh(2.74)
21.50sh(2.58)
17.54 (2.71)

23.64sh(2.76)
21.50sh(2,50)
17.63  (2.92)

23.64sh(2.80)
21.50sh(2.50)
17.63 (3.01)

23.64 (3.58)
21.18sh(2.83)
17.48 (2.73)

23.64 (3.40)
21.41sh(2.78)
17.70  (2.57)

23.62 (3.50)
21.30sh(2.75)
17.70 (2.61)
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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-
phosbhine)(N-aryldithiocarbamate)(nitrosyl)nickel the peaks due to the aryl group
of the dithiocarbamate moiety are obscured by the peaks due to the phenyl groups
of the triphenylphosphine ligand and therefore no information could be ‘6btained
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 nltrosyl—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°C). All the compounds gave the base peakat m/e = 262. This peak corresponds
to the [PPh;]? ion. Another peak with high relative intensity was observed at
m/e = 294 and corresponds to the [SPPh3]* ion. This fragment is probably formed -
during the pyrrolytic decomposmon of the complexes, or through an intramolecular
sulfur elimination from the dithiocarbamato ligand by the phosphing. ligand, since
it is well known that phosphines react easily with sulfur either bonded or free.
Based on literature data'>? 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.

{mi (NO) (s,CNER) [P (CoH5) 51}
-NO

[(CeHs) 3PS]Y @ {Ni(S,CNER)[P(CeHs) 3]} [RNHcsz]J"___LSZ-[RNH]T
(m/e=294)

. [rumcs [B s [mamc ]t
-H +
[P(Csﬁs)a]
i - (m/e=262)
+ k .
P. -
-,
HS \061{5 - <Lefs
=2 * - |
(m/e=293) @ @ [p(cGHS)z] ____C_Eis__,[P(csHs) ]t
- +
1 CeHs /P\ (m/e=185) (m/e=108)
H CeHs l_H:

S =CgHg Pt [P(Csﬂu)]
(m/e=215) . .
m/e : ‘-‘/ (w/ex183) (m/e=107)
B

b3

-1 [o=0]

(m/e=184) (m/e=152)
FIG. 2

O - 1*’
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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 O-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 O-transfer reactions®, we can
attribute their catalytic inertness to the lower bending of the Ni-N-O moiety as it is
reflected from the W(NO) stretching frequencies. This idea is supported from the
fact that the mechanism of the oxygenation of nitrosyl - complexes?® 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-O 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 O-transfer reactions are necessary to be obtained in
order to find out the relation between the extent of the bending of the Ni-N-O
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 CDCIl; solutions using TMS
as an internal stanidard. 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 Hg[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 (trlphenylphosphlne)(N-alkyldlthlocarbamate)(nltrosyl)nlckel complexes the
following general method was employed :

To a solution of 0.693g (1.0 mmol) of the complex bromobis(triphenyl-
phosphine)(nitrosyl)nickel prepared by published method?’ in 20 ml of acetone, a
solution containing 1.0 mmol of the appropriate sodium or ammonium salt of the
dithiocarbamato ligand in 20 ml 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
ml of methanol. After cooling the new solution at -20°C 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.

Hepidnyn

Zvheon kar Sievkpivion tng Sounc piag véag aepdc (tpiparvvlopwopivo)(N-alkvio-
o1feioxapPapdikwv)(vitpolvio)ovunAdkwy Tov vikediov.

TV epyacio ovTH TOPOLCIALOVTOL TO ATWOTEAECHOTO TOL OQOPODY TN
obvBeon kot Tt pekéTn g Soprg prag véag oelpds (IpLporvuropmwo@vo)(N-
oAkvA0S10e10 K0P PaptSIKOVI VITPOLLAO)SUUTAGKOV TOL VIKEAIOD TOL yEVIKOD TO-
mov Ni(NO)(S,CNHR)(PPh3), 6mov R =Me, Et, i-Pr, n-Bu, s-Bu, t-Bu, i-Bu, Ph,

-C1C6H4 Kal TE-CH3OC6H4

H dopn tov véov ocoprloxwv digvkprviletar pe Baon 0 QOCUOTOCKOTIKG
Toug dedopéva (IR, 'H NMR, UV-Vis kat MS), xabag. emiong Kol pe uerpncatg ‘
TOV PayVNTIK@OV T0Vg 1810tTev. "OAa ta oOUTAOKE TV pel.arouvmt Bpeemca 4T
nepiéyovv ™ dopiky povada (NINO)* K(u 70 N-(I?\KU}»OSLB&HOKGPB(IHLSLKO llgand
oG d1dpactiké ligand. Tétow ovpmhoke sw(u QY _YEViKoL timov {NINO}'? KOl
elvar odpmroxo Tov pn58v0068v01)g vucshoo (d 10) OV TEPLEYOLY TO 16V TOL
vitpolwviov, NO*, g ligand kat 10 ukxoko&emoxap[&apt&xo ligand pe ™
HopeT) &vlg n3-886psupavou atspoaMuMKou tomov ligand. H Swpayvntiky
@OOT) TOV PEAETOVUEVOV cmm‘c)»om)v cuvm(opal Yo P TETPOUESPLKY] SLOPOPPOOT|
Y0pe® and o KeVIpKS Gropo Tov Ni? Eivai, épog, yvootéd 61t To TeTpacdpikd
copmioka Tou yevikod tomov IMNO}!? mepiéyouv ypappikry M-N-O opdda, 1.
omoia pmopel vo TEPOVLOLACEL KAPYT OTAV T CLMMETPIO TOL CUUTAGKOL €AAT-
to0ei. Ta peretodpevo copnroka Bpédnke ot nepiéyovv kexkapévn,opddo Ni-N-O
KOU EMOPEVMS 1| GTEPEOYMULKY] TOL dopt] Ba Mpémel vo eival Tapapopeopévn
tetpaedpikn] 1 wevdo-tetpoedpikn. Ilpdypatt, avtd Sramotddnke kot and peré-
e pe aktives-X avéroyov cvpunidkov mov mepiEyel, avii tov N-aAkviodifeio-
SapPapdkod hgand 10 O- a)»m))»o&eaoxap[iovuco ligand. H eficov mibavn
eminedn-tetpayoviky dopn yra ovpmhoka tov NiZ*(d¥) pe 16 ligand NO «g NO-
anokAeietol pe Bdon ta edopoata LR., agod dev mapatnpeital  xapakInpioTiKy
touvia amoppéenong VINO-) ota 1100 cm™! nepimov. Emiong, divetar mbavéd
TPOTLTO - SACTACEDS TV CLPTASKmV oTa @dopata paldv.

Térog, Ta pelerodpeva obprhoko oe aviibeon pe to aviicTolye cOPTAOKN
¢ TpL-n-PovTturoPuoeivng, Sev ofeldhvovial Tpog Ta avTicTolya VITpo-cOpTAO-
Ko, HE OMOTEAECHO VO PN UTOPOLV va ypnoiponotnbolv wg kataldteg o avTl-
dpdaoeig petagopds ofuvydvou.
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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 IITa 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 2. 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

1. The fluorescence of the reagent is enhanced in the presence of the elements.

II. The fluorescence of the elements is enhanced by the presence of the reagent.

III. Through the so called «Intramolecular Energy Transport» the excitation
energy is absorbed from the organic part of the complex; The energy is then in-
tramolecularly transferred the rare earth ion>',

Furthermore, the potentiak lasing ability of rare earth chelates was reported two
decades ago.!!'"3
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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.'* For example 2,2-
bipyridine forms transition metal complexes with Ruthenium which can serve as
both electron acceptors and electron donors. ! In the present paper some
fluorescent reactions of aromatic complexes with Lanthanides and other elements
of the Illa 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 micto-
apparatus (Desaga Mikrometer-Dosiergerit). The paper stripes were dried at
100°C 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 100°C 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 (+++). The fluorescence spectra of the com-
plexes were recorded either from the chromatographic stripes or from solutions, by
means of a ZEISS PMQ II Spectral fluorimeter using varying exc1tat10ns wave-
length.

For the above mentioned investigations only microgram amounts were ne-
cessary. For further studies on the nature and properties of the complexes, greater
amounts of substances were required. The synthesis of many lanthanide complexes
is a relatively easy procedure. For example, 100 mg of EuCl; or TbCl; 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 Lanthanide/Reagent 1:1, 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 (precipitate) 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 & 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 followmg
physico-chemical properties of the reacting components®.

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).

FIG. | : Infrared spectra of: (1) Phenyl-acetylene-monocarboxylic -acid (above), and (2)
Phenyl-acetylene-monocarboxylic acid Europium complex (below). Notice the different ab-.
sorption bands, espectally between 12-14 u resulting from the formation of a complex. (3)
EuCl 3 -

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).

I1. The weak fluorescence of some elements of the IIla group can be intensified
in presence of suitable reagents (Figure 5).
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FIG. 2 : Absorption and fluorescence spectra of: (1) Reserpine 0.5 mg/ml; (2) Reserpine 0.5
mg/ml+ThCly 0.5 mg/ml, and (3) ThCly 0.5 mg/ml in ethyl alcohol. Excitation 393 nm.
Fluorescence maximum 500 nm.

1 {_estosteron The .
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10073 rhel, 3 f

Relative fluorescence activity

FIG. 3 : Fluorescence spectra of (1) Testosteron | mg/mi, (2) Testosteron 1 mg/ml~+ ThCl;
0.5 mg/ml and (3) TbCl3 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 Tbh-Testosteron-complex.
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Fluorescence Intensity
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FIG. 4 : Fluorescence intensity of constant amount of 0.5 mg/ml Reserpine (ordinates) in
relation to increased concentration of Thorium 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 ThCl 4/ ml. (Excitation wavelength 392 nm. Fluorescence
maximum 500 nm).
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+ FIG. 5 : Fluorescence spectra of: (1) Phenylpropiolic acid (Phenylacetylene-monocarboxylic
acid), (2) Eu-phenylpropiolic acid complex, and (3)- EuCl3 registered from paper chromato-
graphic stripes (1 X4 cm) with a Zeiss spectral fluorimeter RMQ I, ZFM 4 (Europzum con-

centration ca 40 mzcrograms/cmz Excitation energy 312.5 nm (32)(10

cm)
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III. For studying the «Intramolecular 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
HC=C—COOH
Acetylene-monocarboxylic acid Y green +++
Lue green +++
Gd green ++
@CEC—COOH Eu red ‘ bt
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 possess 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.

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

’

TABLE II : Five membered heterocyclic rings

COOH _ Eu red +++
“ Tb green +++
HoOC &N Gd blue ++
Pyrazol-3,5-dicarboxylic
acid
[i Il Eu red ++
S~ COOH Tb green +++
Thiophen-2-carboxylic
acid

Pyrazol-3,5-dicarboxylic acid forms complexes with Eﬁropium, 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.

III. Group : Benzoic acid derivatives (Table III)

TABLE 1II : Benzoic acid derivatives

Chemical formula Substance Element / Fluorescence / Intensity
COOH
Benzoic acid Tb green +++
COOH COOH COOH .
COOH :
Tb green +++
COOH
COOH '

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

lic acids)
COOH COOH COOH
COOH COOH
Tb green +++
COOH HOOC COOH ,

COOH

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

COOH
COOH Tb green +++
HOOC COOH

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

COOH

CO0H Eu red ++

HOOC Tb green +++
COOH

1,2,4,5-Benzene-tetracarboxylic acid
- (Pyrromellitic acid)
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TABLE III : Benzoic acid dérivatives (continue)

Chemical formula Substance Element / Fluorescence / Intensity
COOH COOH

HOOC COOH  HOOC © COOH .

COOH  HOOC” coon 1P green i

COOH COOH

1,2,3,4,5-Benzene- 1,2,3,4,5,6-Benzene-

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 UV-light. The strongest green
fluorescence under the experimental conditions mentioned, was observed with the’
1,2,4,5-;¢tra‘carbbxylic acid derivative, the Pyrromellitic acid-Terbium complex.

IV. Group : Biphenyl derivatives (Table IV).

TABLE IV : Biphenyl derivatives

Chemical formula Substance Element / Fluorescence / Intensity
Biphenyl Eu red +
Tb green +
COOH Eu red H
Tb green +++

Biphenyl-4-carboxylic acid

Biphenic acid Eu red +

;-IOOC COCH Tb green k +++

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 Substarice Element / Fluorescence / Intensity

@ Pyridine-2-carboxylic Eu red +++
N~ COOH acid (2-Picolinic acid) Tb green B o o o
U green +++
@ COOH Pyridine-3-carboxylic Eu red +++
N acid (Nicotinic acid) Tb green +++
U green +
COOH
Pyridine-4-carboxylic Eu - red ++
(N) acid (Isonicotinic acid) - Tb green N
@ 2-Mercaptopyridine Tb green +++
N~ SH
@ 2-Pyridine-2-sulfonic Eu red _ +
N~ SO4H acid Tb green +++
‘ : Gd green +
@ Pyridine-2-aldehyde Tb green +++
N™ "CHO .
@ 2-Hydroxypyridine Tb green +++
N~ OH
O COOH Pyridine-2,3-dicarboxylic Eu red ++
acid (quinolinic acid) Tb green +++

N~ “~COOH
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TABLE V : Pyridine derivatives (continue)

Chemical formula Substance Element / Fluorescence / Intensity

HOOCU Pyridine-2,5-dicarboxylic Eu red ; +++
) i . ' +++
N7 COOH acid Tb green

/@ Pyridine-2,6-dicarboxylic Eu red ' +++
HOOC” N~ “coon acid (Dipicolinic acid) Tb green B

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 :

-COOH > -SO;H > -OH > -SH

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 UV-light. Furthermore, Eu-dipicolinate was
used in the TREES (Time-Resolved Eu Excitation Spectroscopy) technic for
elucidating details of Eu (III) binding to macromolecules, for example zinc
endoprotease thermolysin, 2! , '

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. >2%?* The
green fluorescence of Terbium is enhanced when instead of orotic acid, the iso-
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TABLE VI : Pyrimidine and pyrazine derivatives

H
O, Orotic acid Eu red ++
/N‘\@\ . Tb green +++

© oH .
v COOH '
N )jr
Iso-orotic acid Eu red +
e

Tb green +++
0]
HN 0
J\ - Alloxan Tb green L
0”"™N"0
la] .
N
@:COOH Pyrazine-2,3-dicarbo- Eu red +++
N7 COOH - 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. »4%

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

Very interesting monochromatic fluorescent derivatives forms a,a,a” "-tripyridyl
with Buropium and Gadolinium (red), Terbium (green) as well as Scandium
Yittrium and Lanthan (blue) when excited with UV-light. Terpyridyl complexes.
with Europium and Terbium have been reported since 1965.%

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.
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TABLE VII : Di- and tripyridyl derivatives

Chemical formula Substance , -Element  /Fluorescence  / Intensity
@_@ a,a’-Dipyridyl ' Eu red +++
N N . . Tb green +++

" Gd green +

ND_CN Y,y -Dipyridyl Eu red +
OO 4 Eu e

green
Eu red +++
Tb green +++
O O O a,a’,0” -Tri- Y blue +++
pyridyl ‘La . blue +++
NTOON N Sc . blue ++
Gd -~ red . ++
TABLE VIII : Quinoline "derivatives
Chemical formula Substance » Element / Fluoresée’nce "/ Intensity
: Quinoline , Th blue At
O Sc green-yellow F4++-
v Y green-yellow ++
N La green-yellow ++
Ce green-yellow ++
: O 8-Hydroxyquinoline Sc . green - +++
: Y green .
‘ N Lu green +++
OH -
' Quinoline-2-carbo- Eu red +++
O xylic acid (quinaldinic La blue ++
' N~ COOH add .
COOH

Phenyl-quinoline- Eu ‘ red +++
@ O @ 4-carboxylic acid Sc yellow +
(Atophan) ‘ ‘
. N L
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TABLE VIII : Quinoline derivatives (continue)

Chemical formula Substance Element / Fluorescence / Intensity
OH Eu red T
4-hydroxy-quirioline- Tb green +++
2-carboxylic acid Gd green +++
(Kynurenic acid) Sc blue ++
N” COOH Y blue ++
SOzH | |
7-Jodo-8-hydroxy- Y blue +++
O quinoline-5-sulfonic Lu blue +++
(Chiniofon) Gd orange ++
J N
OH
N N
1,4,5-Triaza-naphtha- Eu red +
lene 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%’

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).

1,10-Phenanthroline forms fluorescent complexes with Europium, Terbium and
Uranium exhibiting a strong red, green and green fluorescence respectively, in UV-

2,4,27,36

range. .

Some physico-chemical properties such as LASER action, fluorescence analysis,
etc, of Europium, Terbium and Gadolinium-1,10-phenanthroline complexes have
been reported.?>?%%
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TABLE IX : Phenanthroline derivatives

Chemical formula Substance Element Fluorescence / Intensity

N Eu  red et
1,10-Phenanthroline Tob green +++
: N U green B e

CHy
: N Eu red +++
4,7-dimethyl-1,10- Tb green +
phenanthroline u- green +++

CHy
@ Eu red +++

4,7-diphenyl-1,10- Tb -
. N phenanthroline u green +
Th blue ; +++
La blue ++

N

(Bathophenanthroline)

Similar results were obtained with the 4,7-dimethyl substitution of the 1,10-
phenanthroline. More interesting is the 4,7-diphenyl substitution of 1,10-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

263

Chemical formula Substance Element / Fluorescence / Intensity
0 ‘
N)\N 5-Aza-uracil Eu red +
Tb green ++
2
0" °N
0
N/“\ _
él\ 6-Aza-uracil Eu red +
N Tb green +++
O N
TABLE Xb : Cytostatic purine derivatives
Chemical formula Substance Element / Fluorescence / Intensity
- OH
V\LO Allopurinol Tb green +
U reen +
2N &
N N
OH
N N 8-Azaxanthine Tb green +++
)\ “ Gd blue +++
HO” ™N N~ N
SH
N @ j\l 6-Mercaptopurine Tb green +++
N N
NH,
6- Aminopurine- Tb green +++

CNARN—N
I 2-thiol
HSJ\Q 'N)
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TABLE Xb : Cytostatic purine derivatives (continue)

Chemical formula . Substance Element / Fluorescence / Intensity

Ct

f\@ /ﬁl 6-Chloropurine Tb green +++
N° N /

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
distruction of cancer cells.?

XI. Group : Organic phosphonimido derivatives (Table XI)

TA1_§LE X1 : Organic phosphonimido derivatives

Cheini,cal formula - Substance » Blement / Fluorescence / Intensity

\ ‘ Eu » red +++
P—N=P— Tb green +++
. / I | U green B aa e

Diﬁhenyl—ph'osphonimido-triphenyl—phovsphoran

Diphenyl-phosphonimido-triphenyl-phosphoran 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 elements, >3 for fluorimetric analysis* for
the enhancement of sensitivity in microanalysis etc. !

Also in Physics, i.e. monochromatic ﬂuorescence, 1ntramolecular 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.

Iepianym

Phopilovoes 1016THTEG APWUATIKDY TUUTAGKQY EVOTEWY TRaviwy yaidy, Kal dAAwy
otoryeiowv g ouddos Illa.

IMapackevdotnkay Sidgopeg oOUTAOKEG evDOEL omaviov yoidv (AavBavi-
Siwv), Tkavdiov, Yrtpiov, Bopiov kar Ovpaviov, pe apopotikéis ovoisg. H odp-
TAOKT] LOPPT] CUTOV TOV EVAOCEDV UTOSELKVOETOL OO TNV UEAETT) TOV QUOLKO-
XNUKOV TOV WBL0THTOV, 61K T.Y. JaQopEis TOV VREPHIPOV EACHETOVY, EVINCIG
@Bopiopol, onueiov thEeng, dtorvtdtng kAn. IToArég and Tig TapackeELacONcEeS
oOpmlokec evdoelg gvpén 6Tt ekméunovv £vtovo povoypopatikd @bopiopd
(npéoivo, kvavod xal epuBpd) dtav dieyepbovv pe vIeplddn axtivoPfoiria. Eniong
peretnfnkay ot e€fg TpElG pnyavicuol ot omotol Sdvaviar va au&noouv ™mv
évtaon Tov BOPIGHOD :

I. O qoesvng eBopiopde tov opyovikoh avtidpactnpiov propsi va avEndr
nopovsio evég ek TOV TPOOVAPEPDEVTIOV oTOL EiwV" T.X. 0 POOPLONSG HEPLKOV
Broloyixdg dpdviev ovoidv dnwg g Peleprivng v Teotootepdvng NuUmopei va
avéndn mapovoia 1W6viov Gopiov xor Tepfiov aviictoiyws. Kat® avtoév tov
TpomoY emTvyXdvetal 1 avdnoig Tng sumcenmag TOV YTMULKOD npoo&oplcpou
TOV avOTEPOD EVAOCEMV.

II. O acBevrig @Bopropdg evog £K TOV otolyamv tng opddog Illa nuropel va
avéndr napovoia evdg katakAnhov opyovikod avidpactnpiov. ILy. o acBevric
gBopiopéde tov Evpeniov mapovsio tov (I)ommko OKETVAEVO- uovmcapBo&UMKoo
ottog.

III. Av” evég «Evdopoplakold pnyovicpod petagopds evepyeiag». Eig avtrlv
Vv nepinteoty, 1 evipyela SEYEPCEMG AMOPPOPATAL UTO TO OPYUVIKS HEPOG TNG
CUUTAGKOL EVACEMG KOl UETOQPEPETOL €1 TO avOpyovov Lov.

,O1 TapackeLacdroec oopumiokeg evioelg Tafvoundnoay eig £vdeka opddeg
kar meprypdoovtat ot -pBopifovoeg 1816TNTEG E£1G TOUC QVTIGTOL(OVG MIVAKEG.
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