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IONIZATION ENERGIES OF MOLECULES
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Department of General and Inorganic Chemistry, Faculty of Chemical
Engineering and Technology, University of Zagreb

(Received: January 3, 1996 In final form: September 10, 1996)

SUMMARY

This work deals with the extended “heory of BOHR, and especially with the
calculation of ionization energies of molecules. New formulae have been
derived, based upon the frequency rule of BOHR, and their applicability

shown upon several examples chosen from inorganic and organic compound.

INTRODUCTION

Among other characteristic properties of molecules, the energies of
ionization can reflect their structure and enable the comparison of bond
strengths. The ease of involving the outérmost electrons in bonding,

coupled with the higher second stage ionization energies can explain the
predominant covalency of the bond or its partially ionic character. The:
proportion of resonant structures can also be indicated by energies of
ionization. The scope of investigating energies of ionization is great and
heplful in many fields of the chemical science. Therefore a new theofy which
enables the theoretical calculation of ionization energies is of a significant

practical use.

However, it is the intention of this work also to show the advantages of
the corpuscular theory based upon the principles of classical mechanics.
The accuracy, the ease of calculation and the visualization of the
corpuscular systems are inspiring creativity of organic and inorganic
chemists and even of physicistsand induce a sense of mastering the
understanding of the interdependance of the movements of subatomic

particles.
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THEORY

1. Surface ionization of molecules

The corpuscular theory approach for calculéting ionization energies is
applying the simple rules set up for atomic shielding constants to atoms
in molecules as well, because the atoms preserve their basic properties
if they form molecules, but the shielding constants for the bonding
electrons differ and nad to be established in this work. Variation of the
shielding constants appeared to be necessary also for hybridized electrons

and electrons from the neighbouring atoms as well.

. . . 1 . . . R
Therefore a formula derived in the previous work for .ionization energies

g 1 )
IE = 13.6 . (Z-s) . % 5 }
nt o+ omy o+ mg

of atoms:

was developed for the application upon molecules, by the introduction of

shielding constants for bonding electrons.

I. TABLE OF SHIELDING CONSTANTS FOR MOLECULES

Bonding mode Shielding constants
G- bond 0.20
3~ bond 0.15
hybridized electrons 0.15.
electrons from the neighbouring atoms 0.15

effective nuclear charge

In the above formula where: ({Z-s)

s = shielding constants
n = principal qﬁantum number »
m,o = orbital magnetic quantum number
ms = spin quantum number

the parameters in the denominator are pertaining to repulsive forces of
unpaired electrons. Thus the formula is constituted for a seemingly

diparticle system with a shielded nuclear charge and a decreased electronic

charge.



IONIZATION ENERGIES OF MOLECULES 5

Accordingly, the shielding constants and the parameters in the denominator
are enabling a polyparticle system to be mathematically translated into a

‘diparticle system.

2. Inner ionization (core ionization)

For the release fo inner electrons ( X-ray photoelectron spectroscopy
(XPS) ) a new formula had to be derived:

- 1
IE = 132.6 . (Z-s) . {___ . (2)
n : ml + ms

where the notations have the same significance as those in the first
formula. The derivation by the simple algebraic approach constituting
the theory of BOHR is better suitted for the chemical visualization

of matter than the»operators‘applied by physicists and mathematicians in
wave~mechanices for calculating relativistic ionization energies2 , and
even the accuracy is better than that achieved by the differential

equations.

Accordingly, the derivation begins with the sum of the kinetic and

potential energy, after BOHR:

762 (3)

r

S
Blos) =757

Such formula becomes applicable for ionization, when the condition of a

single outer electron is introduced, i.e. Z = 1

2
IE = + -1 e ()

-

2 r

For inner ionization a second condition must be introduced, i.e. n = 1. By
inserting the radius with such a condition into equation (4), the inner

ionization formula is resulting:

2 y .
IE = —2 '“"Zée = 13.6 . ZeV (5)
1 . h

For polyelectronic systems (atoms and melecules) the above formula is



6 ) ANA MEDVED

supplemented by variable parameters pertaining to effects of shielded
nuclear charge and the repulsive forces between the electrons in the -

1-4
IE = 13.6».'{-——(-2'—5)—— (6)
n+m +m

shells :

When taking into account the condition introduced in the derivation of
the radius, i.e. the quantum number n = 1, the equation (&) is resulting
but containing.E not as a dynamical variablg,rbut n inserted as a

parameter encompassing the repulsive forces.

APPLICATION AND RESULTS

The above formulae and the>corresponding shielding constants have been
applied for calculating the ionization energies of molecules involving
different types of bonding, 0 and gf , including the substituents, and
the metallic and ionic bonds as well. A theoretical and stereochemical
interest is attached often to assignments of maxima especially by electrbn
spectroscopists. The maxima measured by such experimental technique can

~ be unambiguously assigned by calculating the corresponding energies of
ionization. Therefore, the spectra registered by the electron spectroscopic
technique have been used to show the "best fit" procedure of the calcu-
lation. The compounds ethene, vinyl fluoride, and benzene have been chosen
among organic compounds from references, and gold, sodium chloride, argon,
xenon, péatinum as well as graphite, N2 and O2 from reference Siegbahn et
al. ESCa” .

ETHENE
H H
~ /
c=_¢
H g

a) Release of a 0L -electron:

The 4C -electron released consumes the ionization energy of an electron
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on a carbon atom:

(Z-s) =6 -2 .0,75-3.0,15 - 4 . 0,15 = 3,45

(nybridized)
IE = 13.6 . (Z-s) . {————1————}
A n2 : m]f + ms
IE = 13.6 . 3,U5 . {—-—i———} = 10,43 eV
2 4+04+0,5

(measured 10,51 en)?
I fee
2s 2p

Thereby there are U4 electrons from the:heighbouring atoms considered to be
in the sphere of the carbon atom ( s = 4 . 0,15 ).

VINYL FLUORIDE

a) The 97 -electron released when the other electrons from the neighbouring
atoms are considered to be in the sphere of the calculated C-atom:

(Z-s) =6 -2-.0,75-3.0,15-3. 0,15 - 0,15 = 3,45

IE = 13.6 . %5 _ 10,43 eV (measured 10,27eV)>
4,5 :

¢ Lk
2s 2p
In the next examples the unpairgd electron remaining after ionization is in

the neighbouring atom. Its m, - 0,5 is not to be taken into acount in the

calculation.
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b) The ¢ -electron from the C-atom released when the electrons are in the

neighbouring atoms:
(z-8) =6 -2 .0,75 -2 . 0,2 - 0,15 = 3,95

IE = 13.6 . 332 18,0 eV (measured 18,0 ev)>

L ud
2s 2p
¢) The U -electron released at the moment when one electron from the
neighbouring atom is in the sphere of the emitting atom.

(Z-s) = 6-2 . 0,75 -4 . 0,15 = 3,9

IE = 13.6 . {____3_’2__} = 10,60 eV (measured 10,6 ey)°
4+1+0

X
L QI
2s 2p
d) The G -electron released when 2 other electrons are in the sphere of
the considered C-atom:

(Z-s) =6 -2.0,75 - 4 . 0,15 - 0,2 = 3,70

IE = 13.6 . 270 . 16.73 eV (measured 16,73 eV)5
3

g

2s 2p

e) The first ionization from a free electronic pair upon fluorine:

(Z-s) = 9-2.0,7-6.0,15 = 6,7

IE = 13.6 .{-————jiil-————} = 20,30 eV (measured 20,4 eV)5
44+0+0,5

Wt

2s 2p
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BENZENFE

The aromatic compounds containing hybridized and nonhybridized G -and
9U ~bonds are emitting a wide variety of spectral systems. A gradation of
the ionization energies is observable, paralleling the orientation of the

orbitals in the magnetic field:

a) (Zz-s) =6-2.0,75-3. 0,2 - 0,15 = 3,75
1E = 13,6 . 3,75 . {:—————jl——————}-= 9,27 eV (measured 9,3)5
b +1+0,5

LWLy
2s 2p

b) (Z-s) = 6-2.0,75-3.0,2-0,15= 3,75
IE = 13,6 . 3,75 . ——-—1—-—}: 11,33 eV (measured 11,3)°
4 +0+0,5

L 4y

2s
e) (Z-s) =6 -2 .0,75 - 0,2 - 4 . 0,15 = 3,7
IE = 13,6 . 3,7 . {-—————EL—————i}= 16,77 eV (measured 16,8)5
4 -1+0

ba@

SODIUM CHLORIDE

a) Another point of defference is shown by the example of electron emission

from the 2nd energy level of an ion Na‘t:
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(Z-s) =11-2.0,75~-T7.0,2=8,1

IE = 13,6 . 8,1 . {_—_1.—} = 31,4 eV
2+1+050 (measured 31,0 en®

2s 2

p 3s 3p 3d

b) The electron emision from the chloride ion is consistent with an
unexpected sequence in the orbitals. It suggests a substantial polar
stability of the ionic bond. This example is showing spin-orbifal
splitting.

(Z-s) =17-2-8.0,75-5.0,2-2 . 0,75 = 6,5

nonhybridized
T { 1 }= 6,09 eV.
. 9+ 4,0+3.0,5 (measured 6,0 eV)6

SR

33 3p 3d

¢) There is a second maximum displayed at 16,8 eV and the calculations
have indicated an emission from the p-orbital, accompained by a different
spin-orbit splitting: ’

Lo (ges¥t217-2-8.0,7-T7.0,15=17,95 hybridized

IE = 13,6 . 7,95 . 1 } = 16,63 eV
9-2-1-1+3.0,5

(measured 16,7eV)6
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POTASSIUM HEXACHLORO PLATINATE

K, [PtCls]

The assignment of the maximum arising when the emitted eléctron comes from
the inner orbitals of Pt ( Y. energy level ) is very exact, when the core
ionization calculations are applied. The formula (2) for core ionization

. is used.

78" ] 4¢l"l: iﬁ liliii _______ (The configuration of Pt®)

(z-s) = 78-2-8-18~17 . O,4-14 . 0,55-14 . 0,35-6 . 0,15 = 29,7

= 13,6 . 29,7 . {————-—i————} = 73,44 eV ,
4+1+0,5 (measured 73,4 eV)6
\nwwﬁmmm g onn et I

bs  lp 58 . 5f

From d-orbitals electrons are also emitted from noncomplex platinum ion,

indicating a dissociated structure:

(2-s) = 78-2-8-18-17 . 0,4-13 . 0,55 - 14 . 0,25-0,2 = 30,95

IE = 13,6 . 30,95 . {.u—:-i_:—g—s—} = 76,57 f:;asured L
i ﬁmw R AN

The spectra of Eold reglstered by electron spectroscopy displayed in
reference (6), have been used for -the "best fit" procedure.



12 "~ “"ANA MEDVED

a) The emission of the 5f-electron from Au:

(Z-s) =79 -2-8-18-32.0,9-18.0,9=6,0

= 13,6 . 6,0 . {.____;L______~} = 3,26 eV
' 25+0+0 (measured 3,2 eV)6

g el geeey 0

5s  5p 5d 5f

b) The peak resulting when the electrons in the close packed fec metallic

structure are forming bonds7:

(Z-s) =79 -2-8-18-3.0,9~12.0,9-6.0,2=10,2

136 10,2 {_l___} 5,55 eV
25+0+0 (measured 5,5 eV)

g gy MLLL&EDU_L__

5s 5p 5d

The spectrograms of gold comprise also the inner electron emission maxima
registered with XPS, as the authors of reference (6) have shown. The
attempt to asign them by the formula derived previously is shown next:

¢) Wnen electrons are emitted from 4f-orbitals:

(Z-s) =79 -2-8-18-18.1-13.0,5-18.0,9 -
-0,2-0,15=9,3

IE = 13,6 . 9,3 . {-——————5——————~} = 84,32 eV

4-3+05 (measured 84,0 eV)6

bond obtained

R mmn@n mm mmm ______ Ik

Is Up 4d 4e - 5s 5

=
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d) - (Z-s) =79 -2~8-18-18.1-~13.0,55-19 . 0,35 = 19,2
IE = 13,6 . 19,2 . z-——-#L__._____} = 87,04 eV
b-2+2.05 (measured 87,1 eV)6

. A
U Uul quigs Wtweade i seagipd L
5d 5f

5s Up 4d 4r 5s 5p

ARGON

Because the most probable emission of an electron is the magnetically
favor‘able1 , the atom is tending to adopt a conducive configuration by
spin-orbit splitting, whereby the symmetry effects are also implied. The
example of argon is showing the splitting od an 3p and 3s electronic
pair, with ionization resulting in two ionic states. Therefore 2 maxima
are formed with an intensity ratio 2:1, the first at 15,76 eV and the
second at 15,93 eV6. The corresponding configuration interactions are:

5 L OO __ 44
b) ﬂﬁil&{_-__au
33 3p 3d
a) (z-s) =18 -2 -8 .0,75-5.0,2~2.0,15 = 8,7
b) (Z-s) =18 -2-8.0,75-3.0,2-4.0,15 = 8,8
a) IE = 13,6 . 8,7 . { __-_-ii--——-} = 15,77 eV
9-3+15 (measured 15,75 eV)6
b) IE = 13,6 . 8,8 . {-—-—-}-—————~} = 15,91 eV
9-3+1,5 (measured 15,93 eV)6
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XENON

Xenon does emit eleétrons from d-orbitals ard the emission is paralleled
by two spin-orbit splittings in the ratio 2:16 . This maxima were
calculated by the formula (1) for surface ionization:

a) (Z-s) =54 -2-8-18-16.0,4 -9 . 0,55 = 14,65

1

= 13,6 . 14,65 . { } = 12,10 eV

16 - 0+0,5 (measured 12,12 eV)6

¢ uny M@M gawi__ ¥

4s  lp 4d uf
b). (Z-s) =54 -2-8-18 -14 . 0,4 - 11 . 0,55 = 14,35
IE = 13,6 . 14,35 .-é -—-1-—-———-k = 13,42 eV
16 -2+0,5 (measured 13,43 eV)6

AU pa__u MH@JJM

4s  lp id

The XPS induced ionization of Xe from the 3. energy level is fitting
with the p-orbital electron emission, but accompanied by a spin-orbit
splitting in the uper level. The formula (2) was used for inner

ionization.

(z-s) =54-2-8.0,75-7.0,2-10..0,75 - 17 -
-9 .0,5 =15,15

IE = 13,6 . 15,15 . {- 1 } = 206,C eV
3-3+ ? - 0,5 (measured 206,0 eV)6

&3Mﬂﬁgﬂﬁﬂﬂifﬂﬂﬂﬂﬂiﬁﬂﬂﬂﬁﬂ_&*

3s 3p 3d 4s lUp 4q yf
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Data from reference (6) which were used for comparison with the calculated
values, give a description of the preparation of the samples of noble
gases for XPS measurements. The Xe ions were reduced at a metalic foil
electrode an&aaeposited upon it as a thin layer of atoms. As a consequence
the attached atoms formed still a tondage with the metallic foil. This
fact is theoretically observable in the calculation with 2- unpaired
electroﬁs, the third being paired upon the metal.

..3. Inner ionization formula for the elements of the second energy level

For inner ionization calculations of the second row elements an exceptional
forrula (7) is requested, because the electron released from the ls orbital
of such elements must penetrate an envelope of symmetrically arranged 2 - §
electrons. The empirically established accordance with the formula indicates
an independance of the ionization energy upon the orientation of the
enveloping electronic cloud in the magnetic field, but a dependance upon

the number of the enveloping electrons. Accordingly the number of electrons
is also a parameter applicable for the calculation of ionization energies,
consistent with the size of the interspace trough which the emitted electron
is penetrating, counteracting the repulsive forces.

The formula (7)

IE = 13,6 . (Z-s) . —= _ )
1l/a

where a = number of electrons in the enveloping 2. energy level

was applied to several molecules for verification.

GRAPHITE ‘ . /g)/ '

a) Surface ionization: I e Ve
(z-s) =6 -2 . 0,75 - 3 . 0,15 = 4,05 . A
IE = 13,6 . 4,05 . {———1——-—} = 18,36 eV | ]
b-1+0 (measured 18,34 eV)

IO

ls 2s 2p
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b) Inner ionization:
(Z-s) = 6 - 0,2 -4, 0,15 = 5,20

1

IE = 13,6 . 5,20 . = 282,9 ev
174 ' (measured 284,0 eV)6
s 28 2p
NITROGEN IN= NI
a) (z-s) =7-2.0,70-2.0,2-2.0,15= 4,90
IE = 13,6 . 4,9 . i—i——-—} - 16,65 eV
b+0+0 (measured 16,7 eV)6

N
RIRORRONS

1s 2s  2p
b) (z-s) =7-0,2-3.0,2-2.0,15 = 5,9
IE = 13,6 . 5,90 . 1 = 1401,2 eV }
1/5 (measured 402 eV)6
br oLy
s 2s  2p
OXYGEN 10 = 0]
a) (Z-s) =8-2.0,75-4.0,2-0,2=5,5
IE = 13,6 . 5,5 . { Lt | sogev
L -1-0 N
(measured 24,9 eV)
R0}
1s 2s  2p
b) (z-s) =8 -0,2-5.0,2-0,15 = 6,5
IE=13,6 .6,5. —%  =530,4eV
/6 (measured 532 eV)6
~
Q@ il

s 2s  2p
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IT. TABLE OF SHIELDING CONSTANTS

Electrons on the same energy level:

S and p electrons are contributing upon all energy levels .... 0.20

Electrons

in the lower levels

.................................

d ~electrons with all electrons in the 3. level ..... 0.75
’ - . level ..... 0.40
-n o level ..... 0.20
f1"8-electrons with all electrons in the 4, level ..... 0.55
-n . level ..... 0.35
6.1l -
£9 " electrons with electrons £~ of the 4. level ..... 0.55
and with the s, p, d-electrons .......civiivinnnnenane.. 1.00
G~
fid 1u-electrons of the 5. level ..... 0.35
and with the s, p, d, 51"8~electrons Cetreeeencteeaeaaan 0.90
Electrons on the level underneath:
Electrons uncer s-orbitals of the 1,2,3 level ...... 0.70
Electrons under p-orbitals of the 1,2,3. level ...... 0.75
Electrons under s and p-orbitals of the 6. level ...... 0.55
" Electrons under s and 'Eforbitals of the _ 5. level ...... C.75%
Electrons under d and f-orbitals of the 3.,4. level ...... 1.00
Electrons under d and f-orbitals of the 5 level ...... ¢.90
1.00

The sequence cf quantum numbers is regular: 1, 2, 2, 4, 5 and not

2.7 or 4.2 as with SLATER’s modified auzntum numbers.
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ENEPIEIEZ IONTIZMOY MOPIQN

'H napouca epyacia avagépetar oy ekteTapévn Bewpia tou Bohr kal 181KdTEPA OTOV UTTIOAO-
YOO TNG eVEPYELAQ LOVTIONOU TV popiwv. Exouv napaxBei véol Turnot, nou Baoifovtal oTov -
Kavova ouxvotnTag Tou Bohr Kai TV omoinv n epappoyn KaTadEVUETAL HEGW MAPASELYHATWV
EMAEYPEVV ard OPYAVIKEG KALAVOPYAVES EVDTELS.
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Monte-Carlo simulations have been applied to Electron Probe X-ray
Microanalysis of thin coatings on a bulk material. The X-ray signal from the film
and its lateral extent as a function of film thickness, primary beam energy and
angle of incidence were calculated. All contributions to the measured total X-ray
signal were taken into account. These are:

a) The signal induced by the primary electron beam.

b) The signal induced by backscattering, considered both within the film and the -
substrate.

¢) The signal induced by characteristic and continuous X-rays, created within
the substrate by incident and backscattered electrons, which ionise the atoms of
the film in their way out of it.

KEY WORDS: EPMA, Coatings, Monte-Carlo.

INTRODUCTION

Electron Probe X-ray Microanalysis (EPMA) is a well known and‘established
technique for the quantltatlve analysis of bulk materials [1-4]. The formalism
used is apphed to samples which are homogeneous in composmon in the whole
analysed volume. But when the analysed elements are not homogeneously
distributed in the sample, as in the case of small inclusions in a different matrix
or stratified materials, the formalism used for bulk materials is no longer valid
and different approaches are needed. The first attempts to apply EPMA to the
analysis of stratified materials were based on the determination, of the @(pz)
function, giving the distribution of the generated X—réy s.ignal as a function of
depth (Philibert et al. [5], Reuter [6] and Brown [7]). This approach is quite

complicated and several assumptions were needed. Monte-Carlo simulations
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were also used (Bishop and Poole [8], Kyser and Murata [9], Foulu and Henoc
[‘1f0]), but also with important simplifications, in order to reduce computer time. A
more elaborated model was that of Pouchou and Pichoir [11-13] which
constitutes an analytical model established by considering both general laws and
Monte-Carlo simulations in order to obtain the @(pz) curve of stratified materials
as a function of primary beam energy. The chemical composition and film
thickness of the analysed samples are obtained by measuring experimentally the
ratio of intensities of the analysed element from the sample and from a standard
of known and homogeneous composition, containing the same element.

A simplified model, applied in the case of coatings which are sufficiently thin
compared to the corresponding electron range .(thickness t <R./10, R.=electon
range) was that of Cazaux et al. [14-15], based on a formalism analogous to that
applied in Auger Electron Spectroscopy.' In this formalism, the X-ray signal
emitted by element A of a film of thickness t Q'n a substrate B is written as:

N
I, =C, .p.(X).Ip.a)i,. G (Ey).(14T 4y )t.T

where C, is the concentration of element A in the film, p is the volume density
and A the atomic mass, N is Avogadro’s number, |, (in e/sec) is the primary
beam current, wj the fluorescence yield, o} (E,) the ionisation cross section by

electrons of energy Eo, T is the collection efficiency and Tas is a total correction
factor taking into account all ionisations within the substrate (backscattered
electrons and X-rays created within the substrate, which ionise the atoms of the
film). Only characteristic X-rays from the substrate are in general taken into
account. Nassiopoulos and Valamontes [16-18] and Valamontes et al. [19] made
more exact calculations of the correction factor Tas, by including also
fluorescence from continuous X-rays created within the substrate. They used
Monte-Carlo simulations for these calculations and they found that in some
bases (high primary beam energy and substrate of a high Z material) the
contribution from continuous X-rays is very important and not negligible. The
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factor Tag was also measured experimentally by this group [i 7] and by Cazaux
etal [14], by measuring under the same conditions the X-ray signal of element
A from the film on a substrate B and the signal from a thin unsupported film of
the same thickness and by calculating the ratio of these two signals. The signal
from the thin unsup‘ported film is equal to the signal due to the primary beam.
In the present work, the above calculations are extended to the case where the
film is not thin, compared to the electron range. Backscattering within the film is
in this case taken into account and the change of the ratio lota/lam with fflm

thickness as a function of primary beam energy and angle of incidence will be .

discussed.

The radial distrﬁbution of the X-ray signal from the film is also calculated in this
work for different film thicknesses and angles of incidence. The corresponding
Monte-Carlo programme is quite general and takes into account all contributions
to the total signal, as described above. But ‘even though the Monte-Carlo
programme is quite complicéted, it can be fun on a personal computer.

RESULTS AND DISCUSSION

‘The Monte-Carlo programmé has been described in detail elsewhere [16]. The
incident electron beam is normally distributed (gaussian curve) around the point

of incidence, with a standard deviation 00=4010x. For each incident electron the
electron trajectory within the sample (including both the film and the substrate) is
first calculated. Backscattering within both the film and the substrate is
considered. The X-ray signal from the film is then calculated for the part of
electron trajectory, situated within the fiim. Fluorescence from characteristic X-
rays is considered in the following way: the created characteristic X-rays along
the electron path which have enough energy, ionise the analysed atoms from the
film with a probability given by the X-ray ionisation' cross section at the

21

corresponding energy. A random number determines the emission angle of -

these X-rays which produce the signal of interest in their way out of the sample.



22 ' E. VALAMONTES

Fluorescence due to continuous X-rays is calculated as described in reference
[16]. Only continuous X-rays from the substrate are taken into account.

An example of application of the Monte-Carlo programme is given in Fig. 1 which
shows the total X-ray signal from a copper film on a gold substrate as a function
6f - primary beam energies, in the range 10-50 keV. The film thicknesses are
between 40nm and 400nm. The analysed line is CuKa. The fotal signal is
normalised to the signal from an unsupported film of the same thickness,
calculated separately. The contribution of the substrate is thus separated-from
the signal generated directly within the film by the incident beam. As expected,

this contribution is more important when the film is thin.

CusAu (CuKe)

Cu 40nm

Cu 100nm
Cu 150nm
200n m
Cu 300nm
4Q00n m

N
a1

o TN PR R PN TS EEE NN

+»® 00 OO0
O
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R s e e g R RN R
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Fig. 1: Variation of the total X-ray- signal I; from an overlayer of Cu on-a gold
substrate normalised to the signal I from a thin unsupported film of the same
thickness as a function of energy, for different overlayer thicknesses. -

Experiments were also performed in order to verify the Monte-Carlo results.
Fig. 2 shows a series of experiments in comparison to our calculated results from

reference [14]. The total normalised signal I/l; is given. Al films, 40nm thick, on
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various substrates are used. The agreement between calcuiations and
experimental results is quite good in all cases within the limits of experimental

and calculation errors.
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Fig. 2: A series of experiments in comparison to our calculated results. The total
normalised signal l/lf is given. Al films, 40nm ‘thick, on various substrates are
used.

The extent of the total x-ray signal in an x-y axis is calculated by the following
way: A line is considered, which is defined by the intersection of the plane
defined by the sample surface and that defined by the perpendicular to this
surface and the direction of the incident beam (see fig. 3). The lateral extent of
the x-ray signal is greater in this direction than in a direction perpendiculiar to that
one. So the more restrictive case was considered. We theﬁ consider planes
perpendicular to the above line and the calculatedusignal at each point of these
planes in the interaction volume is attributed to one point of this line.

Fig. 4 shows the distribution of the total X-ray signal as defined above, for the

case of a Cu film on Au (analysed line: CuKa). The film thickness was 40nm and
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3 different angles of incidence were considered ( 30° (a), 60° (b) and 85° (c)) for
different primary beam energies. When ©=30° and below and for high primary
beam energies, the obtained distribution is quite similar to that of normal
" incidence (normally.distributed around the point of incidence). The main
contribution is that due to the primary beamr and the other contributions
constitute a low background, distributed over a very large area. At higher angles
the extent of the signal is larger and it is several hundreds of nm at 85°, being
even larger at higher primary beam energies. When the film thickness is
increased, the extent of the X-ray signal is increased and it is larger even at

small angles of incidence (30% (see figs. 4a, b, c).

%

film

substrate

Fig. 3: The extent of the total X-ray signal is considered by projecting the
calculated 3-D signal to a line defined by the plane of incidence and the sample
surface.

From the obtained curves we can roughly estimate the resolving power of the
technique at the corresponding conditions by considering the obtained
distributions as “distorted gaussians” and applying the known criteria [18, 19].
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Fig. 4 (a, b): Radial distribution of the total X-ray signal for the case of a Cu film
on Au (analysed line: CuKa). The film thickness was 40nm and 2 different angles
of incidence were considered ( 30° (a), 60° (b)) for different primary beam
‘energies.
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Fig. 4 (c): Radial distribution of the total X-ray signal for the case of a Cu film on
Au (analysed line: CuKa). The film thickness and the angle of incidence was
40nm and 85° respectively (for different primary beam energies).
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CONCL.USION

. A Monte-Carlo programme has been developed for the determination of the X-
ray signal from coatings, which takes into account all contributions to the total X-
ray signal: a) signal induced by incident electrons b) backscattering from both the
film and the substrate c) fluorescence due to characteristic X-rays and c)
fluorescence due to continuous X-rays from the substrate. This programme may
be used both for thin and for thicker coatings. It was applied to the case of a
Copper film on Gold for different film thicknesses, primary beam energies and
angles of incidence. The distribution of the X-ray signal in the projection of the
plane of incidence on the samplé surface is also calculated, with such
parameters as the film thickness, the angle of incidence and the primary beam
energy. The developed Monte-Carlo programme may be used both for the
analysis of coatings and in the case of known composition for film thickness

determination.
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MIKPOANAAYZH AEMTQN YMENIQN

Egappdoape  utrodoyiopols Monte-Carlo  kar  Treipapatikég pefpr’]cag yia
HIKpoavaAuon akTivwy X AeTTTWvV Upeviwv oe aTeped umdoTpwa. EEetdotnkav
1300 To anpa TV akTivwy X ammd 1o upévio 600 kai N JIGKPITIKY IKAveTNTA TG
HEBOOOU Cav guvApTNON TOU TIAXOUS TOU UPEVIOU, TNG EVEPYEITS KAl THS ywviag
£10050U TNG TTPOCTTITITOUCAS NAEKTpOVIKAG Béoung. AdBape um own OAeg TiC
OUVEIGPOPEG OTO HETPOUNEVO OAIKG ofjua Twv axTivwy X. AuTéG ivat:

a) To eaydpevo 0'1”]LIG amé TNV TPOCTHTITOUCX NAEKTPOVIKA dEON,

B) To emaywpevo ofpa amd omiobookEdaon TOGO £VIGE TOU UMeviou 600 Kal
" gvtd¢ TOU UTTOGTPWHATOS.

y) To ETTAY(HEVO OAPA aTTd CUVEXK KAI XAPOAKTAPIOTIKN axnvoBoXia X, o1 oTroigg
TapayovTal 016 uTTOCTPWHO aTmd 1A élcapxéuevcx Kai oTioBookedalopeva
nAekTpdVIa Kar 1ovifouv Ta droua lmu upeviou kard Tnv diadpopur)- Toug evrog

auTtou.
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Back-foil Scanning X-ray Microfluorescence, developed in a Scanning Eiectron
Microscope and applied for the analysis of very thin coatings is compared with
Electron Probe X-ray Microanalysis (EPMA). Both experimental results and
Mante-Carlo calculations are used in this respect. The signal to background ratio
as a function of the primary electron beam energy and angle of incidence and for
different film thicknesses is obtained for both techniques and a comparative
study of sensitivity is made. Back-foil Scanning X-ray Microfiuorescence (SXRF)
used in optimised experimental conditions, is found to be more sensitive than
EPMA, especially in the case of film thicknesses below ~100nm. The resolving

power of Back-foil SXRF is also calculated for the anode used by Monte-Carlo
simulations.

KEY WORDS: EPMA, SXRF, Coatings.

INTRODUCTION
X-ray Fluorescence (XRF) and X-ray Microanalysis (EPMA) are two analytical
techniques with quite different characteristics. EPMA uses electron excitation in
an Electron Microscope While XRF uses an X-ray excitation séurce, which offers
several advantages over the electron excitation: a) Relative detection limits of the
order of 1 ppm compared to ~1000 ppm by weight in Energy Dispersive EPMA,
b) possibility of analysing insulators without depositing a-conducting layer on the
top of them, c) possibility of nondestructive analysis of‘beam sensitive biological
samples. On the other hand, EPMA offers the advantage of a much better lateral
resolution, in the pm range, which allows imaging of the analysed element of the
sample. ‘
Several attempts have been made to use the electron source of the electron
microscope in order to obtain an x-‘ray source inside the microscope. Middleman
" and Geller [1] fixed an attachment with a 25um thick molybdenum foil, used as
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an X-ray source, generated by a 30keV electron beam. Similar attachments have
been proposed by Linnemann and Reimer [2], Wendt [3,4] and Weiss [5], all of
them considering their transmission X-ray sources far from the specimen to be
analysed. Little different, but always with the X-ray source far from the specimen
were the attachments proposed by Eckert (both reflection [6] and transmission
[7,8]) and Pozsgai (transmission mode, but with the analysed épecimen in a
closed space, protected from unwanted X-rays [9]). Other works, dealing with
analogous SEM attachments, are nicely described in a review article by Pozsgai
[10]. '

A different.approach have been made by Cazaux [11] and implemented first in a
surface analysis instrument [12] and later in a Scanning Electron Microscope
[13]. It consists of using the anode in thin film form (X-ray source) in close
contact to the sample, also in thin film form. The X-rays are created within the
anode and ionise the atoms of the sample on their way out. The corresponding
SEM attachment [13] is illustrated in Fig. 1. Compared to all the other proposed
solutions, this experimental arrangement offers the ultimate resolution, which is
in the ym range when the anode is s'ufficiently thin (of the order of the electron
range). In this paper, this last solution is used (Back-foil Scanning X-ray
Microﬂudrescence) and the sensitivity of the technique for the analysis of very
thin overlayers, where EPMA reaches its detection limits, is examined. Both
experimental results and Monte-Carlo simulations are used in this respect. Direct
comparison with EPMA is also made. The radial distribution of the obtained

fluorescence signal is also calculated by Monte-Carlo simulations.

. RESULTS AND DISCUSSION

A) Experimental Setup.

The experimental setup of fig. 1 was used for back-foil XRF. The anode was
composed of a nickel foil, 5pum thick. Th'e anode was chosen sufficiently thick in
order to prevent primary beam electrons to reach the Ti film on the back side of
the anode. On the other hand, a limited thickness is necessary in order to

minimize self-absorption of the generated x-rays. Titanium fiims of different
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thicknesses were deposited on one side by electron gun evaporation in high
‘vacuum (10® Torr). A Si(Li) detector and the EDAX system for quantitative
analysis was used for x-ray signal acquisition. The x-ray signal, integrated under
the peak and the integrated backgr0und,'~ also under the peak and in the same
energy window; were used. Standard EPMA, using the same experimental
conditions of beam current and electron beam focussing was applied to the

same samples.

e beam
anode-foil

direct
_~"radiation

fluorescent
radiation

Fig. 1: Experimental setup used for back-foil XRF. lllustration of the trajectories
of primary and fluorescence x-rays in back-foil XRF. The background is reduced
by absorption of the continuous radiation, created by the electron beam, within
the anode.

B) Monte-Carlo calculations.

The basic computational model for the calculation of electron trajectories was
described in detail elsewhere [14]. It is based on the following assumptions:

- elastic. scattering is described by screened Rutherford cross-section;

. - angle deviation is considered to be due.only to elastic scattering. This is a good

_pproximation, as inelastic scattering occurs through very small angles;
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- between two s_ca'ttering points, electrons are considered to lose energy
continuously. The energy loss is described by the Bethe equation for energies
. E>6.4J, where J is the mean ionisation potential. For lower energies, the Rao-
Sahib and Wittry's expression is used. | ,

- Each step length for elastic scattering is considered to be constant and equal to
1/100 of the total electron range (plural scattering model). The total length of the
electron trajectory within the sample is taken to be the Bethe range. With this
approximation, the calculation time is reduced significantly while little error is
introduced. In order to evaluate the x-ray signal induced by electrons, eaéh step
is divided into smaller steps. At each small step, the energy and position of the
electron is known, so the probability for x-ray generation is given by the
corresponding cross section. ,

The x-ray emission is considered to be isotropic, two random numbers are used
for the direction of x-ray emission. Part of them enter into the film after possible
absorption within the anode.

The x-ray fluorescence signal is calculated by dividing the film in 10 layers and
considering the probability that the primary x-rays entering the layer are
absorbed by the layer on their way out of the film. Absorption correction of the
fluorescent x-ray signal created within the film is also considered. The absorption
coefficients used are taken from the x-ray cross-section compilation by the
Kaman Science Corporation [16].

c) Results and Discussion.

Fig. 1 illustrates the trajectory of the direct and fluorescence x-rays in back-foil
XRF. The background is reduced by absorption of the continuous radiation,
created by the electron beém, within the anode.

Fig. 2 indicates the experimental results of the signal to background ratio (S/B) in
the case of back-foil XRF for different film thicknesses as a function of the
detection angle ©. The acquisition time of the whole spectrum was equal to 600
sec. When this angie is increased,>the S/B ratio is improved, due to further
reduction of the background and an increase of the analysed film area.

Fig. 3 shows the ratio of the analysed Ti X-ray signal from the film to the Ni signél
from the anode. Points correspoﬁd to experimental results and full lines to
Monte-Carlo calculations. Good agreement is observed between experiment and ‘
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Fig. 2: Experimental values of the signal to background ratio (S/B) in the case of
Back-foil XRF for different film thicknesses as a function of the detection angle
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Fig. 3: Ratio of the Ti x-ray signal from the film to the Ni x-ray signal from the
anode. Points correspond to experimental results and full lines to Monte-Carlo
calculations.
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calculations. The Ti signal from the film is increased with respect to the signal
from the anode as the detection angle @ is increased. This is due to an increase
of the self-absorption of the Ni X-ray line and to an increased analysed area.

EPMA was performed on the same sample for corﬁpaﬁson_. The signal frc'Jm a
thin film in EPMA is improved at low primary beam energies and high angles of
incidence. Figs. 4a, 4b and 46 illustrate experimental resuits of the signal to
background ratio (S/B) for three different angles of incidence. If we compare fig'.
2 with figs. 4a, 4b and 4c we see that in Back-foil XRF the signal to background
ratio is 2 or 3 times higher than in EPMA. The same acquisition time was used
for both EPMA and back-foil XRF spectra (600 sec). But it should be noted that
the reduced background in the case of back-foil XRF permits to increase the
acquisition time and improve sensitivity. Indeed the minimum detectable
concetration (or thickness) is calculated by considering the Rose criterion,
according to which a signal is detectable if the corresponding peak is ét least 3
times the standard deviation of the background. By taking that into account the
minimum detectable concentration X, of an element A in a matrix may be

expressed as:

- i Ly
m IS t

where I is the signal from a standard containing only element A and Igg is the
signal under the background. From the above expression it is obvious that the
minimum detectable concentration is reduced if lgg is smaller and the acquisition
time is increased. In the case of back-foil XRF the reduced background gives the
possibility to increase the measuring time so as the sensitivity of the technique is
considerably improved combared to that of EPMA.

‘The lateral distribution of the total x-ray signal from the film in Back-foil XRF is
given in fig. 5 for a primary beam energy of 30keV. This distribution is
approximately gaussian with standard deviation ©,=2.3pym. By applying the
Rayleigh criterion as in reference [15], the resolving power of the technique,
* defined as the minimum distance between two points for which the x-ray signals
are resolved, is calculated. A value of 3.7um is found for the anode thickness
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and primary beam energy used. This resolving power is by some orders of

magnitude better than in standard XRF.

CONCLUSION

Back-foil XRF and EPMA are both applied to the analysis of very thin films. The
sensitivity of Back-foil XRF is better than that of EPMA in the case of very small

. 0
film thicknesses (some tens to some hundreds of 4). The obtained experimental
results are verified by Monte-Carlo calculations. The resolving power of Back-folil
XREF is of the order of some microns. It is much better than in conventional XRF

and of the same order of magnitude as in EPMA.

EYMKPIZH TON SXRF KAI EPMA A THN ZTOIXEIAKH ANAAYZH AEMTON
YMENIQON

& NAEKTPOVIKO HIKPOOKOTTIO OGpwonG avamTuxdnke HIKpo@OopIoHos akTiviy X
He xprion avédou (SXRF) kat xpnoiuotoifdnke yia v avahucn TTOAU AeTrTwv
UMEVIWV CUYKPIVOUEVOG WE TNV HIKpoav@Auon aktivwy X nAektpovikng déoung
(EPMA). Zmv karevBuvon autr Xpnoigotroménkav 1600 nelpapaﬁxd
amoteAégpara 6go kai utrohoylopoi Monte-Carlo. YoAoyioBnke o Adyog arfjua
Tpo¢ uTT6RaBpo cav cuvdpTNon TG EVEPYEIDS Kal TNG ywviag €106dou Tng
TPOCTTITTTOUGAg nAsKrpoWKﬁg Béoung kal yia BlagopeTikd Traxn upeviou. O
Hikpo@Boplopdg akTivwy X pe xprion avédou (SXRF) Bpébnke mé euaioBnrog
amd v pikpoavaiuan aktivwv X nAektpovikng déoung (EPMA), 1Biaitepa ot
TEPITTWON TTAXWV UPeviou MIKpdTEpWvY atmd 100nm. AkOun utroAoyicBnke n
BIAKPITIKA (KAVOTNTA TOU HIKPopBopIiopol akTivwy X HE xpﬁcrn avédou (SXRF) pe

™ xprion mpocouciwong Monte-Carlo.
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Fig 4 (a, b): Experimental values (EPMA) of the Signal to Background ratio (S/B)
for two different angles of incidence (0, 30 deg).
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Abstract

The electrochemical behavior of aromatic nitrocompounds in propylene
carbonate solutions in the absence and in the presence of a proton donor, as well as
the influence of the Li*-cations on the reduction of these depolarizers are
investigated on carbon fibre electrodes.

In the case of nitrobenzene, two reduction steps appear; the first corresponds
to the formation of the radical anion and the second to the further reduction to
phenyl-hydroxylamine. In the case of dinitrobenzenes, a dianion diradical is formed
in two successive and reversible one electron steps; the dianion is only partially
further reduced at higher negative potentials. The dianion of p-dinitrobenzene
remains stable over a large potential range, due to its quinonoid structure.

‘ With the introduction of Li* in the PC solutions of the nitrocompounds a
significant shift of the reduction waves to more positive potentials was observed, due
to the formation of ion pairs between the radical anions and the Li*-cations.

In the presence of benzoic acid as a proton-donor, the reduction of
nitrobenzene occurs directly to phenylhydroxylamine. Also in the presence of a
proton-donor p- and o-dinitrobenzene are reduced first to nitrophenylhydroxylamine
and then to phenylenediamine, while m-dinitro-benzene is reduced first to m-
nitrophenylhydroxylamine and subsequently to m-phenyl-hydroxylamine. A similar
result is achieved by the carboxylic groups which are formed on the carbon surface
by.the thermal and electrochemical oxidation of the carbon fibres.

Key words: Cyclovoltammetry, Nitrocompounds, Carbon Fibres, Propylene Carbonate

Introduction

Recently, in the electrochemical technology of non aqueous solutions, the use
of the carbonic acid ester with propyleneglycole-1,2, the well known propylene
carbonate (PC) is widely increased.

This aprotic solvent has a significant dissolving ability for several salts and
many organic compounds, which can be used as depolarizers in the field of
Electrochemistry. It has no corrosive properties, it is very stable in a large
temperature range, it causes a remarkable ionisation to the dissolved salts, because
of its high dielectric constant (e=65) and furthermore cannot be oxidised or reduced
within the commonly used potential range in the electrochemical technology. So, the
propylene carbonate solvent with the proper salts can be used as a very good
"supporting electrolyte system” in specific electrolytical reductions as well as
oxidations and electrosynthesis in general, also in galvanic ceils, when non-aqueous
solvents are required (such as Li cells). On the other hand, in the electrochemical
processes and electro-oxido-reductions, proper electrodes are the carbon fibres [1].
Very good electrochemical results occur when carbon fibre electrodes, obtained by
graphitisation of polyacrylonitrile (PAN-based carbon fibres) are used [2-11].

The electro-reduction of aromatic nitrocompounds is very important in the field
of electrosynthesis; these nitrocompounds can also be used as depolafizers in
galvanic cells. The nitrocompound is, in general, one of the best “electrophores” [1].
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The electro-reduction of aromatic nitrocompounds on carbon fibre electrodes in
propylene carbonate solutions does not have any references in the international
literature. For this reason we tried to mvestlgate the above reduction by means of
cyclic voltammetry.

Experimental

The solvent propylene carbonate has been purified by percolation through molecular
sieves followed by distillation under vacuum.

Depolarizers: nitrobenzene, o,-m-,p-dinitrobenzene.

Supporting electrolytes: tetraethylammoniumperchiorate and lithiumperchlorate.
Proton donor: benzoic acid.

Electrodes: a)pristine carbon fibres, b)actlvated (modified) carbon fibres by thermal
and electrochemical oxidation. »

Bundles of highly oriented and mechanically stable PAN-based carbon fibres
(Celion GY-70, BASF specific resistance 7x10* Q.cm) were treated before use with
MeOH and ultrasonic vibration. The electrochemically active surface of the carbon
fibres has been estimated equal to 1,7 cm>mg’™". The thermal oxidation of the fibres
was carried out in the presence of air and water vapour at 160°C for 10h. The
electrochemical oxidation was achieved by the controlled potential double-pulse
oxidation in 0,5 M Na,SQ, for 6min. The thermal pre-treatment leads to the formation
of carboxylic groups on the surface of the fibres, while the electrochemical oxidation
causes the formation of oxygen containing functional groups which are also situated
in the bulk of the fibres [12,13].

Cyclic voltammetry was carried out using a conventional set-up. The current
densities are expressed per mg of fibres. The reference electrode was Ag/AgCl in
PC and the potential values were expressed in reference to the hydrogen electrode.
All experimental data are given at the temperature of 25°C.

Resuits and discussion

The cyclovoltammetric study of nitrobenzene on pristine carbon fibre
electrodes in PC solutions proved that in the absence of a proton doner the reductlon
occurs in two well formed steps (Fig.1).
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Fig. 1. Cyclic voltammogram of p-nitrobenzene (10° M) on pnstme carbon fibres
electrode in PC solution (EtsNCIO4 0,1 M), v=100 mVsec™.
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The reversible step (a) corresponds to the formation of the radical anion,
which is further irreversibly reduced to phenylhydroxylamine (B) at higher negative
potentials. The couple of peaks B'-B" corresponds to the system nitrosobenzene-
phenylhydroxylamine and peak y to the oxidation of an intermediate reduction
product formed because of the aprotic character of the solvent [14].

. Ep=-0,92v -
aa —N02 + @ A— _Noé
Ep=-0,83V

Ep -0,17V
—-NHOH —NO *
O-won 28 Qv

The electro-reduction of the aromatic nitrocompounds is substantially
facilitated in the presence of a suitable proton donor, such as benzoic acid. This acid
is not ionised in PC, as the conductometric study has shown; moreover it has a
similar diffusion coefficient such as those of the aromatic nitrocompounds. For these
reasons benzoic acid acts as a real proton donor during the electro-reduction of the
aromatic nitrocompounds in the interfacial region.

In presence of benzoic acid, in fourfold quantity with respect to that of the
depolarizer, nitrobenzene is reduced in one 4-electron step (Fig.2, peak a). In this
case the couple of peaks a’-a” corresponding to the redox-system nitrosobenzene-
phenylhydroxylamine appears more reversibie.

08t a
-1.5 -1 -0.5 [}

E H/V

Fig. 2. Cyclic voltammogram of nitrobenzene (10° M) on pristine carbon fibres
electrode in PC solution (EtsNCIO4 0,1 M) in presence of benzoic acid (4- 10° M),
v=100 mVsec™.



42 A. PELEKOURTSA, N. MISSAELIDIS; D. JANNAKOUDAKIS

The electro-reduction of the isomeric dinitrobenzenes on carbon ftibre
electrodes in PC solutions in the absence and in the presence of a proton-donor is
furthermore studied. )

In the absence of a proton donor a dianion diradical is formed in two
successive reversible one-electron steps. In the case of p-dinitrobenzene the
corresponding dianion remains stable within a large potential range (Fig. 3), due to
its thermodynamically stable quinonoid structure and so it is only partially further
reduced at a higher negative potential value to p-phenylenediamine.
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Fig. 3. Cyclic voltammogram of p-dinitrobenzene (5- 10*M)on pristine carbon fibres
electrode in PC solution (EtsNCIO4 0,05 M), v=100 mVsec™.

. E =-0, 46V
a-a’: NO —NO, + e~ —_
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quinonoid structure
of p-dinitrobenzene dianion

In the case of o-dinitrobenzene the diradical dianion cannot be stabilized
taking the quinonoide structure because of stereochemical effects

and so it is further reduced to o-phenylenediamine at more positive potential values
than the diradical dianion of p-dinitrobenzene.
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m-dinitrobenzene cannot take the quinonoid structure because of the meta-
position of the substituents and so the further reduction of the corresponding
diradical dianion to the final reduction product occurs at slightly more positive
potential values than the dianion diradical of p-nitrabenzene.

In the presence of suitable quantities of benzoic acid as a proton donor the
reduction of the dinitrobenzenes in PG solutions is completed in two steps.

Below are given the cyclic voltammogram of p-dinitrobenzene in presence of a
twelvefold quantity of benzoic acid (Fig. 4) and the according reactions.
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Fig. 4. Cyclic voltammogram of p-dinitrobenzene (5-10™ M) on pristine carbon fibres
electrode in PC solution (EtsNCIO4 0,1 M) in presence of benzoic acid (12x5-10"
=6-10" M), v=100 mVsec™.

a: 0N ©N02+4 @—COOH + 4o 01042V OzN@NHOH ‘4 @—coo- +H0
" QN@NHOH . B-COOH . &-MHZN@M . 8©-coc 0

Peak a corresponds to the reduction of p-dinitrobenzene to p-nitrophenyi-
hydroxylamine and peak B to its further reduction to p-phenylenediamine (a total of a
12-electron capture). The couple of peaks a’,a” corresponds to the p-nitrophenyl-
hydroxylamine-oxidation to p-nitroso-nitrobenzene and its rereduction to p-nitro-
phenylhydroxylamine. The couple of peaks B’,8” corresponds to the p-phenylene-
diamine-oxidation to p-phenylenediimine and its rereduction to p-phenylenediamine.

The behavior of o-dinitrobenzene in the presence of a twelvefold quantity of
benzoic acid is similar to that of p-dinitrobenzene. So the reduction of p-dinitro-
benzene occurs in one 4-electron step to o-nitrophenylhydroxylamine and one 8-
~ electron step to o-phenylenediamine (a total of a 12-electron capture).
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On the contrary, m-dinitrobenzene is first reduced to m-nitrophenyl-
hydroxylamine, but its further reduction leads to m-phenylenedihydroxylamine (a total
of an 8-electron capture). So the whole reduction wave can be well formed in the
presence of an eightfoild quantity of benzoic acid. The corresponding cyclic
voltammogram (Fig. 5) and the according reactions are shown below.

02

En/v

Fig. 5. Cyclic voltammogram of m-dinitrobenzene (5-10" M) on pristine carbon fibres
electrode in PC solution (EtsNCIO4 0,1 M) in presence of benzoic acid (8x5-1 o*
=410 M), v=100 mVsec™.

. @@t @y

NHOH NHOH

B @ +4 @—COOH+4e-Eﬂ9—5X@ +4©—COO'+H20
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The couple of peaks a',a" corresponds to the oxidation of m-nitrophenyl-
hydroxylamine to m-nitrosonitrobenzene and its rereduction to m-nitrophenyi-
hydroxylamine. The peak B' consists in reality of two not clearly defined steps
corresponding to the oxidation - of m-phenylenedihydroxylamine to m-dinitroso-
benzene, which is further reduced to m-phenylenedlhydroxylamme in two well
defined steps a”,B".
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A similar catalytic effect also appears by the carboxylic groups which are
formed on the carbon fibres by thermal and electrochemical oxidation. As an
example cyclic voitammograms of nitrobenzene on thermal oxidised carbon fibres
(Fig. 6) and on pristine carbon fibres in the presence of benzoic acid (Fig. 7) are
given below.

- =15 -1 0.5 B
Eusv Eunsv
Fig. 6. Fig. 7.

Cyclic voltammograms of nitrobenzene (10 M) in PC solution (ELNCIO, 0,1 M),

v=100 mVsec™

Fig. 6. on thermal oxidised carbon fibres (the thermal oxidation was carried out in the
presence of air and water vapour at 160°C for 10 hours).

Fig. 7. on ;;n'stine carbon fibres in the presence of isomolecular quantity of benzoic acid
(10 M).

Concluding from the comparison of the above cyclic voltammograms it is
. obvious that the carboxylic groups which are formed on the carbon fibres by thermal
oxidation are enough to cause a catalytic effect on the electro-reduction of 10° M
_ nitrobenzene, which is similar to that of an isomolecular benzoic acid quantity. The
pre-wave y corresponds to the reduction of 1/4 of the nitrobenzene quantity to
phenylhydroxylamine. The rest of the nitrobenzene is reduced (to phenylhydro-
xylamine) in two steps a,B. By increasing the pre-treatment time the thermal oxidised
fibres are able to catalyse the electro-reduction of the whole nitrobenzene quantity in
one 4-electron step.

The' electro-reduction of the aromatic nitrocompounds in PC solutions on
carbon fibre electrodes is substantially facilitated in the presence of Li*-cations . The
introduction of LiCIO, leads to the formation of ion pairs between the radical anions
and the Li*-cations.

@‘NO_} ...Li* @NO% -.Lit, Li"-':_OZNGNOTZWLi'

NOz -..Li*

The ion pairs take the additional electrons during a succeeding fast
heterogenous effect. This effect produces a significant shift of the reduction waves to
more positive potential values.
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In the case of nitrobenzene in the presence of Li'-cations the reduction to
phenylhydroxylamine occurs in one 4-electron step inspite of the aprotic character of
the solvent (Fig. 8). In the case of p-dinitrobenzene the two one-electron steps are
connected to one 2-electron step (a), which corresponds to the formation of the
anion diradical, and the whoie reduction wave is shifted towards more positive
potential values (Fig. 9). -
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Fig. 8. Fig.9.
Fig. 8. Cyclic voltammogram of : Fig. 9. Cyclic voltammogram of
nitrobenzene (10 M) on pristine p-dinitrobenzene (5-10* M) on pristine
carbon fibres electrode in PC solution carbon fibres electrode in PC solution
in presence of LiClO4 0,1 M, in presence of LiClO, 0,05 M,
v=100 mVsec™. . v=100 mVsec™.

In general, Li*-cations have a catalytic effect on the electro-reduction of these
organic compounds, which are reduced over the intermediate formation of an anion
radical.

Conclusion

The electro-reduction of the aromatic nitrocompounds in the solvent propylene
carbonate on carbon fibre electrodes occurs over the intermediate formation of
radical anions, which are reduced to the final product only at higher negative
potentials because of the aprotic character of the solvent.

The above electro-reduction can be facilitated with the introduction of benzoic
acid in molecular quantities, which are equivaient to the electron-number
corresponding to the electro-reduction. '

A similar resuit is obtained by the carboxylic groups, which are formed on the
carbon surface by their thermal and electrochemical oxidation.

The Li*-cations have a catalytic effect on the reduction of the aromatic
nitrocompounds, due to the formation of ion-pairs between the radical anions and
the Li‘-cations, which take the additional electrons during a succeeding fast
heterogeneous process. ' ’
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AEPIAHWYH
Avaywyr apwpaTIKQV VITPOEVWOEWY O NAEKTPOSIa ivdv Avepaka péoca of avepakikd
nponuAeveoTépa.

Ané v NAeKTPoYNHIKY HEAETN Tou viTpoRevoAlou kal TWV TPV IGOUEPWV
SdwvitpofevloNiwv (o-, p-, n-)ugoa oto Slahlm propylene carbonate og nAsktpddia and
apxtkéq YPaPITikeg iveq npogkuyav Ta sEng: ’

O apwpatikég vitpoevidgel arntoucia 36t npwTtoviwy avayovra oxnuatifovrag
apXikd aviovikég plleq, ot omoieg ASyw Tou anpwTikoy xapax‘rrjpa Tou PC avdyovral
POG TO TENIKS NP OIOV OE APVITTIKGTEPES Ttue’qvauvuulkoé.

Me mv npoobiikn 36 npwroviwv kal cuykekpipéva Tou Bevloikou ofgog ota
SiaAUpara Tou vitpoRevioAiou kat Twv loopepnv SvitpoRevioAiwv SieukoAldvetal YeViKG
TOAU N avaywyr TWV EVIOOEWY QUTWMV. ,

"Etot To vitpoBevidAio Le TETpapoptaxn moodtnra Bevioikou ofgog avdystat oc
Ha Babuida npog @awvuludpotulauivii. To o- kal To T-SivitpofevioAlo pe dwdeka-
Hoplakr} nogdmra Pevioikol ofgoq avdyovral oe dUo Pabuideq Mpwra PO v
avtiotoyn wvitpogavuludpofuhapiviy kal UoTepa NPOG TNV QVTIOTOIKN) PAVUAEVO-
Slapivn, eve) To p-IOOUEPEG LE OKTapopLak noodtnTa Bevioikol o&€og avdyetal oe Suo
Babuideq npog p-pavurevodiudpo§uiapiv. ,

H nAsKTpoavaywyr Twv VITPoEVWoewv SIEUKOAUVETAL EMTioNG and Ypaprrikeég iveg
oug onoieq Uotepa and Bepuikh 1) nAskTponHik ofgidwon Snuoupyouvral
kapBogUlikég ouadeg, ot ornoieg Spouv wg SOTeq MpwToViwy, ONOTE N NASKTpOAVAY WYY
TWV VITPOEVWOEWY Yivetal He napduolo Tpdno onwg He v napoucia Tou Bevioikou
.oEéoq. 4

Me v npoodnkn LiCIO, oto SidAupa Twv VITPOEVWOEWV Ta tévta Tou AiBiou
oxnHarifouv Zevyn WOvVTWV HE TIG avioVIKEG pileg Toug. Ta Zedyn autd AGyw HIKprG
StahutéTrrag oto PC enkdBovral otnv enipdavela Twv nAekTpodiwv Tou dvBpaka kat
npooAaufdavouv eukoAdTEpPA 1a undhoma nAectpévia Tou anarrouvrat yta Ty
nepatépw avaywyn. 'Etot ue tnv npoodiikn LiCIO, To pev vitpoBevidAio avayetal o pia
pévo teTpaniskrpovixr Babuida npog q:mvu)\u6po£u)\auivﬁ, ev oto n-SivitpoBevioAlo
ol 3Uo povonAskrpovikég Babuideq svivovtal o [a Babuida kal ouyxpévwg 6Ao To

KUpa avaywyriq HeTaromnifetal g BeTIkdTeEPEG TIHEG Suvapkoy.
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Abstract

The electrochemical behavior of the redox system p-benzoquinone - p-
hydroquinone on carbon fibre electrodes is investigated in propylene carbonate (PC)
solutions by the cyclic voltammetric method.

It is established that, in the absence of a proton donor the reduction, as well
as the oxidation, takes place in two separate one-electron steps. However, in the
presence of a bimolecular quantity of proton donor both, the reduction and oxidation,
occur absolutely reversibly in one bielectronic step. The electrochemical
characteristics of the reversible bielectronic step allow a perfect estimation of the
electrochemically active surface of electrodes in PC. For this reason, the above
procedure is proposed as determination-method of the electrochemically active
surface of solid electrodes in PC since the well known system Fe(CN)s> - F&(CN)s™
cannot be employed in these solutions, because the ferrocyanide salts have a small
solubility in PC.

Key words: Cyclovoltammetry, Benzoquinone, Carbon Fibres, Propylene Carbonate

Introduction

Propylene carbonate (PC) is the ester of carbonic acid with propylenegiycol-
1,2. The interest for this solvent has recently been greatly increased, because it is
widely used in non-aqueous galvanic cells (like Li batteries) and in the non-aqueous-
solution- Electrochemistry in general.

The electrochemical cells in non-aqueous solutions were invented so that we
can take advantage of the alkalimetals' and alkali-earth metals’ high potential and a
proper solvent for these cells is the aprotic solvent propylene carbonate. PC is stable
in a large temperature range, it has no corrosive properties, it can dissolve and
ionise many salts and it is easily prepared and simply purified. The physicochemical
constants of PC at the temperature of 25°C are the following: dielectric constant
£=65, refraction index n=1,42, density d=1,2 gr/cma, viscosity coefficient n=2,5 cp,
dipole moment y=5,2 Debye [1,2]. Moreover, the main advantage of PC is that it
cannot be oxidised or reduced within the potential ranges which are frequently used
in electrolytical systems and electrochemical cells. So, the propylene carbonate
solvent with the proper salts can be used as a very good "supporting electrolyte
system” in specific electrolytical reductions as well as oxidations and
electrosynthesis in general, also in non aqueous galvanic cells (such as Li cells).

Propyiene carbonate can be used for the study of several depolarizers on
various electrodes. Very convenient electrodes for this purpose are the carbon fibres
obtained by the graphitisation of polyacrylonitrile as well as the platinized carbon
fibres prepared by electrodeposition of platinum on carbon fibres from solutions of its
compounds. These electrodes have already been used in many studies in our
laboratory, using other solvents than PC [3-14].
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In the present study the electrochemical behavior of the p-benzoquinone
oxidoreductive system on carbon-fibre, platinum and .platinized carbon fibre
electrodes is investigated, in order to find out how the above system behaves in PC.
The use of p-benzoquinone for the estimation of the electrochemically active surface-
of solid electrodes is also of great importance, because the commonly used redox-
system Fe(CN)s* - Fe(CN)s* is not convenient for PC solutions, as none of the usual
ferrocyanide salts is soluble in PC.

Experimental

Solvent: Propylene carbonate (Fluka A.G. «purumy»). PC has been purified by
percolation through molecular sieves followed by distillation under vacuum.
Depolarizer: p-benzoquinone (Fluka A.G. «puriss p.a.»)

Supporting electrolyte: tetraethylammonium perchlorate (Fluka A.G. «purumy)
Proton-donor: benzoic acid (Merck «zur Analyse»)

Electrodes: a)pristine carbon fibres, b)bulk platinum globe, c)platinized carbon fibres.

Bundies of highly oriented and mechanically stable PAN-based carbon fibres
(Celion GY-70, BASF; density 2 g-cm™, Young’s modulus 5x10" N-m? specific
resistance 7x10™ Q.cm) used in this study were treated before use with MeOH and
ultrasonic vibration, rinsed with water and vacuum dried, in order to remove the
adhesive resins which were deposited during the production process. Platinized
carbon fibre electrodes have been prepared by simple electrodeposition of platinum
on carbon fibres. This was performed by leaving the fibres at the potential at which
hydrogen evolution also begins in acidic aqueous solutions of H,PtCls (c=107 M) for
10min [14].

Cyclic voltammetry was carried out using a conventional set-up. The current
densities are expressed per mg of fibres. The reference electrode was Ag/AgCl in
PC and the potential values were expressed in reference to the hydrogen electrode.
All experimental data are given at the temperature of 25°C.

Results and discussion

in Fig.(1)- the form and the position of the cyclic voitammogram of p-
benzoquinone on pristine carbon fibre electrodes in PC solution is .given as an
example. Observing this voltammogram it is obvious that p-benzoquinone is reduced
in two well-defined one-electron steps (a) and (B), which correspond to the following

reactions:
-0,33v -
-0,13V
() 'o-@—o"'« e f’.fi‘.’.-o-@—o-

At the anodic part of the wave, there is a "break” (B’) corresponding to the
irreversible reaction (ll) and also a well-formed peak (a’) which, together with peak
(a), represent the satisfactorily reversible reaction (I). The satisfactory reversibility of
the reaction (I) is also proved by the appearance of the couple-peaks (a) and (a') if
the sweep is interrupted, after the first cathodic step.
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Fig. 1. Cyclic voltammogram of p-benzoquinone (5-10" M) on pristine carbon fibres
electrode in PC solution (Et;NCIO4 0,25 M), v=100 mVsec™.

The electroreduction of p-benzoquinone in PC is further studied on platinized
carbon fibres and on bulk platinum electrodes. The corresponding cyclic
voltammograms are illustrated below in figures 2 and 3 accordingly.
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Fig. 2. Fig. 3.

Cyclic voltammograms of p-benzoquinone (5-10° M) in PC solution (EtsNCIO, 0,25 M)
Fig. 2. on platinized carbon fibres (1) and pristine carbon fibres (Il) electrodes
Fig. 3. on bulk Pt electrode (lil). ’
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From figures 2 and 3 it becomes obvious, that these electrodes cause a small
catalytical shift of both reduction steps to more positive potential values (about
100mV). Moreover, the first reduction step is more reversible on both electrodes
(platinized carbon fibres and Pt) than on pristine carbon fibres but still not
thermodynamically reversible. '

The fact that cathodic sweep is cut in two steps is because PC acts as a poor
proton donor. To get better oxido-reduction steps of p-benzoquinone we added
benzoic acid, as a proton donor, to the solution. Benzoic acid is not ionised in
propylene carbonate as the conductometric study has shown; moreover, it has a
similar diffusion coefficient such as those of benzoquinone. For these reasons it acts
as a real proton donor during the electro-reduction of the nitrocompounds in the
interfacial region.By addition of a bimolecular benzoic acid quantity appears one two-
electron reversible couple of peaks (Fig. 4) comresponding to the following
electrochemical reaction, which is about 500 mV potential catalysed and is strictly

diffusion controlled.
@ O

i/mAmg’

0.20V 1

-05 . 0 03

EH/V

Flg 4. Cyclic voltammogram of p-benzoquinone (5-10° M) on pristine carbon ﬁbres
electrode in PC solution (Et;NCIO,4 0,25 M) in presence of benzoic acid
(2x5.10=10" M), v=100 mVsec™.

The above reversible reaction was further tested on a bulk piatinum electrode
as well as on platinized carbon fibres. The couple of peaks on both electrodes is
reversible; however a slight further shift of the peaks towards more positive values
(Fig. 5,6) is observed.
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Cyclic voltammograms of p-benzoqumone (5-10° M) in PC solutlon (Et4NC104 0,25 M) in
presence of benzoic acid (2x5-10°=10% M), v=100 mVsec™.

Fig. 5. on bulk Pt electrode

Fig. 6. on platinized carbon fibres.

The platinized carbon fibres in PC solutions behave like bulk platinum
electrodes, the latter of which needs to be activated and cleared before every use.
This behavior has been tested through the catalytic activity of these electrodes on
the electro-reduction of p-benzoquinone as can be observed in Fig. 6. in comparison
to Fig. 5. The height§ of the reversible two-electron step on the platinized carbon
fibres is greater than that of the pristine carbon fibres because the surface of the
fibres increases due to the fine dispersion of Pt on the fibres. The platinized carbon
fibres are very stable and can be stored for long time in PC solutions without losing
their mechanical stability and electrocatalytic activity.

With the above data we tried to estimate the electrochemically active surface
of the carbon fibres. For this purpose, the electrochemically active surface of the Pt
electrode was first estimated by measuring the hydrogen adsorption peak area of the
cathodic cyclic voltammetric sweep in 0,1 M H;SO, solutions (Fig. 7) taking into

* consideration that 210 uCb correspond to 1cm’ of electrochemically active Pt

surface [15,16,17). The value corresponds to 1,3-10" H atoms per Pt cm’ and
presupposes that every Pt atom of the electrode surface is connected to one H atom.
It was so found that the electrochemlcally active surface of the Pt—electrode used is
10,45mm?.
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Fig.7. Cyclic voltammogram of H,SO, (0,1 M) on bulk Pt electrode in aqueous solution, '
v=100 mVsec™'. The adsorption area of hydrogen, which was used to estimate
the electrochemically active surface of the Pt-electrode is also indicated.

~ The i, of diffusion controlled reversible electrochemical reactions is given by
the equation: i,=2,72-10° n*>A.C-D"2v"? [18]. Comparing the heights of i, peaks of p-
benzoquinone cyclovoltammograms, in presence of benzoic acid, on pristine carbon
. fibre electrodes as well as on Pt-electrode and by using the above equation with the
known value of the electrochemically active surface of the Pt-electrode, we estimated
the electrochem|cally active surface of the pristine carbon fibres electrode equal to
1,7 cm? .mg™.

Conclusion

PAN-based carbon fibre electrodes are convenient for the study of
depolarizers in propylene carbonate solutions.

- Platinized carbon fibres prepared by simple electrodeposition of platinum on
the carbon fibres behave in PC like bulk platinum electrodes. This behavior has been
tested through the catalytic activity of these electrodes on the electroreduction of p-
benzoquinone.

In presence of a bimolecular quantity of benzoic acid, the p-benzoquinone-p-
hydroquinone system is thermodynamically reversible and as a simple redox-system
of one bielectronic step it is the ideal one to estimate the electrochemically active
surface of solid electrodes in the solvent propylene carbonate which is of great
importance for the galvanic cells of lithium as well as for the non-aqueous solvent
electrochemlstry in general. The commonly used reversiblé redox-system Fe(CN)s> -
Fe(CN)s* cannot be employed in PC, because the ferro-cyanide saits have a small
solubility in this solvent.
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MNEPIAHWH
KukAoBoATaperpikii peAETN TOU OUOTIEATOG T-BEVIOKIVOVG - TI-USPOKIVOVIG
0c NAeKTPOdia Vv dvBpaxa, NAEKTPGSia AsukoxpUoou kai NAEKTpOdia
EMAEUKOXPUOWPEVMV vV AvBpaka péca o avBpaxiké MponmuAeveoTépa.

H r-Bevokivovn péoa otov avBpakikd nponudeveatépa (PC) o n)\éKTpééta anod
YpaQITikég iveg avdyetal 08 3U0 0ap®g XWPLLOHEVEG HOVONAEKTPOVIKEG BaBuideg,
YEYOVOS TTou dnoéibs‘ral oro 6Tt To PC eival mtwyd npwtiké péoo. Xprjowonolivrag
NAekTPSSI0 AEUKOXPUTOU WG KAl NAEKTPOSIA ANG EMUAEUKOXPUOWHEVEG YPAPITIKEG (veg
ot 3ud Babuideq avaywyng ™G BeviokIvovng peTatorifovral Kat oTig 00 MEPITTOOoELG
POG BeTIKSTEPEG TIHEG SUVaIKOU.

Me v mpooBiikn BevZoikolu o&éoq wg 56 MpwTovinvy, oe SIMAGoI LOPLaKY|

‘ MOOGTNTA OXETIKA e TNV TIoodTnTa TG T-Beviokvévng, N avaywyr yivetat oe pia pévo
SinAektpovikii Babuida, n omoia umakoUel kavomonTikA OTa KprApa TV
OGeppoduvapikd avtiotpenTtwv dpdoewv, diémetal e and ouvbrikeg Slaxuoswg. H
NAEKTPOXNHIKY auTn avtidpaon kataldetal ané andyews SuvapikoU Tiepinou katd 500
mV. To Bevloiké o&U péoa oro PC dev upioraral nAekTPoAUTIKY Sldotaom kat EXel
guvteleot SwaxUoswg mepinou ico pe autdv Tou amonoAwtd. Etol dpa oav évag
yvrjotog 36 g npwtoviwv péoa ot SlagaocikA neploxry. . _

Hrnapandvw avtiotpertr} SINAEKTPoVIKY] SpAon HEAETHONKE 08 AnNALG YPAPITIKEG
iveg kat oe NAeKTPSGSI0 AEUKOXPUOOU TOU OTOIOU N NAEKTPOXNHIKA evspyﬁ empdvela
nipoadlopiotmnke pe BAoM TIG XAPAKTNPLOTIKEG KAUTUAEG podrioswg Tou udpoyodvou. MNa
TIG NASKTPOXNUIKEG Bpdoelg Tou diénovral ané ouvlrikeg dlaxloewg Kal sival
QUTIOTPETTTEG TO i kaBopieTal and T YvwoTr OXEoN: ip=2,72-10°n**A.C.D"%v"2,

B&oet Mg oxfoswg aumriq 0 AGYOG TWV UPWMV TWV KOPUPWV ' i, ota
KUKAOBOATaOYPaPAATA NG MEAETOUUEVIIG QVTIOTPEMTG SpAong ota nAskTpddia
and ypa@ikég iveg kal oto NAekTpddlo AsukoxpUoou LooUTdl pe To ASYO Twv
NAEKTPOXTHIKA EVEPYWV ETUPAVELWV TV 300 NAEKTPOSiwy. ’Ele, ané v NAEKTpoxXNHIKA
EVEPYI] EMPAVEIQ TOU NAEKTPOBIOU TOU ASUKOXPUTOU LMOPOULE Va TIPOoSIopigoupE TV
NAEKTPOXNUIKA EVEPYH ETIPAVELA TWV NAEKTPOSIWV and YOaPITIKEG (VEG. .

Enopévag, To olompa Ti-BevIoKivovng - T-udpokivovng Tiapousia SHOoPLaKAG
rnoadtntag Bevioikou okfog ouunsp@épeml G Beppoduvapkd avTIOTPENTO KAl gav
éva anid ofeidoavaywyikéd olompua ag SINAEKTpoVIKG Babpidag mpoopepeTal yia
TOV IPOOBLOPIONS NG NASKTPOXNHIKA evepyoU ETIPAVEIQG OTEPEWV NAEKTPOBIWY PEoa

oto dlalUTT propylene carbonate, o orolog €xel eupeia xprjon ota yahBavikd otolxeia
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MiBiou kai yevikdtepa otV nAektpoxnueia Twv dvudpwy SIOAUTIKGOV guotnudtwy. To
yvwoté ofsidoavaywyikd ovompa Fe(CN)e™ - Fe(CN)e" sival akatdAnho otnv
nepimtwon Tou PC, 31611 Ta aidnpokuaviodxa dAata sivat npakTikeg adidAuta péoa oe
autd.
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The total tannin content, tannin qualitative composition, and tannin resistance to
microbial activity of eight carob varieties, A-1, A-2, A-3, A-4 (ungrafted) and H-1,
H-2, H-3, H-4 (grafted), from Lefkada island, located at the Ionian sea, were studied.
The total tannin content of the ripe deseeded carob pod ranges from 4.2 to 6.1% (on
pod dry weight). Generally, the ungrafted varieties were richer in tannins than the
grafted ones. According to tannin behaviour upon extraction from an aqueous solution
with ethyl acetate, carob tannins were generally divided into two groups: i) Sol
fraction, passing into the organic phase and ii) Insol-1 and Insol-2 fractions, remaining
in the water layer. Tannin analyses showed that carob tannins are mainly condensed.

(-) Epigallocatechin, (-) epigallocatechin gallate, (-) epicatechin gallate, delphinidin,
cyanidin, pelargonidin, phloroglucinol and gallic acid were detected in all Lefkada's
carob varieties. Catechol was generally detected to Lefkada's carob varieties with
exception of H-1 and H-4 varieties. Tannins showed a differentiation in resistance to
microbial activity depending on the profile of tannins and their relative astrigency
value. The higher microbial growth was observed in media containing, as sole carbon
source, tannins of H-1 and H-4 varieties.

Key Words: total tannins, tannin fractions, tannin qualitative composition, deseeded
carob pod, grafted varieties, ungrafted varieties, epigallocatechin, (-)
epigallocatechin gallate, (-) epicatechin gallate, delphinidin, cyanidin,
pelargonidin, phloroglucinol, catechol, relative astrigency, resistance to microbial
activity.
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Introduction

Carob bean is the fruit of Ceratonia siliqua L. tree. Carob tree naturally grows on
barren and unproductive, for other crops, soils. It occurs in most warm regions of the
Mediterranean basin and in other. countries (Rhodesia, parts of USA, Australia, South
America, India and Philippines) with similar climate to that of the Mediterranean
countries [1].

The ripe deseeded carob pod (husk) contains high levels of total tannins, 6-13% for
some greek carob varieties [2-5] and 20-27% (on husk dry welght) for carob pods from -
Portugal, Italy and Cyprus [6].

The main constituents of carob polyphenols were found to be condensed tannins
containing the flavan nucleous [3,7.8]

Although the structure of condensed tannins had not been fully investigated, due to
the lack of a suitable methodology, some investigators, employing thioglycolic acid to
degrade the tannins from common heather (Calluna vulgaris ) and carob pod, gave a
profile of those tannins [3,8,9]. Tamir et al studied the structure of carob condensed
tannins but the authors did not mention the carob variety from which tannins were

_isolated [8]. On the other hand, the tannin profile of nine cretan carob varieties was
reported, as well as the significant role of tannin structure against to microbial attack

3}

Since Greece is one of the 80 countries that use mimosa tannins for leather tanning
and the fourth largest carob producing country in the world, we decided to investigate
the possibility, to replace these imported tannins by carob tannins. Trials for using
carob tannins for leather tanning are taking place in the Hellenic Centre of Leather
(EL.KE.DE) under our supervision.

Thereafter, we continued to study both tannin profile and tannin resistance to
microbial attack (activity) of greek carob varieties, other than the cretan ones.

In this paper, tannin profile and tannin resistance to fungal attack of eight carob
varieties from Lefkada island are described. -

Experimental

Carob bean sampling: Twenty trees from each of the eight recognized varieties {4,5]
were chosen from different areas of the greek island of Lefkada located at the Ionian
sea. Approximately, 1 kg of carob fruit was collected from different parts of each tree.
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After harvesting, the naturally (by sun) dried carob beans were taken to a factory mill
where the brittle carob pods were opened and the seeds were separated from the
fragments of pod (husk). One kg of carob pods was ground in a mill bearing a2 mm
sieve. The flour obtained was then lyophilized using a freeze-dryer "virtis" [10].

Tannin isolation from ripe carob pod: Tannins were extracted and isolated according
to previous procedures [3].

Tannin fractions: The separation of the soluble (Sol) from the insoluble (Insol-1 and
Insol-2) fractions in ethyl acetate was carried out by a previous method [11]. The
remaining in the water layer Insol-1 and Insol-2 fractions were precipitated by
saturated solutions of lead acetate with pH 5.5 and 8.5, respectively.

Tannin hydrolysis by hydrochloric acid: 1t was carried out by 2 M HC1 [3].
Alkaline fusion of tannins: It was performed by the method of Roux [12].

Relative astrigency estimation of the tannins: It was made by the Bate-Smith method,
in which relative astrigency was defined as : the ratio of the concentration of the
tannic acid to the concentration of the tannin which cause the same degree of protein
precipitation [13].

Total tannin determination: The total tannins were determined by the Folin-Denis
colorimetric method [14].

Tannin detection: It was carried out-by RP-HPLC (Millipore - Waters). Standards
were purchased from Extrasynthese. Solvents of HPLC grade were purchased from
Sigma. A column (25 cm x 4 mm) of LiChrospher 100 RP-18 was used. Elution: Two
solvents were used: A = 1% aqueous orthophosphoric acid; B = methanol. The elution
system was: 0-30 min, 0-15% B in A (linear gradient); 30-45 min, 15-60% B in A
(linear gradient); 40-60 min, 60% B in A (isocratic gradient); 60-132 min, 100% B
(isocratic gradient); 132-145 min, 100% A (isocratic gradient). Flow rate: 0.5 ml minL
Wavelength: 240-550 nm.

Culture media of fungi: For the estimation of the fungal growth on substrates
containing tannins as sole carbon source, the media A, B and C were used. Medium-A
composition (g/l): Freeze-dried tannins of each Lefkada's carob variety = 20,
(NH4)2804 = 5, K2HPO4 = 1, MgSO47H20 = 0.5, KCl = 0.5, ZnSO4 = 0.01,
CuS04.5H20 = 0.005, biotin = 0.04, thiamine = 1, pyridoxine hydrochloride = 0.5, and
nicotinic acid = 0.5. The pH was adjusted to 4.5 - 5.5. Media-B. C composition: As
medium-A, but carob tannins were replaced by (-) epicatechin and catechol (1-2 g/l),
respectively. :

Microorganisms: Fifty two fungal and yeast strains isolated from natural materials
such as carob leaves and fruit, tannery wastes etc. were used [15-18].

Batch cultivation: Fungal cultures were carried out according to our previous paper
[17]. :

Tannase preparation: The purified tannase was prepared from mycelium of
Penicilium glabrum grown on the tannic acid medium, as it was described by Yamada
etal [19]. P. glabrum was isolated from young leaves of C. siliqua L. [16].
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Tannin profile

Tannin HPLC analysis of Lefkada's ripe carob pods showed the presence mainly of
condensed tannins (Table IIT).

Table III. Tannin detection in the ripe husk of eight carob varieties from island of
Lefkada, after hydrolysis and alkaline fusion of tannins, sited according to their order
of elution from the column. 3-6: Flavanols and their gallic acid esters; 7-5:
anthocyanidines; 11-12: phenols of catechol group.

Carob varieties UNGRAFTED GRAFTED
TANNINS . A-1 | A2 | A-3 | A4 || H-1 | H2 | H-3 | H4
1. Gallic acid . + + L+ + + + o+ +
2. Substance X + + + + ND#* [ ND | ND | ND
3. (-) Epigallocatechin | + + —+ + + + + +

gallate : '
4. (-) Epigallocatechin | + + + | + + + + +
5. (-) Epicatechin + + + + + + + +
gallate
6. (-) Epicatechin Trace | Trace | Trace [Trace{| ND |Trace | Trace | ND
7. Delphinidin + ]+ + + + + + +
8. Cyanidin + + + + + + + +
9. Pelargonidin + + + + + + + +
10. Phloroglucinol + + + + + + + +
11. Pyrogaliol + + + + + + + +
12. Catechol + + + + ND + + ND

ND*: Not Detected

(-) Epigallocatechin, (-) epigallocatechin gallate (Figure 1) and (-) epicatechin gallate
were detected in all Lefkada's carob varieties. The presence of gallic acid,
phioroglucinol and catechol is an additional confirmation for the presence of
(-) epicatechin gallate. The presence of gallic acid can also be attributed to hydrolysis
of the gallate esters. (-) Epicatechin was absent from the H-1 and H-4 varieties, as it
was from u-5 and g-4 cretan varieties, as well [3]. An unidentified tannin (X) was
found only in the husk of the ungrafted varieties. This substance, also present in some



TANNINS OF LEFKADA CAROB VARIETIES

" cretan carob varieties [3], gave catechin and gallic acid by enzyfnic (tannase)
degradation. As Haslam reported, this phenol sould be catechin-3-gallate [20].

Figure 1. Structure of (-) epigallocatechin and (-) epigallocatechin gallate.

OH

OH R=H:(-)Epigallocatechin
R=galloyl:(-)Epigallocatechingallate

OH

Catechol was generally detected in the Lefkada's carob varieties with exceptxon of the
H-1 and H-4 grafted ones. This compound was also found in all cretan varieties studied
except g-1 grafted variety [3]. Delphinidin, cyanidin and pelargonidin
(anthocyanidines) were identified in all Lefkada's carob varieties. These compounds
may be derived by hydrolysis of anthocyanins or from the polymeric catechin, the
copolymer of catechin and leucoanthocyanidin or the polymeric leucocyanldm by the
alkaline fusion of them.

Figure 2 shows the HPLC chromatogram of the H-2 carob variety, 2 common grafted
variety of Lefkada island. The flavanols and their gallic acid esters (compounds 3-6)
were the first tannins eluted, just before anthocyanidines (compounds 7-9) and phenols
‘of catechol group (compouds 10-12). This latest group represented quantitatively more
of the half of all the other compounds.” Pyrogallol appeared to be the major phenolic
constituent of this variety, 5 fold higher than the average of the rest compounds. With
an exception of (-) epigallocatechin gallate, the percentages of the flavanols and their
esters with gallic acid were 31gmf1cant1y lower compaired with the other compounds
eluted.

Flavanols and their gallic acid esters: Generally, the values of these substances; in the
ungrafted varieties, were 1.5-2 fold. higher than the grafted ones. All the ungrafted
varieties presented a similar figure, except A-1 variety, in which the amounts of
epigallocatechin gallate, epigallocatechin and epicatechin gallate were twice higher
than the same compounds at the chromatograms of the other ungrafted varieties.

Anthocyanidines: These compounds presented a high differentiation among the
examined varieties. The lower percentages of this group were found in H-2 varietty.
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Results and Discussion

Based on carob bean morphological and chemical characteristics, eight carob
varieties from Lefkada island (four ungrafted A-1, A-2, A-3, A-4 and four grafted H-1,
H-2, H-3, H-4) were recognized [4,5].

The total tannin content of the ripe deseeded carob pod ranges from 4.2 to 6.1% (on
husk dry weight) (Table I).

Table I. Total carob tannins (% on husk dry weight) of eight carob varieties from
island of Lefkada. Given numbers are mean values of tannin contents (%) =+ s.e., n=6.

varieties A-1 A-2 A-3 A-4 H-1 H-2 H-3 H-4

Carob Ungra'ftedGraf'ted

Tannins 6.1 +0.10{57 = 0.05|5.4 + 0.10|5.6 £ 0.07[4.2 = 0.10[4.9 + 0.06]4.7 = 0.10[4.5 + 0.20

Generally, the ungrafted varieties are richer in tannins than the grafted ones. This is in
agreement with the results previously reported for nine cretan carob varieties [2,3] and
probably indicates the protective role of tannins towards the natural "wild" varieties
against the microbial attack and the herbivores [17].

According to tannin behaviour upon extraction from an aqueous solution with ethyl
acetate, carob tannins were generally divided into two groups: i) Soluble (Sol) fraction,
passing into the organic phase and ii) Insoluble (Insol-1, Insol-2) fractions remaining in
the water layer. Grafted varieties were generally richer in Insol-1 fraction but poorer in
Insol-2 compared to the ungrafted ones (Table II). A similar figure of tannin fractions
was reported for the cretan carob varieties [3].

Table II. Tannin fractions (% on total tannin weight) after extraction with ethyl
acetate.

Tannin fractions
Carob Varieties Sol Fraction Insol-1_ Insol-2
Grafted 3.5-41 0.50 - 0.65 0.20-035
Ungrafted 45-5.1 0.30 - 0.40 0.55-0.67
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Higher amounts were detected to the other varieties, that gradually reached almost 2.5
folder the amount of H-2 variety. In increasing order: H-2<H-3<H-1<H-4<A-3<A-
2<A-4<A-1.

Figure 2. HPLC chromatogram showing the tannin profile of H-2 variety of Lefkada
island.
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20.00 "40l00 ' "60.00 ' 80 00 i "100. 00
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Catechol g;'oup.' The H-3 variety chromatogram had a similar figure to that of the H-2,
concerning the catechol group, while the same group at the H-1 and H4 varieties was



S. MARAKIS, G. MARAKIS, M. LAMBRAKI

the 1/3 of the H-2. All the ungrafted varieties presented a similar figure, in quantities
slightly less than the H-2 grafted variety. :

Gallic acid (compound 1) was significantly present in all the examined varieties.

The results led us to conclude that the qualitative tannin profile of Lefkada's carob
varieties present lower differentiation compared to that of cretan carob varieties [3].

Fungal growth

From the microbiological point of view, the tannins of the examined Lefkada's carob
varieties showed a differentiation in resistance to microbial attack depending on the
carob variety and relative astrigency value. Thus, the growth of 52 fungal and yeast
strains was not only poorer in media coniaining the tannins found in ungrafted
varieties, than those of grafted varieties, but also, only a limited number of
microorganisms grew in tannins of ungrafted varieties. Particularly, media containing
tannins of the H-1 and H4 varieties supported the growth of most of the microbial
strains and showed the most luxuriant growth. This is probably due to the lack of (-)
epicatechin, catechol, or of substance X, in these varieties (Table III), as a very poor
fungous growth was observed for two strains of filamentous fungi, Aspergillus
carbonarius and Penicillium glabrum, with high tanninolytic ability [18] in the media
B and C containing (-) epicatechin and catechol, as sole carbon source, respectively. In
addition, the luxuriant fungous growth in tannins of the H-1 and H-4 varieties may be
also related with a higher degree of tannin polymerization, than that of other Lefkada's
varieties, because the higher degree of polymerization results in the lower relative
astrigency [3] and consequently the lower antifungous activity. The relative astrigency
values for the different tannin fractions of Lefkada's carob pods are shown at table I'V.

" Table IV.  Relative astrigency values for fannin fractions of different degree of
polymcrization.

Fraction Relative astrigency
Dimer v 0.09-0.10
Trimer ©028-032
Tetramer 0.37-0.43
Oligomer 0.48 - 0.54

On the base of the above mentioned, we could say that tannins of the H-1 and H-4
varieties should not be suggested for leather tanning. On the contrary, preliminary
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experiments using the most common variety in Crete [2], showed that in solid cultures,
all the tannin fractions of this variety, are microbially consumed, except of the group of
catechols. So, since catechols are used for tanning leather, more trials should be done
for finding out if carob catechols have good tanning properties.

ITEPIAHYH

TANNINEZ XAPOYIIAAEYPOY OKTQ IIOIKIAIQN THZ NH=OY
AEYKAAAX

T1000dL0QI0BMMHE TO TTOTOTTO TWV OMKMY TAVVIVAV OXT® TOMLAM®DY, A-1, A-2,
A-3, A4 (avepPoriaotes) xon H-1, H-2, H-3, H-4 (epBoAAOUEVES), TG VOOV
Aeumddag, tavtomouibmay (HPLC) Ta cuoTtotind Toug, petd omd 6Ewvn vdediuon
oL oAxOAT OOVINEN wou peketiPrpe, n ovioyxn TOug oOTNn  putooPuoxt
doaotnoiétnta. H emi 101G % TEQLELTIXOTITA TOU YUQOUTAAEUQOU Ot OMMéC
Tavviveg Hupdvinre amd 4.2 wg 6.1% (emi Engov xagoumdievgov). I'evind, To
KAQOUTTAAEVQO TV aveEPSOAAOTWOV TOWIALMV NTAV TAOUOLOTEQO OF TAVVIVEG OF
OY£0T UE TO XOQOUTTAAEUQO TWV EUBOALATUEVIIV. AVOAOYC PUE TT) CUITTEQLPOQA TWV
TAVVIVAV HOTA TNV exUALOT TOug pe vdatind duddvpa oEov owbukeotégo
duaxpivope d0o opddes: i) 1o dodutd (Sol) ®Adopo, To omoilo JeEvd OTNV
ogyoviin) @daon xot i) ta adidhuta (Insol-1, Insol-2) x#Adopota, To omoid
wtagapévouv oty vdatuey @don. H ovdiuon tng Sopng Twv TAVVLVAOV OTO
XAQOUTTAAEUQO OAwV TV AURUSITIRWV TTOLLIALDV £0E1EE OTL OL PALVOALREG AUTES
EVOELS AVIHOUV 0TV OUAdA TV CUMITURVOPEVOV TOVVIVOV OTtwg M (<)
ETTLYOANORATEY VY, (-) EMLYUANORATEYIVY YOAAXRT, (-) ETLUROTEX IV YOAALXTY %Ol TRV
ovBoxvovidivdv - 6mtwg 1 deAuvidivn, xvavidivny, sehagyovidivn. Emiong
TOVTOTTOMOMHAY OL PaLvOrES PAWQOYAMHLVOAT, TTUQOYOAAOAN HaL HATEXOAN (M)
tehevtaia pe eEaigeon otig mokthisg H-1 waw H-4) »ou yodimd o€y, H avioxn
Tov  tavvivev  évavil g puxeofuaxng - deaotnolotntag,  Poédnue
OLAPOQOTTOLOVILEVT) AvAAOYA Ue TN OVOTAON HOL TN OXETIXN OTURTXOTNTA TV
Tavvivav. H vpnidteon pungofioxnn avEnom mogotnenibnxe ota Boemtind péoa, ta
omoia, wg povn sy avBoora, TeQLeltov Tavvives Tav stotriAudy H-1 xow H-4.



66 S. MARAKIS, G. MARAKIS, M. LAMBRAKI

References

1. Marakis, S. Biotechnol. Lett. 1995, 14, 1075-1080.

2. Marakis, S.; Kalaitzakis, J.; Mitrakos K. In: FITO P. and MULET A., Proc. of IInd '
Int. Carob Symp., Spain, Valencia, 29 Sept. - 1 Oct., 1987; pp. 195-208 .

3. Marakis, S.; Lambrakis, M.; Diamantoglou, S. Chimica Chronica, New Series
1993, 22, 213-224.

4. Gaitis, F.; Marakis, S.; Diamantoglou, S. In: Proc. of 16th Scientific Symposium of
the Hellenic Society of Biological Sciences, Volos, Greece, 5-7 May, 1995; pp.
2.41-2.42.

5. Marakis, S. unpublished data.

6. Wiirsch, P. In: FITO P. and MULET A., Proc. of IInd Int. Carob Symp., Spain,
Valencia, 29 Sept. - 1 Oct. 1987; pp. 621-629. .

7. Nachtomi, E.; Alumot, E. J. Sci. Food Agric. 1963, 14, 464-468.
8. Tamir, M.; Nachtomi, E.; Alumot, E. Phytochemistry, 1971, 10, 2769-2774.

9. Betts, M.J.; Brown, B.R., Brown, P.E.; Pike, W.T. Chem. Commun., 1967, 1110-
1112.

10. Marakis, S. Ph. D. Thesis, Univ. of Athens, 1980 (in greek with summary in
English).

11. Roux, D.G. J. Amer. Leather Chem. Ass., 1958, 53, 384-395.
12. Vuataz, L.; Brandenberger, H; Egli R.H. J. Chromatography, 1959, 2, 173-187.
13. Bate-Smith, E.C. Phytochemistry, 1973, 12, 907-912.

14. AOAC (1970). Official Methods of Analysis of the Association of Official
Agricultural Chemists, 11th ed., Washington, Horwitz W. Ed.

15. Charpentie, M.).; Marakis, S. Crypt. Mycologie, 1980, 1, 165-174.

16. Marakis, S.; Karagouni, A. Biotechnol. Lett. 1985, 7, 831-836.

17. Marakis, S.; Diamantpglou, S. Crypt. Mycologie, - 1990, 11(4), 243-254.
18. Marakis, S. Crypt. Mycoldgie, 1995, 16(2), 111-119.

19. Yamada, H.; Adachi, O.; Watanabe, M.; Sato, N. Agric. Biol. Chem., 1968, 32,
1070-1078.

20. Haslam, E. J. Chem. Soc. 1969, (C): 1824-1828.



CHIMIKA CHRONIKA, NEW SERIES

CONTENTS

IONIZATION ENERGIES-OF MOLECULES

DY ANA MEAVE.......oooreeeeeereeeeeeeeeeesereereiescteereeesteseessesaessee s bneasnessasonesssessensass

MICROANALYSIS OF COATINGS

DY E. VAIAITIOMIES.c....ueeeeeieeeeeeeeeeereeeeeectineeaeiessaseaesesessssasessssssssssssssensessnnnssesssnn

COMPARISON OF SXRF AND EPMA FOR THE ELEMENTAL
CHARACTERISATION OF THIN COATINGS

DY E. VAIAINIOMLES.....c...oveveeererererereriareeessiessessssesoseessssssnesinesostesssessntesasessaesases

REDUCTION OF AROMATIC NITROCOMPOUNDS ON CARBON
FIBRE ELECTRODES IN PROPYLENE CARBONATE SOLUTIONS

by A. Pelekourtsa, N. Missaelidis, D. Jannakoudakis ..........ccoeeeeeseeveeceennens

CYCLOVOLTAMMETRIC STUDY OF THE SYSTEM P-
BENZOQUINONE-P-HY DROQUINONE ON CARBON-FIBRE,
PLATINUM AND PLATINIZED CARBON FIBRE ELECTRODES IN
PROPYLENE CARBONATE SOLUTIONS

by A. Pelekourtsa, N. Missaelidis , D. Jannakoudakis .........c.co.ceeveveeenreevenenns

TANNINS OF EIGHT CAROB VARIETIES FROM THE ISLAND *
OF LEFKADA, GREECE

by S. Marakis, G. Marakis and M. LAMDBIaKi ............c.cceevvreeererenereerenenneenanas

...... 3



ONY MITIAKH S—— EPEX®EION

EAAHNIKOZ OPFANISMOS TOYPIZMOY



