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'STUDIES ON THE ROLES OF THE HYDROPHILIC AND

HYDROPHOBIC MOIETIES OF OXYTOCIN AND VASOPRESSIN.
A PATHWAY LEADING TO. ANTIOXYTOCIC ACTIVITY.

Summary

A systematic effort to relate the proposed three-dimentional structure of
the. neurohypophyseal hormones oxytocin and vasopressin to their biological
activity, has led, from our part, to synthetic analogs with specifically modified
activity profiles. These analogs were prepared either by solid phase synthesis or
individual couplings in solution and resulted from modifications in the
20-membered ring structure or/and the flexible terminal portion of -the
hormones. Topological differences in the hydrophilic-hydrophobic balance of
the hormone molecules account for differences in specific activity.

In view of the importance of oxytocin inhibitors for utilization clinically
as tocolytics iﬁ cases of preterm delivery or threatened abortion, the general
requirements for the design of antioxytocic peptides are :also discussed.
Emphasis is given in the conversion of weak agonists to antagonists - l;y
vexamination of positions 3 an/d 5 of the cyclic portion of the rholeculé, which

were also found to be critical to the antagonistic activity.

" Key words: Oxytocin, Vasopressin, Analogs, Structure-Activity Studies.
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In a series of excellent papers, Roderich Walter, through his creative
imagination, developéd a hybothesis about the active model- for the
neurohypophyseal hormone Oxytocin (OT) while is bound to its uterotonic
receptor (1, 2, 3). This model (Fig. 1) was based within the limits of
conformational studies of the oxytocin molecule with NMR studies in
dimethylsulfoxide. One surfacé of the molecular structure of OT is the

7 hydrophobic edge, which consists of the side chains of the residues in the
corner positions of the B-turns 3, 4, 7 and 8 and contain the "binding elements".
The side chains of these residues are free for intermolecular interactions and it
was suggested to be determinants of the differential specificity of the
hormone-receptor interactions. The other side of the structure is the
hydrophilic surface and consists of the hydroxyl group of Tyr’ and the
carboxamide groups of Gln*, Asn® and Gly’, which are primarily involved in the
‘intramolecular stabilization of the l;eptide backbone. The Tyr? residue is 'foldgd
over that side of the 20-membered covalent ring moiety of the hormone, already

bearing the other aforementiongd hydrophilic groups. The Tyr ? side chain

retains freedom of rotation aﬁd it was suggested that this phenolic hydroxyl
group, in conjuction with the free carboxamide groués, form an "active center'iI
of the hormone (4).

In Arginine®-vasopressin (AVP) or Lysines-vésopressin (LVP) the side
chain of Tyr* is away of the ring and is not part of the hydrophilic cluster,
which consists of - the carboxamides of Gln*, Asn®, Gly’ and the basic
moiety of residue 8. This is a fundamental difference between the oxytociﬁ
and vasopressin models (Fig. 2). The latter model includes also -the .stacking
interaction of the aromatic rings of Tyr? and Phe®. In gene'ral, positions 3, 4, 7

and 8 which are not primarily involved in the intramolecular stabilization of the
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Figure 1. Proposed biologically active conformation of oxytocin while bound to its
uterotonic receptor. )

Figure 2. Proposed biologically active conformation of Lys® - vasopressin while
bound to its antidiuretic receptor.

'
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peptide backbone and, therefore, are available for 'iuntermolecular interactions,
vyould lead to analogs with selectively modified activity profiles.

Structure-activity studies had shown, prior to 1978, that sﬁbstitution of
Asn’® by other amino acids gave analogs with dramatically reduced uterotonic
activity. However, the contribution of the Asn® residue to. affinity and intrinsic
activity was not clearly understood. As topological differences through chaﬁges
in thé hydrophobic-hydrophilic balance indicated to be of crucial importance,
in 1977-1978, we became, at first, interested in oxytocin and vasbpressin
analogs bearing carboxamide side chains modified with hydrophobic groups.
Thus, N*, N*dialkylasparagine and N°, N°-dialkylglutamine were synthesized
and used succesfully for the preparation of related neurohypophyseal analogs
(5). ‘

During this exploration, initially with R. Walter, I. Schwartz and C.
Smith, the analogs of Table I were synthesized and the results of their studies
are summarized as following:

Analogl. The e);change of the amino acid residues in positions 5 and 6 of
oxytocin provides a 17-membered ring structure for the resulting analog, which
* devoids agonistic or a{ltagonistic activity in the wﬁole spectrum of the
- biological activities of the OT molecule. Is, therefore, becaming apparént that
the 5-position of Asn is crusial for producing conformational restrictions
recognizable to feéeptor sites (é).
Analog 2. Synthetic [5-(N*, N*-dimethylasparagine)] OT possesses 4.60+0.030
U/mg uterotonic activity, but most important, it displays an identical intrinsic
activity in vitro as oxytocin. This finding is a clear experimental evidence that in
OT the 5 position of the Asn residue contains an "active element" responsible

for the intrinsic activity. Therefore, the significance of the carbonyl group in the
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Table I. Synthetic Analogs of Oxytocin and Vasopressin

1. H-Cys-Tyr-lle-GIn-Cys-Asn-Pro-Leu-Gly-NH,
[S-cysteine, 6-asparagine] oxytocin

’ i I i
2. H-Cys-Tyr-lle-GIn-Asp[N(CH,),]-Cys-Pro-Leu-Gly-NH,

[5-(N*, N*-dimethylasparagine)] oxytocin

[ : 1
3. H-Cys-Tyr-Phe-GIn-Asp[N(CH,),]-Cys-Pro-Lys-Gly-NH,
[5-(N°, N“-dimemylasparagine), 8-lysine] vasopressin

I ) T
4. H-Cys-Tyr-lle-Glu[N(CH,),]-Asn-Cys-Pro-Leu-Gly-NH,
[4-(N°, N>-dimethylglutamine) oxytocin

] T
5. H-Cys-Tyr-Ile-Glu[N(n-C,H,),]-Asn-Cys-Pro-Leu-Gly-NH,
[4-(N°, N°-di-n-propylglutamine)]oxytocin

[ 1
6. H-Cys-Tyr-Phe-GIu[N(CH,),]-Asn-Cys-Pro-Lys-Gly-NH,
[4-(N°, N°-dimethylglutamine), 8-lysine] vasopressin

I 1 '
7. H- Cys-Tyr-lle-GIu[N(CH,),]-Asp[N(CH,),]-Cys-Pro-Leu-Gly-NH,
[4-(N° N°-dimethylglutamine), S(N*, N*-dimethylasparagine)]oxytocin

[ ' I
8. H-Cys-Tyr-Ile-Glu(NHNH,)-Asn-Cys-Pro-Leu-Gly-NH,
[4-(glutamic y-hydrazide)] oxytocin

[ I
9. H-Cys-Tyr-Phe-Glu(NHNH,)-Asn-Cys-Pro-Lys-Gly-NH,
[4-(glutamic y-hydrazide), 8-lysine]vasopressin

[ 1
10. H-Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-N(CH,),
Oxytocinoic acid dimethylamide

[ 1
11. H-Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Leu-$-Ala-NH,
[9-B-alanine] oxypressin

I T
12. H-Cys-Tyr-Thr (Me)-GIn-Asn-Cys-Pro-Leu-Gly-NH,
[3-O-methylthreonine] oxytocin :

‘ I ]
13. H-Cys-Tyr-Ser (Et)-Gln-Asn-Cys-Pro-Leu-Gly-NH,

[3-O-ethylserine] oxytocin

I 1
14. H-Cys-Tyr-Hse (Me)-Gln-Asn-Cys-Pro-Leu-Gly-NH,
[3-O-methyhomoserine] oxytocin
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y-pdsition of the side chain is apparent. Thus the Asn® residue has thé dual
function to stabilize the three-dimentional conformation and to contribute an
active element (7). ‘

Analog 3. In the proposed biologically active conformation of vasopressin at
the antidiuretic receptor, the 5-position asparlaginyl residue seems to play an
important role. The side-chain carboxamide group acting cooperatively with
the basic moiety of the g-position residue have been suggested to be the "active
elements" of thé hormone. This is demonstrated by the lack of antidiuretic
activity of [S-alanine, 8-lysine]-vasopressin. In this connection, the [5-(N¥
N*-dimethylasparagine), 8-lysine]-vasopressin is the first S-position analog to
retain significant potency in this assay, indicating that the carbonyl group and
no the hydrogen atoms of the - CONH, group, is essential for activity (8). .
Analogs 4,5,6. Conformational data imply that when OT .is bound to' the
uterotonic receptor, the o‘rientation of the side chain at position 4 is toward the
":active elements” and reaches into the active cavity. Therefore, the effects on the
biological activities of substituting the carboxamide ilydl'ogen atoms of Gln* by
bulky groups was investigated. Indeed, biological evaluation of certain
synthetic N°-N°-dialkylglutamine analogs (No 4, 5, 6) indicate in the rat
uterotonic assay greater diminished intrinsic activity With increazed steric size at
the 4-position side chain. Concerning the reduced antidiul'etic potency of the
[N, N;‘-dimethylglutamirie]LVP analog it is not clear yet whether is due to loss
of affinity or intrinsic activity (9). )

Analog 7. The biological findings of [5-(N* N“- dimethylasparagine]OT
prompted us to synthesize and evaluate the introduction of a second
o-dimethylamide in position 4. Thus, [4-(N°, N°-dimethylglutamine), 5-(N*,

N*-dimethylasparagine))OT was synthesized and its structure was fully
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characterized by liquid secondary mass ion spectroscopy. This was an
encouragir}g example of identifying complex peptide structure by this
technique. The introduction of the siecond ®-dimethylamide caused severe
consequences on the biological activities of this OT-analog, which was found to
be ‘aln)'nost inactive in the uterotonic, antidiuretic, pressor and milk ejection
assays (10). .

An;logs 8, 9. To further explore the effect (s) of "a minimal change of the-
cafboxamide group of GIn* of OT and LVP without altering Vthe hydrophilic
character of this group, one hydrogen atom of the CONH,was replaced with
NH,-group. The resulting analogs [4-Clu(NHNH,)] OT and [4-G1u(NHNH2)j
LvVP \were'synthesized. The biological data of these analogs indicate tha} the
hydrazide substitution in the oxytocin moLecule decreases moderat;aly the milk
gjection, but decreases the uterine contraction more severely. The antidiuretic
activity of thé [4- Glu(NHNH,)] LVP analog is moderately decreased, -in
contrasf to different shortenings of the side chain of Glr;‘, which are .not
tolerated. The hydrazide substitution is also tolerated by the pressor receptor.
In comparison with relevant analogs, another difference between the
antidiuretic and pressor receptors is that some electronegativity seems to be
required in position 4 for pressor activity (11). |
Analog 10. Oxytocinoic acid dimethylamide was synthesized ar}d its
pharmacological properties were compared té those of oxytocin. The analog ‘
exhibits 3% of the potency of oxytocin in the in vitro uterotonic assay. This
finding suggests that the replacementb of the hydrogen atoms of the C-terminal
carboxamide of OT by the bulky and hydrophobic methyl groups affects the
proper orientation of the "active elements" in the hydrophilic cluster. In tﬁe in

vitro uterotonic assay, oxytocinoic acid dimethylamide showed a reduced
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affinity for the oxytocin receptor, a nonparallel dose-responce relationship; and
most important a reduced intrinsic activity as compared to oxytocin. In the
avian vasodepressor, rat pressor and rai antidiuretic assays the analog was
almost inactive (12).

Analog 11. In this analog the glyi:ine residue in position 9 has been replaced-by
B-alani'rie.’The insertion of a CH, group in position 9 seems to deorientate th.e
C-terminal carboxamide group from its optimal position in the active center.
Thus, the analog exhibits reduced uterotonic, antidiuretic and pressor activity,
compared to oxytocin, oxypressin and [8-Alanine] oxypressin. It sh’ould be
noted that replacement of glycine by B-alanine results in greater conformation
freedom of the C-terminal tripeptide Pro-Leu-B-Ala-NH, leading, thus, to quite
different biological responces (13, 14, 15). 3
Analogs 12,13,14. The side chain of Ile in position 3 of o;iytocin occupies the
first corner position of the type II B-turn and hence an equatorial position. A
number c;f analogs, in which the aliphatic isoleucine residue has been
substituted by other aliphatic side chains, indicate, in dose-responce
experiments, differences in receptor affinity alone. These results add evidence
for position 3 as a binding site. Since the aliphatic side chain of Ile* devoids of
any polarity, we decided to insert a polarized, and therefore hydrophilic oxygen-
atom into the hydrophobic chain. Using O-ethylserine, O-methylthreonine and
O-methylhomoserine (16, 17) instead of isoleucine, the three analogs
[3-O-ethylserine}OT, . [3-O-methyltl;1'eonine]OT ( and [3-O0
-methylhomoserine]OT were synthesized and tested for potencies and
specificities. In these analogs the electronegative atom is placed in different
distances from the peptide backbone. The position of the electonegative atom is

rather important to antidiuretic activity. Although all three analogs have low
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pressor activity, moving the oxygen further from the peptide backbone this

‘activity is decreased, but, in contrast, has no effect on oxytocin-like activitl;es.
Another finding of this study is the moderately higher milk ejection of~
[3-Hse]OT than that of oxytocin. ‘This, support the assumption that the
galactogonic receptor does not have such strict structural requirements as the
other receptors for oxytocin (18).

. Antagonists: Oxytocin analogs with inhibitory properties not only are v,aluabl‘é
tools for the evaluation of the action mechanism of this hormone, but they can
also be‘utilized in clinical practice as tocolytics in cases of preterm delivery or
threatened abortion. An effective inhibitor has dual role, to block direct action
of oxytocin on myometrial contractions as well as to brevent prostaglandin
release byloxytocin stimulated uterus. Up to date the structural features leading
to oxytocin inhibitors can briefly summarized as following:

1. Replacement of the hemicystine ;'esidue in position 1 by a penicillamine(Pen)
derivative for"' increazed rigitation of the molecule,l since the disulfide ring is
more flexible.
2. Change of configuration of amino acid in position 2 (D-amino acid), deletion
of the OH group of Tyr? or its replacement by a more lipophili¢ residue.
3. Substitution of glutamine in position 4, by threonin, proline in position 7 by
dehydroproline and leucine in position 8 bby basic amino acid. h
4. Positions 2 and 5 should be fixed, such that one or both side chains cannot
orient over the 20-membered disulfide ring. \
5. Carba substitution for disulfide bridge influences the antagonistic properties,
a fact which has been previously observed with agonists (19).

It should be emphasized that only one sin:g,le substitution, from those

referred above, does not lead to in vivo strong inhibitors. In general, agonists
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and antagonists appear to use different structural and conformational features
for interaction with the uterine receptor (5).

From conformational studies positions 2, 4 and 8 affect factors like
affinity to the receptor and metabolic stability. Conformational restriction\ at
position 7 (dehydroproline) providés antagonists with prolonged activity.
Nevertheless,: the enzymic cleavage of the linear C-terminal tripeptide by a
post-proline enzyme is of major importanée in living organisms.- The Prc';7
residue occupies the one corner of the B-fold which, in contrast to positions 3, 4
and 8, has not been found to be substituted by cher amino acid in the course
of evolution of the neyro)hypophyseal hormones. Also, the Pro’ residue is
located in the enzymatically vulnerable part of the hormones and substitution
of this residue may yield analogs, which render the acyclic peptide portion more
resistant to enzymatic attack (20).

A great number of oxytocin antagonists have been designed, synthesized
and tested in several assay systems not only in vitro but in vivo systems as well.
Some of them have been used as pharmacological tools to asses the role of

- oxytocin in labor and as an inhibitor of uterine contractions during preterm
labor. It should be mentioned that tﬁe Swedish Ferring Research Institute was
the first to introduce in the market the inhibitor Atosiban and its further

modified analogs (21).

ll\/Ipa-D—Tyr(Et)-Ile-Thr-Asn-(IZys-Pro-Orn-Gly-NH2
Mpa=3-mercaptopropionic acid
Another inhibitor named Carthetocin was introduced into veterinary practice as
a drug with selective uterotonic and milk-ejecting action (22).
[Deamino-1-carba, 2-O-methyltyrosine]oxytocin

Carthetocin
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Also potent inhibitor in vivo systeins, named Antag has been obtained when '
Tyr? was replaced with D-Tyr? (23).
* [1-PMP, 2-D-Trp, 8-Arg J-oxytocin pA,=7.73
PMP=B, B-Cyclopentamethylene-B-mercaptopropionic acid.
Conformational constrains which increase the rigidity of structure of both the
peptide backbone and several amino-acid side chains group seems to afford
strong inhibitors as indicate by the bicyclization of the weak monocyclic

analog a to b (24).
a. [1-B-Mpa, 4-Glu, 6-Cys, 8-Lys]-oxytocin
S
b. [1-B-Mpa, 4-Glu, 6-Cys, 8-Lys]-oxytocin
e

PA,=8.2+0.2 ' ’ .

Among the highly potent antagonists it should be mentioned the recehtly
reported by Hruby (25) as result of his previous systematic studies.
[1-Pen, 2-D-Phe, 4-Thr, 5-Thr, 6-Cys, 8-Orn]-oxytocin

It is apparent from the already mentioned typical examples of strong
inhibitors, that all these have been obtained by complex and drastic
modifications of the oxytocin molecule, which affect backbone conformation
and impose rigidity of structure. We hypéthesized that minimal changes in the
cyclic portion of ..the proposed biologically active model of oxytocin may
i)rovide keen information concerning the structure-activity relationships of
antagonists. This in turn may facilitate the design of structures without the need
of gem-substitution at the B-carbon atom in position 1 and most important

with greater potency, as well as longer duration of action.
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It has been previously referred to the "cooperative model" for oxytocin
(4) and our experimental evidence that the hydrogens of the N‘-amine portion
“of the asparaginyl side chain are not essential for oxytocin-like activities (7). On
the contrary the importance of the carbonyl group of Asn® inf y-position as
an"active element”. which in cooperation with the hydroxyl group of Tyr’
iﬁitiates oxytocin activity, became apparent from our synthetic analogs. Thus
[5-(N“, N*-dimethylasparagine)]OT possesses a uterotonic potency of 4.60+0.5,
but- most important indicates the same intrinsic activity as oxytocin.
Furthermore when thé alkyl substituen;s are made larger and thus the steric
hindrance around the carbonyl group-of Asn’® was increased, nearly inactive
analogs were obtained, e.g. [5-(N*, N*- diisopropylasparagine)]OT (26).
It is well known that any modification in position 5 of oxytocin results in
analogs with almost no activity. However anailogs with hydrophilic instead of

hydrophobic side chains in positions 5, indicate less negligible potency (Table .

II).

Table II. Synthetic Analogs of Oxytocin Modified in Position 5.

I.  oxytocin (OT)A 546 (in vitro rat uterotonic potency)
2. [5-alanine]OT 0.05
3. [5-valine]OT v 0.20-0.030

4.  [S-serine]OT | 0.70

5. [5-glutanine]OT 1.00

6. [5-(N* N* dimethylasparagine)] OT  4.60+0.003
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In our experience [5-threonine]OT indicates also uterotonic in vitro
activity of 0.45 + 0.15 IU/mg. Therefore, we were intrigued by the possibility
that increasing of the electronegativity of the oxygen atom of the weak agonists
[5-serine]OT (27) and [5-threonine]OT may strengthen its hydrogen acceptan
character and consequently enhance the oxytocic action. Thus, O-methylated
serine and threonine were used for the preparation of [(OMe)Ser’]OT and
[(OMe)Thr’]OT. Surprisingly, the methylated analogs, in contrast to their
non-methylated weak agonists, were transformed to pure weak antagonists. For
example, [(OMe)Ser’]OT and [(OMe)ThrJOT indicated pA, values of 5.7 and
5.8 in the in vitro rat uterotonic assay. Both weak antagonists were found to be
inactive in the pressor and galactogonic assays (28). In our experience, this is
the first 5 position minimal modification in OT which results in antagonistic
action. A plausible explanation from the point of view of the directionality of
the hydrogen bond may be given. In contrast to weaker van der Waals force_:s
involved in hydrophobic bonding, hydrogen bonds are directional and
therefore bind two atoms in a specif:lc orientation toward each» other.
Nevertheless due to + I effect of the methyl group the electrbn density of the
oxygen atom of Thr’ is increased, but in the mean time the methyl group may
hinder the proton transfer from the hydroxyl group of Tyr’ to the oxygen atom
of the hydroxyl groups of Se~:r5 and Thr’. It appears, therefore, that the active
elements involved in receptor stimulation do not obtain the Iminimum of a
proper orientation for productive interaction with the receptor and this may be

]

related with the antagonistic action.
Another modification involving binding but not receptor stimulation

was undertaken. Since the residue in position 3 (Ile*) occupies the first corner
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position of the B-turn and is primarily important for receptor binding, we
substituted Ile* with Aib? which is known to introduce éonsiderable constrains
on the backbone of the 20-membered ring of OT. Interestingly, the resulting
analog [Aib*]OT (Aib; a-aminoisobutyric acid or a-methylalanine) was found
to be a weak antagonist with pA, value of 5.9 and not detectable pressor and
galactogonic activity. Whether the Aib® modification éffects only binding
or even hinters the receptor stimulation through deorientation of the
active elements is not clear yet. The accumulation of these minor modifitions in
one molecule and the extention of investigations to include additional corner
positions-with particular emphasis on antioxytocic activity-should prove to be

instructive.

Hepidnyn
MEAETEX TOY POAOY TQN YAPO®IAQN KAI YAPO®OBQN
HNEPIOXQN THX QKYTOKINHEZ  KAI BAXOITPEXXIINHE.

MIA ZTAAIAKH ITIOPEIA H OIIOIA KATAAHI'EI ZE ANTIQKYTOKEIO
APAZH.

Mia GUGTNHOTIKT EK PEPOVE MAC TPOGTAOELD VO GUGYETICOLHE TNV

npotafeica tpididotatn Sopr] TV OpHOVAV TNG VELPODTOPLCENG GKLTOKIVN

"k Bacompeosivn, odnynce otn cbvleon evdg aptepof). "avoroyov" pe

Swpoporonpévn katovoun Blorloyikdy idiotitav.

Ta ev Aéym "avéroya" cuvetédnoav pe seappoyn g pefodoroying
rentidikic cvvléceng emi otepedc @doeng 1 pe kotoAAnAiovg pefodoug
cuCeﬁ&émg .oe vyp ¢don. H rtomkdg empepopévn Swatapaln g
quocpi?»ou-nSpétpéBo’u 160PPOTING GUVETAYETAL SIAPOPOTOU|CELS GTO PACHOL
TV E181KOV BlOAOYIKOV pACEDV.

Agdopevng tﬁg cﬁpaciag TOV OVIAYOVICTOV TNG OKLTOKIVIG Tia

KMVIKT] YPNoN OE WEPIMTAGEL, TPODPOL TOKETOL 1 YEVIKG KivdUvou
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arﬁbﬁokﬁg oV Spi}pﬁou, avapEépovTal :ﬁacucég apyég oyediioov tentidiov pe
OVTI-OKVTOKELO dpaon. E;p(paon Sivetar otn petarpont] acbevdv "ayovictdv”
ce "oviayovietéc" ol omoiol, 6ma¢ Swmctdoaps, Aapfhvoviar pe omhég
TPOTOTONOEIG O‘;Clé Béoeig 3 kot 5 Tov KUKAIKOD TUHHATOg TOL popiov -:Tig
oxvrokivng. Ta dedopéva avtd, cvvdvafoviar pe dM.eg TPOTOTO|CELG OE

B-oTpopég Tov popiov, o1 omoieg evpickovrar oe eEEMEN.
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INTRODUCTION

The increased communication between the various chemical disciplines

which developed separately resulted, after reunification, in the development of a
highly intergrated science the Supramolecular | Chemistry, a néw multi-
disciplinary area at the cross-roads between the life scienées and material
science.

Jean-Marie Lehn, in his Nobel Lecture, gave the following definition of
the term: "Supramolecular Chemistry is the chemistry of the intermolecular
bond, covering the structures and functions of the entities formed by association
of twot or more chemical species”. Thus supramolecular species are constructed .
by combining molecular species in a similar way to molecules being obtained by
the combination of atoms. Therefore, Supramolecular Chemistry is the chemistry
beyond the molecule and deals mostly with noncovalent chemical bonds, i. e.
electrostatic interactions, hydrogen bonding, van der Waals forces, etc. within a
defined molecular architecture. The partners of a supramolecular species have
been named molecular receptor and substrate, the substrate l;t;ing usually the
smaller component whose binding is being sought. )

Binding (;f a substrate ¢ to its receptor p yields the supermolecule po and
involves a molecular recognition process. If the receptor bears reactive sites, it
may effect a chemical transformation on the bound substrate, thus behaving as a
catalyst, and a lipophilic membrane-soluble receptor may act as a_carrier
effecting the translocation of the bound substrate. Thus molecular recognition,

transformation and translocation represent the basic functions of supramolecular
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species. Functional supermolecules, in association with organized polymolecular

assemblies and phases, may lead to the development of supramolecular devicesl.

p(receptor)
Complexation ~ Po(Supermolecule) .
association  Supramolecular
—_— .
; organized Devices
o(substrate) asfemblics (Applications)

Supramolecular chemistry is rapidly expanding and enormous progress
has been made during the last few years. However it is not possible to cover in
an article the vast literatﬁre that has been developed and to justice the numerous
results and provide an exhaustive account of this field. Therefore the purpose of
this article is to demonstrate some typical supran{olecular systems, which have
been presented during the first decades of this new field, in such a way that its
dynamism will be uncovered and be the subject of young innovative scientists.

In-order to achieve this goal without the fear of fragmentation, we shall
give examples under the following headlines:

Design and Synthésis of Supramolecular Systems, " Self Assembly of
Supramolecular  Structures, Reactivity of Supramolecular Structures,

Supramolecular Catalysis and Supramolecular Applications and Technology.

DESIGN AND SYNTHESIS OF SUPRAMOLECULAR SYS'I:EMS

The concept of intermolecular interactions is a very old one but new ideas about

these interactions appear only in the end of the 19th centiry when Van der
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Waals explained the nonideal behaviour of gases and Emil Fischer made his
famous analogy between the way a substrate and enzyme interact to the way that
a key fits into a lock2 ;15 it is illustrated in Fig. 1. The enzyme, which is large
relative to the substrate, has clefts and depressions on its surface complementary

to the shape of the substréte?.

Fig. 1. Schematic representation of Fisher's Lock-Key Concept in an enzyme-

substrate complex.

Synthetic chemists imitate the non-covalent intc_zractions found in nature
and pioneering work focused on cyclodextrin inclusion complexes and crown
ether-metal ion interactions. Many subsequent studies used macrocycles (as
cyclodextrins and crown ethers) by design under an intujtive sense that
macrocycles experience fewer conformational restrictions upon complexation
than their acyclic counterparts. This now embodied in Cram's principle of
preorganization4'which states that complex stability will be maximized when the
constituent parts are structurally organized for complexatfon and low solvation.

Macrocycles have the additional benefit that their finite cavity dimensions

make them inherently selective in binding due to size exclusion. The very large
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rigid caviti;; required to bind large molecules are difficult to construct, although
progress in this area has been reported>.

The result of the rapid development of supramolecular chemistry is the
synthesis6 of host molecules of many highly-diverse structural forms as 1.
Cram has defined hosts Vand guests as organic molecules or ions whose binding

sites.converge and diverge, respectively, in forming a complex’.

.. ,0 0
,<N Me

N
0] 'e) '
Me e - Me

]

The design of molecules may be in such a way as to include a function as
well as a form. An elegant demonstration of this approach is the supramolecular
liquid érystal shown in Fig. 2. in which two complementary sub-units associate
via hydrogen-bonding to form the rigid central element of the mesogenic

supermolecule8 .
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Fig. 2. Schematic representation of the formation of a mesogenic
supramolecule in which hydrogen-bonding was used between two

complementary sub-units to form a rigid central coreS.

Compounds with belt-type and cage-type structures are important in the
development of supramolecular chemistry and many cage-tyi)e compounds have
been prepared while the acéess to compounds of the calixresorcinarene class and
the observation by Cram that the rigidity of the calixresorcinarenes can be
iﬁcreased resulted in the cavitand class of macropolycycles.

Further Cram considered the linking of two cavitands and the outcome
was the synthesis4 of the first closed molecular confainer compounds, the

carcerands?. Carcerands present extreme insolubility but
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2

the addition of solubilizing lipophilic arms furnish compounds, such  as

structure 2, which allow N.M.R. spectroscopic analyses to be perfor-med on
carcerands and to probe the behaviour of the encapsulated solvent molecules and
also to act as slow-release drug-delivery systems and as targeted immunoprotein-
associated chemotherapeutic agents.

We shall close this topic by mentioning the pioneering studies of Cramer
on the molecular recognition characteristics of cyclodextfins which play an
important role in the field of supramol(ecular chemistry and find applications in
various fields of science: and technology. The cyclomaltooligosaccharides
(cyclodextrins, CDs) show a remarkable ability to form inclusion complexes
with various ﬁatural and synthetic molecules. The inclusion process is influenced
not only by the host—guest hydrophobic interactions but also by the shape, size
and h};drogen-bonding ability of the guest. Depending on the size and molecular

or ionic character of the guest, a-CD inclusion complexes crystallise in distinet
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categories!0 and most B-CD inclusion complexes crystallise as dimers in four
modes1!. Fig. 3 shows the structure of a-CD and Fig. 4 the dimensions of the

toroidal cavity of a-, B- and y-CD in A.

HO OH_—~-OH

(0] 0
ol /* N0 o
O} 1o \/

/ OH HO /\H

OHOH OH g "°'om H

Fig. 3. Structure of a-cyclodextrin.
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Fig. 4. Dimensions of the toroidal éavity of cyclodextrins in A.

The recent synthesis of a peranhydro a-cyclodextrin (5) provides a
novel way of alteration of the structural properties of the cyclodextrin

skeleton. The dehydration process forces each D-glucopyranose ring
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out of its original 4C1 in 3toa 1C4 chair conformation in 3, alteting thus the
nature of the cavity from a lipophilic environment to one flanked by glucosidic,
glucopyranose, and free hydroxyl oxygen atoms which in turn alter the physical

properties and bindixfg characteristics of the cyclodextrin6.
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SELF ASSEMBLY OF SUPRAMOLECULAR STRUCTURES

‘Fraser Stoddat;t12 stated that self-assembly and sélf-replication»may be
the secrets that synthetic chemists have to leam from nature to be able to
constuct molecular electronic devices and he gave a personal account on the way
he formulated a strategy for self-assembly processes that might aid and abet
unnatural product synthesis. Fig. 5. shows how a catenane and rotaxane may be

self assembled. Thus a [2]catenane can be made by (a) clipping

) . ¢
W |[Cl== 1

Fig. 5. Self-assembly of a [2]catenane and [2]rotaxane.

an unshaded ring around an already complete shaded ring, or (b) vice versa. A
[2]rotaxane can be made by (c¢) threading a complete shaded ring with an
unshaded rod and then covalently stoppering the ends of the rod with big black
moons, or by (d) clipping a shaded ring around an unshaded rod that is a]ready'
covalently stoppered at its ends with big black moons.

The clipping of a second ring round an already complete ring has been

done and good stoppers have been discovered e.g. triisopropylsilyl group was a
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good "stopper” for the ends of polyether chains containing hydroquinol units
and an example of a molecular "shuttle" was ‘prepared comprised of a
[2]rotaxane  where the molecular components are a bis(silyloxy-
ethoxyethoxyethoxy—phenoxyethoxyetho’xy) ether and cyclobis (paraquat-p-
phenylene).

A number of template-directed = syntheses of [2]rotaxanes and
" [2]catenanes illustrate that there are inherently simple ways of making
apparently complex unnatural products from appropriate substrates without the
need for reagent control or catalysis. Template synthesis of defined molecular
cavities leads to "inclusion chemistry on a nanometer scale"13. |

The latest achievement in this field is the preparation of a linear chain of
five interlocked rings, a [S]catenane, the structure of which resembles the
symbol of the international Olympic Games and thus the name olympiadane has
been adopted by professor Stoddart's group14.
1 The pfeﬁx in square brackets before the name indicates the number of
molecular componerts comprising these compounds that include "topological”,
as well as covalent bonds: e.g. [2]rotaxanes (Latcin: rota=wheel, axis=axle) and

[2]catenanes (Latin: catena=chain) are the simplest examples!3.
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REACTIVITY OF SUPRAMOLECULAR SYSTEMS

Supramolecular reactivi@, the modification of chemical and/or physical
properties of the bound substrate results from the formation of a receptor-
substrate (or host-guest) complex and may be tuned by changing the structure of
the receptor (host) molecule. The design of specific complexing components
may -generate specific chemical a;d physical reactivities leading to-new and/or
controlled propertiesl6. Thus J. M. Lehn showed that europium cryptates of
macrobicyclic ligands luminesce under direct excitation of the cation in

conditions in which the free ion does not emitl7 (Fig. 6).
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Fig. 6. Light conversion process performed by the cryptate

[Eu(III):bipy.bipy.bipy] (bipy = 2,2-bipyridine).

Numerous results have been reported on the effect of inclusion into
cyclbdextrins on the photophysical properties of fluorescent substrates, resulting
in emission quenching or enhancement, excimer formation, etc.

Thus complexation of the thermochromic compounds N-5-chloro-
salicylideneaniline with cyclodextrins results in the disappearance of the
thermochromic property and in the appearance of photochromism. The
phenomenon is general e.g. all the thermochromic anils iﬁvesﬁgated on inclusion
to cyclodextrins are transformed to photochromic ones something which might
be of interest for various practical applicationslg. The above photo-effects
provide incentives for developments in studies of supramolecular photochemistry

e.g. to the design of new photoactive molecular devicesl7.
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SUPRAMOLECULAR CATALYSIS

Supramoleculér_ catalysis, the chemical transformation of the bound
substrate, involves first a binding step for which molecular recognition is a
prerequisite followed by the transformation of the complexed species and, ,
finally, the release of the product with regeneration of the catalytic wnitl®, A
schemétic representation of the supramolecular catalysis process is shown in Fig.

7. Thus the macrocyclic polyamine 6 strongly binds ATP and markedly
accelerates its hydrolysis to ADP and inorganic phosphate over a wide pH

range20,

I
B

CATALYST SUBSTRATE (S) T C-S COMPLEX T PRODUCT (S)
stability rate
selectivity . selectivity
v turnover

REACTION

Fig. 7. Schematic representation of the supramolecular catalysis process.
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The reaction presents first-order kinetics and is catalytic with turnover. It
proceeds via initial formation of a complex between ATP and protonated 6,
followed by an intracomplex reaction which may involve a .combination of acid,
electrostatic, and nucleophilic catalysis. - Structure 7 represents one possible
binding mode of the ATP-6 complex and indicates how cleavage of the terminall
phosporyl groups might take place. A iransient intermediate identified as
phosphoramide 8, is formed by phosphorylation of the macrocycle by ATP and

is subsequently hydrolyzed. In this process catalyst - 6 presents prototypical
ATPase activity, i.e. it behaves as a prc;to-ATPase. Many other types of
supramolecular catalysis may be realised.

Supramolecular catalysts are by nature _abiotic reagents, i.e. chemical

catalysts that may perform the same _overall processes as enzymes, without

folléwing the detailed way in which the enzymes actually realize them. This
chemistry may develop reagents that effect highly efficient and selective
processes that enzymes do not perform or realize enzymatic ones in conditions in

which enzymes do not operatezo.

SUPRAMOLECULAR APPLICATIONS AND TECHNOLOGY

Supramolecular chemistry, the chemistry of molecular components and
devices, provokes the creative imagination of the cﬁemist to design usefull
applications and to contribute in the édvancement of technology.

Semiochemistry, the chemistry of molecular signal generation,

processing, trasfer, conversion and detection, Supramolecular Devices e.g.

structurally organized and functionally integrated chemical systems built into
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supramolecular architectures, Programmed Supramolecular Systems e.g. systems

that generate organized entities following a defined plan based on molecular

‘ recognition events, Chemionics, supramolecuiar devices tha.t operate on photons,
electrons and ions, all are subject to advanced technology and usefull
applications 21 For example a prospective research constitute the applications of
cyclotriveratrylenes and cryptophanes to the design of materials for
optoelectronics 22,

Excellent prospects exist now also for applications of inclusion
compounds to separation problems as for instance those based on cyclodextrins,
which are rather new and they hold promise. The molecule, Fig. 4, indicates that
the framework is a rigid one. The cavity exists in the solid state in the presence
or absence of a guest, and in the liquid state with or without a guest
Slgmﬁcantly, the cavity is of appropriate dimensions to accommodate srnall :
hydrocarbon guests as it is shown with 4-tert—butyltoluene and 4-tert-
butylbenzoic aC1d23’24. Therefore separation efforts, using cyclodextrins, of
xylenes, ethylbenzene, trimethylbenzenes, aldylphenols, straight and branched
chain hydrocarbons have been carried out23.

Cyclodextrins are known to be used also as slow release carriers for many
unstable or volatile biologically active substances. 'i'hus they have been used as
slow release carriers for the volatile sex attractant pheromone, the 1,7-
dioxaspyro[5.5]unde¢ane, in order to control the olive fruit fly, Dacus oleae, a
major pest of olives in the Mediterranean rcgion26.

~ The outstanding properties of cyclodextrins are used in many different
application fields, such as food industry, chemical industry, pharmaceuticals and

cosmetics27.
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The future applications, according to the supramolecular system, are
therefore numerous ranging from Pimentel's, the late, prediction in 1985 for a
manmade molecular scale computerzs‘:29 to the ;ievelopment of super-
conductors30, biosensors, opticai and magnetic materials, enzyme-like catalysis,
modern separation science, molecular electronics and other fields based on

organization of molecules at the supramolecular level.

YINEPMOPIAKH XHMEIA

Iepiinyn: H vreppopuaxn ynueio avaﬁtéccet’m TaydTaTe KoL To. TEAELTAIR
xpévia €xel yiver 1epdoTia npéo&og otov topfa autd. 10 mapdv &pbpo, to
omoio dev givar duvatd va KaAvwel Tnv Ndn vadpyovoa tepdotia Biroypaeia,
TOPOLOLALOVTAL OPICUEVA TUTILKG LTEPUOPLIOKE GUOTTHATO KATA TPOMO MOTE Vo
avadsikvietol o Suvapiopds Tov véou autol nediov kai va omoteléoet,
EVOEYOLEVMIG, OVTIKEIHEVO VEMV EMGTNROVGOV pe dnpovpyikh gavtasia. o va
emtevyBel 0 oxomos avToG, YWPIS TOV KfVéUVO TOL KOTAKEPUATIONOV, Sivovtal
CUYKEKPUUNEVO. TTAPUSETYIOTO OTTV TEPLOYT TOL oyedloopol Kot Tng ovvleong,
TV LMEPUOPLOKDV CLOTNRAT®V, oTh dpacTikdmTa, m"nv KxotdAvon kot TEA0g

OTIG EQUPUOYES KAl TNV TEXVOAOYIaL.
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SUMMARY

The kinetics of potassium adsorption from solution to exchangeable phases of a
soil were investigated on Alfisol Haploxeralf samples, which were firstly saturated with
Ca. Potassium adsorption was studied using 5, 25, 100 and 125 pgK/ml solution (or
250, 1250, 5000 and 6250 ugK/g soil) and was equilibrated for (10,20,25,30,
40,45,50,60,80) min and 24 h. Soil pH varied from 4.0 to 9.0. K adsorption equilibrium
reached faster at lower initially added K concentrations and higher pH values.
Adsorption data was plotted according to first-order kinetic and parabolic diffusion
models.  Diffusion coefficients were determined and compared. Comparison of
regression coefficients (r2) indicated that the parabolic diffusion model can describe

successfully K adsorption.

Keywords : Models , Adsorption , Alfisols.

Postal address of the corresponding author: A.Dimirkou , 14 Thermopillon st.
15344, Pallini, Greece.
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INTRODUCTION

Potassium exists in soil systems as diluted in soil solution, exchangeable ,
nonexchangeable and as a component of minerals. Soil-solution-and exchangeable K
are considered the readily available forms (Reitemeier,1951). It is believed that K
reactions exist between the various forms of K.

The existing reaction between soil solution and exchangeable K has been
studied by many researchers . Many of them studied K exchange reactions on pure
minerals e.g. bentonite, kaolinite, etc. (Schouwenburg and Scheffelin,1963; Rich and
Blach,1964; Goulding and Talibudeen, 1980; Talibudeen and Goulding, 1983; Doula et
al., 1994) and on soils (Schwertmann, 1962; Bolt et al., 1963; Singh et al.,1981;
loannou et al., 1994; Dimirkou et al., 1994). Many investigations on the thermodynamic .
approach to K exchange equilibrium data have been made (Deist and Talibudeen ,
1967). Sparks et al., (1980) studied the kinetics of potassium adsorption from solution
to sample exchangeable sites for two Dothan soils. They observed that equilibrium was
reached faster when lower initial potassium concentrations were used. Also, the rate of
adsorption depended on soil characteristics.

Soils and minerals have a net negative or positive charge. This charge is
counterbalanced by opposite charged ions, which are attracted with electrostatic forces
on solid phase. At the adsorption process , ions from solution (e.g. K, P etc.) substitute
some of counterbalance ions from exchangeable sample sites.

Exchange in pure montmorillonite, "illite" and kaolinite is faster than in vermiculitic
materials. This slower rate of exchange in vermiculite is attributed to slow diffusion into
interlayers (Malcom and Kennedy,1969) .

The models used. to describe potassium exchange are : modified Freundlich
equation (Sparks et al.,1980) for potassium adsorption, first-order rate equation for
potassium adsorption and desorption (Sparks and Jardine, 1981), Elovich equation for
potassium adsorption (Havlin et al., 1985) and parabolic diffusion model! for potassium
release (Feigenbaum et al.,1981; Havlin and Westfall, 1985) and nth order raté
equation (Selim et al.,1976).

The parabolic diffusion model (Jost,1960; Laidler,1965; Sparks,1986) assumes
that reaction rate is controlled by the diffusion of ions to the reactive sites, either
through a stagnant water fim that sourrounds the soil particle, or through the particle

itself.
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The objectives of the present study were: a) to investigate the influence of pH
and initially added K concentration on potassium adsorption by Alfisol Haploxeralf soils
and b) to determine which of the tested models (First-order kinetic and parabolic
diffusion) fits experimental data best.

MATERIALS AND METHODS

Studies were performed on a soil sample from central Greece (Viotia). Sample
taxonomic classification, and physical and chemical properties are given in Table I. The
soil sample was air-dried and crushed to pass a 2-mm sieve. Particle size analysis was
determined by the pipette method (Kilmer and Alexander, 1949). Organic matter was
determined by the Walkley-Black (1934) method.Cation exchange capacity by a MgCl,
saturation with subsequent displacement by CaCl, (Okazaki et al., 1963; Rich ,1962).
The exchangeable K was determined following extraction by 1N ammonium acetate.
The electrical conductivity (E.C.) was measured in a saturated paste of the soil. The pH
measurements was obtained from a 1:2 soil/water mixture. The CaCOg equivalent was
determined by treatment with dilute acid and the volume of released CO, measured by
the Bernard Calcimeter.

Sample preparation

Before the beggining of the kinetic adsorption studies , soil sample was Ca-
saturated using 1N CaCl, . The soil was subsequently washed with deionized water
followed by 1:1 acetone-H,O mixture until a negative test for CI- was obtained with
AgNO3;. The soil was saturated with Ca as, in most mineral soils, fhis is one of the
predominate cation. Also, by saturating with this Ca*2, the most of exchangeable K
was removed from the soils. The saturated sample was air-dried and crushed to pass a
2-mm sieve. Soil pH was measured on Ca-saturated samples using 1:2 soil/water
solution. The. C.E.C. (Cation Exchange Capacity) of Ca-saturated samp\es was
ascertained by displacement with 1N MgCl,. The quantity of Ca in solution was
measured using atomic absorption spectrophotometry. '



118

A. DIMIRKOU, M. DOULA, A. ICANNOU

TABLE I :_Soil physical and chemical characteristics

Depth Saﬁd Silt Clay Liquid limit
cm % % %
0-50 16 14 70 68
EC pH C.E.C. Organic matter | Exchangeable
mmhos/cm 1:2 meq/100g % K, meq/100g |
<3 7.8 42 0.8 0.80
C.E.C. after pH after
Ca-saturation| Ca-saturation
48.25 7.1

Kinetics of adsorption
Adsorption studies were carried out using triplicate 1-gram Ca-saturated sample
which were placed in 100 ml polypropylene centrifuge tubes with <50 ml of 5, 25, 100
and 125 pgK/ml solution and 20 ml of buffer solution pH 4.0, 5.0, 7.0, 8.0, 9.0. After
equilibration at 25°C for 10, 20, 25, 30, 40, 45, 50, 60, 80 min and 24 h, the
suspensions were centrifuged and K determined in the liquid phase.The amount of K
sorbed was calculated by subtracting the final from the initial potassium concentration.
Concentration differences before and after shaking were assumed to represent the
amount of K that sorbed on soil material surfaces.
Two mathematical models used to describe potassium sorption process by Alfisol
Haploxeralf soils, are first-order kinetic model and parabolic diffusion model.
Considering that the adsorption process follows the first order rate law and that
before equilibrium K desorption is negligible (k4es << 1) , the following equations can be

written:
: ka9
: Ksolution Ksoil
dCyupu d(C, -X)
- sdotuuon = kadCso]ution had —ﬁ = kadt
d(C, -X) -

C -x kgt < -1In(C, - X) + InC,, = kgt
o]
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<> In(Cy - X) =InC, - kygt <> InC =1nCy - kpqt (1)

where C (ugK/g soil) is the potassium concentration in soil solution at reaction time
t (sec), Cq, (MgK/g soil) is the initial potassium concentration, X (pgK/g scil) is the
amount of K sorbed per unit welght of soil and k (sec™) is the reaction rate coefficient.
By plottlng InC versus t & straight line is obtained with slope equal to k and intersept
equal to InC,,.

Many researchers have used the first order kinetic model in the following form :
InX=a-bt (2) (Havlin and Westfall, 1985). Equation (2) is not in agreement with the
arised equation (1) . Nevertheless, both forms of the first order model were tested on
experimental data.

The parabolic diffusion model used in this study is:
Xt=c+Rt12 Q)

where X; (UgK/g soil) is the amount of K adsorbed attime t, t (sec) is the reaction
time, R is a transport term propottional to the diffusion constant. The parabolic rate
equation allows to calculate only an overall diffusion constant (R). By using the model
proposed by Chute and Quirk (1967) it is possible to form a view for process diffusion
coefficient. This model based ‘on radical diffusion in a cylinder in which the
concentration of potassium on the cylinder surface is constant and the concentration of
potassium throughout the cylinder is initially uniform. it is assumed that the diffusion
through the upper and lower faces of the cylinder (Corresponding the external cleavage
faces) is negligibie. Radial diffusion equation is simplified by Chute and Quirk (1967)
and has the form :

::tl 4 D 0.5,-05 D \
—_ = ()T (= 4
X t «/ﬂ(az) (02) @

where X; (ugK/g soil) is K quantity which had entered into the cylinder in time t, X4

(ugK/g soil) is the corresponding K quantity after an infinite time, D is the ciffusion

coefficient and a is the radius of the cylinder. By plotting ﬁl versus t-0.5 a straight
Xeo t

line should be obtained with slope equal to i(R)

Jn o?
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RESULTS AND DISCUSSION.

The different behaviour of K adsorption is owed to different pH values and different
potassium concentrations. As shown in Figure 1 (using, as example ,one of tested
concentrations)}pH is a significant factor that influences K sorption. Altough not shown
the same behaviour appeared to all tested initial concentrations. An increase in pH
caused faster and higher K sorption due to the formation of new sorption sites (-Si-OH
> -Si-O” + H*), and to the decrease of competition between H* and K* for those sites.

2700 T
2500 Co=5000 ugKi/g soil R
! . A
aa A4 °
2300 1 A : o0 o0 © ¢
A A 1
2100 + Z AaDs ALA A
& pH4.0
) O
1 oco 00O © o
1900 o O e cee ® . e |OPHS5.0
¢ ¢ APHT.0
1700 { @ pH 8.0
, A pH9.0
500 + + + + —t |
o 20 40 60 80 100 120

Time,minutes

Flg 1. POTASSIUM SORPTION BY ALFISOL HAPLOXERALF FOR Co—5000ugK/g
SOIL FOR pH VALUES 4.0, 5.0, 70 8.0 AND 9.0

" These results are in agreement with those of Garcia-Miragaya and Page (1987). v

When higher potassium concentrations are used the potassium exchange rate
decreases.This can be explained by the increase in total positive potential on the
surface due to potassium adsorption and increased interaction between adsorbate
species. An example for pH 8.0 is shown in Figure 2.

The first-order kinetic model was tested to all pH values and all initial K
concentrations. Figure 3 shows, the first order model fitted- to K Concentration 100 ppm
to all pH values. ]

The calculated values of slopes (b) , intersepts (a) and linear coefficients (r2) are
summarized in Table il. For the same initial K concentration and for all tested pH values



POTASSIUM ADSORPTION BY ALFISOLS

121

3000
o 000 o000 * i ¢
2500 |
A DAL ALD A A 4
2000 1 H=8.0 * 250 pgKig
1500 1 pr=s O 1250 pgKig
5000 pgKig
1000 ® 6250ugKig
500 + O OO0 O 0O (6] O O
0 ® e e e o * * .
0 20 40 60 80 100 120

Time,minutes

Fig.2. POTASSIUM SORPTION BY ALFISOL HAPLOXERALF FOR pH 8.0 AND FOR
INITIAL CONCENTRATIONS 250, 1250, 5000 AND 6250 ugK/g SOIL .
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.
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0
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Fig. 3. FIRST ORDER RATE MODEL FOR POTASSIUM SORPTION BY ALFISOL
HAPLOXERALF FOR Co=5000 ugK/g SOIL AND FOR pH VALUES 4.0, 5.0, 7.0, 8.0

AND 9.0
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the intersepts must be constant and equal to InCo. Nevertheless, the ' calculated
intersepts are lower than InCo and they depend upon the sample pH value.

Concidering that a=f InCo < f=a/InCo , itis possible to calculate the coefficient
f which the second part of equation (1) is multiplied. It was also assumed that the
slopes of regression equations are multiplied with the same coefficient f : b=f k < k=b/f
(5), where k is the reaction rate coefficient.

The calculated values of f and k (Table ll) are presented as function of pH in
Figures 4, 5 and 6. Reggression coefficients of those lines indicate that the regression
equations for k and f may be used in order to arise a pH-depended form of first order
model (Table Ill).

The model which is usually described as the first-order model in literature is:

InX=a-bt (6)

1T ¢ 250 ugklg
O 1250 pgklg
0,98 1 © 5000 pgKig
0,96 | A 6250 pgK/g
0,94 | A A AT 99T
© S =096
0,92 | o o re=
Oy .999
0,9 + . TS o
.
0,88 1 *
4 r =999
0,86 + + + + — {
(i} 2 4 6 8 10 12
pH

Fig. 4. VALUES OF COEFFICIENT f AS FUNCTION OF pH FOR INITIAL
CONCENTRATIONS 250, 1250, 5000 AND 6250 ugK/g SOIL.



POTASSIUM ADSORPTION BY ALFISOLS ’ 123

0,002

0,0018 1+ |¢ 250 ugKig
0,0016 1 |© 5000 ugKig ' o]

0,0014 |
0,0012 |

0,001 | ’ o
0,0008 | r=939 o
0,0006 |
0,0004 | r =.950
0,0002 |

OCe

pH
Al

Fig. 5. VALUES OF RATE COEFFICIENT k AS FUNCTION OF pH FOR INITIAL
CONCENTRATIONS VALUES 250 AND 5000 ugK/g SOIL.

0,002
0,0018 +
0,0016 +

& 1250 pgKig
0,0014 1 |0 6250 pgKig

0,0012 + 9
0,001 + 6

0,0008 +
0,0006 +
0,0004 +
0,0002 +
0 t

L 2©)

r =945

n O e
O e

r =959

pH

Fig. 8. VALUES OF RATE COEFFICIENT k AS FUNCTION OF pH FOR INITIAL
CONCENTRATIONS 1250 AND 6250 pgK/g SOIL.
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TABLE Il : Values of slopes (a) , intersepts (b) , coefficients f , rate coefficients (k) and
linear coefficients (r2) for the first order rate model.

250 pgKig a b r2 f K

pH 4.0 4.963 7.9x10°4 0.949 0.8989 8.02x10"4
pH 5.0 4.936 7.17x10-4 0.942 0.8940 8.79x104
pH 7.0 4.885 -1.13x10-3 0.960 0.8847 1.28x10-3
pH 8.0 4.856 -1.28x10-3 0.960 0.8794 1.46x10-3
pH 9.0 4.826 -1.48x10-3 0.958 0.8740 1.69x10-3
1250 pgKig a b r2 - f k

pH 4.0° 6.631 - | -6.32x10-4 0.949 0.9299 6.80x10-4
pH 5.0 6.609 -7.10x10-4 0.944 0.9268 7.66x10-4
pH 7.0 6.562 -9.12x10-4 0.950 0.9202 9.91x10-4
pH 8.0 6.538 -1.04x10-3 0.949 0.9169 . |1.14x10-3
pH 9.0 6.516 -1.32x10-3 0.961 0.9137 1.45x10-3
5000 pgKig a b r2 f K

pH 4.0 8.075 -5.30x10-4 0.945 0.9481 5.59x10-4
pH 5.0 8.048 -6.32x104  10.949 | 0.9449 | 6.69x104
pH 7.0 7.987 9.12x10-4 0.950 0.9378 9.73x1074
pH 8.0 7.953 -1.25x10-3 0.951 0.9338 1.34x10-3
pH 9.0 7.914 -1.55x10-3 0.959 0.9292 1.67x10-3
6250 pugKig a b r2 f k

pH 4.0 8.339 | -4.92x104 0.972 0.9541 5.16x10-4
pH 5.0 8.309 -6.00x10-4 0.952 0.9506 6.31x10~4
pH 7.0 8.242 -8.80x10-4 0.958 0.9430 9.33x10-4
pH 8.0 _ 8.206 -1.14x10-3 0.952 0.9389 1.22x10°3
pH 9.0 8.163 -1.45x10-3 0.956 0.9339 1.56x10-3

The first order model (equation 2) was tested on experimental data and was found
to describe the sorption succesfully. The values of intersepts (a), slopes (b) and

regression coefficients (r2) for all the experimental conditions presented in Table [V.
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TABLE Ill : pH - depended forms of first order model for all initial concentrations

Co . pH depended forms of first order model

| ugK/g InC=f (iInCo-kt) i
256 InC = (0.91 9-4.'94x10-3pH) [InCo~(5.29x10"5+1.77x10-4pH) t ]
1250 InC = (0.943-3.26x10-3pH) [ InCo-(5.77x10-5+1 .43x1g0'4pH) t]
5000 InC = (0.964-3.74x10-3pH) [ InCo-(-3.95x10-4+2.18x10-4pH) t ]
6250 InC = (0.970-3.99x10-3pH) [ InCo-(-3.57§<1’0‘4+2i01 X10-4pH) t ]

Authors concidered this model as an empiri'cal one which can provide a good

description of adsorption process. The values of characteristic constants a and b

increase as pH and initial concentrations increase.

2700

2500

2300

2100

1900

1700

1500

T
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A
A A
1 A e ®® e0®
o JAVA
1 AN
A A
o ,
4 o 000 000 ©. o |ePHEO
. e s G000 O pH5.0
ApHT.0
® pH 8.0
A pH9.0
0 10 12

Square root of time'

Fig. 7. PARABOLIC DIFFUSION'MODEL FOR POTASSIUM SORPTION BY ALFISOL
HAPLOXERALF FOR Co 5000 pgK/g SOIL AND FOR pH VALUES 4.0, 5.0, 7.0, 8.0

AND 9.0
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The parabolic diffusion model is the model which describes K sorption better than
the other two. Plots of X; vs square root of time give a nonlinear relationship due to
sorption of K on the external planer surface sites, suggeéted that film diffusion was the
rate-controlling rate. Figures (7) and (8) present the parabolic diffusion model for Co
* 5000 pgK/g and all pH values and for pH 8.0 and all initial concentrations, respectively.

By usihg equation (3) linear plots were obtained ( Fig. 9, 10 ) . The calculated
slopes of those lines are analogous to diffusion coefficients (Table V).

e

3000
eoe o000 0o o O
2500 1
, AAA AAN A A A
2000 | o * 250 pgKig
| pr=s: O 1250 pgKig
A 5000 pgK/g
1000 4 ® 6250ugK/g
500 | o 000 000 O O O
o ¢ 400 4006 6 o o
0 - 2 4 6 8 10 12

Square root of time

Fig. 8. PARABOLIC DIFFUSION MODEL FOR POTASSIUM SCRPTION BY ALFISOL
HAPLOXERALF FOR pH VALUE 8.0 AND FOR INITIAL CONCENTRATIONS 250,
1250, 5000 AND 6250 ugK/g SOIL

The diffusion coefficient D decreases with the increase in the initial K concentration.
As the number of K* jons increases , a saturation of external surface sites occured and
this fact resulted in a decrease of diffusion coefficient.”

For the same initial concentration, the diffusion coefficient increases with increasing
pH, although at pH 4.0 appears an increase compared to pH 5.0. a
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Fig. 9. PLOTS OF Xt/X ,, AS FUNCTION OF 1/t FOR Co=6250 ugK/g SOIL AND FOR
pH VALUES 4.0, 5.0, 7.0, 8.0 AND 9.0.
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Fig. 10. PLOTS OF Xt/X ,, AS FUNCTION OF 1/t pH FOR pH VALUE 9.0 AND FOR
INITIAL CONCENTRATIONS 250, 1250, 5000 AND 6250 ugK/g SOIL.
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At strong acidic conditions (pH 4.0) a decomposition of clay takes place, resulted in
K, Al, Mg. and Fe release (Feigenbaum et al., 1981). The mobility of those ions and the
competition between them in order to occupy the sorption sites resulted in an increase
of diffusion coefficient.

In alkaline soil solution diffusion coefficients increase because the clay is negative -
charged, the sorption intensity is great and occured also to internal surfaces.

TABLE IV : Values of slopes (a), intersepts (b) and linear coefﬁcienfs (r2) for the kinetic
model InX=a-bt ’

Co=250ugKlg | pH40 | pH50 |pH7.0 |pH80 | pH9.0

a 4.675 4.705 4769 | 4.803 4.832

b | 9.34x10-4 | 9.76x104 | 1.19x103 | 1.15x10-3 | 1.35x10-3
r2 0.942 0.953 0.948 0.945 0.955
Co=1250pgKig | pH 4.0 pH 5.0 pH 7.0 pH 8.0 pH 9.0

a 6.199 6.231 6.296 6.327 6.353

b 9.46x10-4 | 1.01x10-3 | 1.12x10-3 | 1.21x10-3 | 1.48x10-3
r2 0.948 0.950 0.946 0.943 0.953
Co=5000ugKig | pH 4.0 pH 5.0 pH7.0 pH 8.0 pH 9.0

a 7.488 7.535 7,629 7.680 7.725

b v 9.34x104 | 1.04x10-3 | 1.25x10-3 | 1.39x10-3 | 1.75x10-3
r2 0.942 0.946 | 0.948 0.945 0.953
Co=6250pgKig | pH 4.0 pH 5.0 pH 7.0 pH 8.0 H9.0

a . 7634 7.693 7.805 7.860 7919
b 9.56x10-4 | 1.07x103 | 1.30x10-3 | 1.51x10-3 | 1.70x10-3
r2 0.946 0.942 0.933 0.946 - 0.939
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TABLE V : Values of slopes (b) and linear coefficients (r2) for the plots of Xt/X,
vs 1/t (parabolic diffusion model)

Co=250ugK/g | pH 4.0 pH 5.0 H7.0 pH 8.0 pH 9.0
b 0.4334 0.4180 0.4800 0.4560 0.4780
r2 0.987 0.985 0.997 0.992 0.997
Co=1250pgKig | pH 4.0 pH 5.0 pH 7.0 pH 8.0 pH 9.0
b 0.4330 0.4170 0.4560 0.4540 0.4750
r2 0.987 0.985 0.992 0.992 0.997
Co=5000gK/g | pH 4.0 pH 5.0 H7.0 pH 8.0 pH 9.0
b 0.4186 0.3780 0.4260 0.4230 0.4470
r2 0.984 0.967 0.988 0.988 0.992
Co=6250pgKlg | pH4.0 | pH 5.0 pH7.0 pH 8.0 pH 9.0
b 0.4013 0.3810 0.3750 0.3710 0.3830
r2 0.979 0.973 0.973 0.974 0.981
CONCLUSIONS

1. Anincrease in pH cuses faster and higher K sorption.

2. From the tested models, parabolic diffusion model is found to describe the K
sorption succesfully.

3. The diffusion coefficient D increases as the initial K concentration and pH

increase.
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XPHZIH AYO MAGHMATIKQN MONTEAQN TMA THN MEAETH THZ NPOIPO®HIHL
TOY KAAIOY ANO EAA®H TYNOY ALFISOL.

NEPIAH¥YH

TNV epyacia auth yivetdi HeAETH TNG KIVATIKAG ThG TTPoopdpnong Tou Kahiou ot edaen
100U Alfisol. ZTa £dapikd SeiypaTd, YT ammé Kopeoud TTou uttéotnoav pe Ca (CaClp)
TTpooTédNKE KAAlo (KCI) ot ouykevTpwoelg 250, 1250, 5000, 6250 ugK/g edagpoug Kal
TA cuoTHMATA aPEéONKav o TTagn yia 10,20,25,30,40,45,50,60,80 AeTTTd Kai 24 Wpeg
To pH Tou edagikol SiaAluarTog Kupaivoviav armé 4.0 éwgs 9.0.

MNapartnpribnke 611 n avridpaon TTPoopOPNONg Kai n TEAIKA iooppoTTia ot xapn)\sg
ApPXIKEG CUYKEVTPWOEIG kal upnAd pH fATav ypnyopeg. )
Na TV €€AYNON TWV TTEIPAUATIKWV ATTOTEAECUATWY XpnaolpotToinénkav 0o povTéAd yia
TV KIVATIKA. TTPWTNG TAENg Kai To poviédo Bidxuong. . To povTéAo TTou TTeplypagel To
pavéuevo Kahutepa eival auté ThG 6laxuong (MeyaAUTepo 12).01 cuVTEAEOTEG 6|axucr1g
TTpoodiopiobnkav kal guykpidnkav
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SUMMARY -

Oligomeric complexes of zinc(II) with the dianions of hydrocaffeic,
caffeic and ferulic acids in methanol : water 9:1 solutions were prepared
and studied. They are given the empirical formulae :
K5[Zn3(hydcafH)3(OH);].2H,0.MeOH,  K[Zn3(cafH)3(OH)(H,0);].H,0
.2MeOH and K[Znj3(fer);(OH)(H70),].HO.MeOH. The simultaneous

zinc(Il) ion coordination to both carboxylic and catecholic sites ,which
leads to the formation of tetrahedral oligomeric species with ligand to’zinc
molar ratio of 1:1, is supported by spectroscopic (i.r., far-ir., n.m.r.),
thermogravimetric and potentiometric data , elemental analyses and
conductivity measurements.

Key words : hydrocaffeic acid ,caffeic acid, ferulic acid, oligonuclear
zinc(II) complexes

INTRODUCTION

Zinc(II) is essential for the normal function of most organisms , as has
beep extensively documented by nutritional work over several years ! .It
has been implicated as a cofactor required for a ‘variety of biochemical
processes in plants, bacteria and higher organisms !.Several metabolically

important reactions are catalyzed by zinc(II) enzymes including hydrolysis,

* Author to whom correspondence should be addressed.
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hydration and group-transfer reactions. This role of zinc(II) in the catalytic
mechanism of a number of enzymes is its function as a Lewis acid
withdrawing electrons from a group of the substrate directly coordinated to
the metal ion at a site initially occupied by solvent water. In carbonic
anhydrase the Zn(II)-bound water at the active center deprotonates to yield
the good nucleophile Zn(I1)-OH- which attacks the electrophilic center of
the substrate CO, . Zinc(I1I) may also function by maintéining the required
conformation of a protein or by participating in the binding of effector
" molecules to allosteric enzymes. For example, the Zn(II) ion. of equine
alcohol dehydrogenase is bonded to four cysteines, as is the case for zinc in
the regulatory subunit of aspartate carbamoyltransferase. In the linear
sequence these cysteines are close to one another, separated by 2,2 and 7 or
4, 22 and 2 amino acids, respectively. For both systems the zinc is
tetrahedrally coordinated to the four cysteines, preventing access af water
or substrate to its coordination sphere; the role of Zn(II) apparently is to
maintain the structure of the protein in its immediate vicinity. Another
important biological role for zinc has recently began to emer/ge. Zn(1l) has
‘been shown to be an effective inhibitor of renin and HIV-1 protease, a
finding that could help to explain some of the beneficial effects seen in
AIDS patients who have received Zn(II) therapy. .

The bioavailability to plants of metal ions is greatly influenced by
coordinating Iigaﬁds which may be present in the soil or in the synthetic
nutrient solutions in which the plants grow?. It is important thus to
understand the role of complexation in the uptake of metals by plants. Of
special infere'st are phenolic compounds. The mbst important of these
phenolic compounds are 3,4-dihydroxyphenylpropionic acid
(dihydrocaffeic acid, hydcafH3) 1, trans-3-(3,4-dihydroxyphenyl)-
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propenoic acid (caffeic acid, cafH3)? 2 and 3-(4-hydroxy-3-gnethoxy—
phenyl)-propenoic acid (ferulic acid, ferHy) 3.

CH,CH,CO,H CH=CHCO,H CH=CHCO,H
1
O .
oH OH OCH,
OH OH " OH
1 2 3

Caffeic acid can form complexes with various metal ions that occur in
nutrient and soil solutions. Hydrocaffeic acid was recognized as a catechol
metabolite of caffeic acid, which can also be produced by human intestinal
bacteria 4. The goal of this paper was to prepare zinc(II) complexes of
hydrocaffeic, caffeic and ferulic acids and to study their structures and
properties, contributing thus in the understanding of the role of

complexation in the uptake of metals by plants.

EXPERIMENTAL

‘(i) Materials : Hydrocaffeic acid was obtained from Fluka A.G., and
caffeic acid and ferulic acid were obtained fromv Merck. Their purity was
checked by mass spectra : m/é of the molecular ions 182 (calcd. 182.2),
180 (calcd. 180.2), 194(calcd. 194.2) for hydrocaffeic, caffeic and ferulic
acids, réspectively. Details for the preparation and characterization of their
sodium salts hydcafH,Na.H,O, caszNa.HZO and ferHNa.H,O have been
given in a previous work .

(if) Methods : The Zn contents were determined after titration with EDTA
using Eriochrome Black T as indicator 6. The K contents were determined
with  potassium  ion-selective  electrodes. Elemental analyses,
phyéicochemical and spectroscopic measurements were carried out by

published methods 7.



136 A.L. PETROU, S.P. PERLEPES

(1i1) Preparation of the complexes : For the‘preparation of the complexes ,
to a solution of hydcafHs, caftz or ferH; (0.01 mole, 0.5M) in MeOH a

solution of KOH (0.01 mole , 0.5M) in MeOH was added dropwise with
stirring and to the clear solutions so obtained, a solution of ZnCl; (0.005
mole, 0.25M) in MeOH was gradually added, until a final ratio of Zn:acid
ligand :KOH of 1:2:2 was obtained. A light brown solution with a white

solid resulted in the case of hydcafH3, an amount of deep gray solid in the
case of cafH;, and a light beige solid in the case of ferH;. The prepared
complexes were filtered off, washed with MeOH and dried over P40 for

several days.

RESULTS AND DISCUSSION

Elemental analyses, yields, colours and molar conductivities of the three
complexes are ref;orted in TABLE 1. The Ay values of complex 6 in
DMSO and MeOH are in accord wit-h‘ this compound being formulated as
an 1 : 1 electrolyte 8. The values for complexes 4 and 5 are anomalous on
the basis of the strﬁctﬁres proposed in the solid state (see below).Several.
explanations can be given for this fact , i.e.-ion-pairing in solution , re-
vorganization of the complexes in solution , several species in equilibrium
etc., but all are speculative. The complexes wére also studied by thermal
(t.g./d.t.g.).For complex 4 , the measurements are consistent- with a
methanol release occuring between 30-60 0 C ( 3.5% of the sample weight)
and a water release occuring in a second step. In the first step (60-70 0C)
3.9 % of the sample weight is lost and in the second step (70-90 0C)
approximately 2% of the‘ sample weight is removed.For complex 5,
methanol release occurs in a first step at 50-80 OC (7% of the sample
weight) and in a second step at 80-160 O0C water is removed from the
sample (6% of its weight). For complex 6 , methanol is removed at 50-70

0C (3.5% of the sample weight) and water in two different steps. In the
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first step (70-220 9C) approximately 3.9% of the sample weight is released
while in the second step (220-270 0C) 2.0% of the sample weight is lost.
The low temperatures of methanol loss indicate that this is lattice held. The
water release in different steps suggests. different ways of binding (lattice
and coordinated water). Repeated thexmogramé for complex 5 showed low
residues (~10%) and varying final decomposition patterns, indicating
partial sublimation.

The three complexes are diamagnetic as expected.

TABLE II gives diagnostic i.r. and far-i.r. bands. In the v (OH) region,
the spectra of the complexes show three broad bands. The broad character
of the bands indicates the existence of intense hydrogen bonding. The band ‘
between 3500 and 3430 .cm'1 is attributed to water and methanol. The
presence of coordinated hydroxides is manifested by a medium band
between 3560 and 3520 cm-l, The spectra also exhibit a weaker band at
lower frequencies;this is apparently due to the presencé of a non-
deprotonated phenolic OH group in the complexes. In the spectra of all the
three complexes only one band is attributed to v,(CO,") and to v((CO5),
in agreement with the existence of one type of carboxylato coordination 9.
For the three Zn(II) complexes Acomplex > A sodium salt of the ligand ( A =
Vas ( COp7)—vg (COy) ); this suggests that the carboxylate group of
hydcafH2-, cafH2- and fer?- is coordinated as a monodentafe ligand 9. All
complexes' exhibit strong w(Zn-O) bands in the far-i.r. region. Zn-O
stretches are never strong bands in the ir. spectra. The intense bands
observed in the far-ir. spectra of 4 , 5 and 6 might indicate overlap of
bands due to v(Zn-O) with bands due to other (p;)ssibly defdxmation)
vibrational modes.

Titration curves for deprotonation and coordination reactions in a

MeOH:H5O 9:1 solution are shown in FIG.1. In the titrations , which were

conducted in the presence of metal cation , the metal:ligand ratio was 1:2.



TABLE II. Characteristic i.r. bands (om™! )

Assignment hydcafH, 1 hydcaft,Na.H,0 cafH, 2 casz'Na.HzO ferH, 3 ferHNa.H,0

4 5 6

v (OH )y
Y(OH)yteommo 3600s
V(OH) i, 3420m 3410m

VOH),;, 33862043
V(C=0) ,;iy 16865

vos(COy) T 1480s
v(CO,) - 1320s
v(Zn-0)

342Im -
3243,2850.
1663s

3600s 3600s

3420m 3440m  3435m
2920,2860m
1690s .

1468s 14725

1346s 1347s

SAXATANOD (INONIZ YVITONNOOITO

3520mb  3560m 3560m .
3430sb  3500sb 3460sb -
3400m - 3340m n.o.

T

1570s . 1490s  1500s
1270m  1275m 12655
500sb  520s,405m 570s,470m

n.o.(not observed).

6¢l



1

!

pH

40

14.0

120

10.0

8.0

6.0

4.0

20

0.0

A.L. PETROU, S.P. PERLEPES

o

10 15

ml KOH —»

30

F1G.1.: Titration curves of solutions of bydz'océffeic, caffeic and ferulic

acids (1,2,3) and their mixtures ;w_itb zine(1l) (4,5,6).
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25:
36:

l

hydcafH3, hydcafH3/ZnCly
cafHy , cafHy/ZnCly
ferHy , ferHy/ZnCly

. complex precipitation
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Precipitatiop of the complexes occurs at relatively low pH values (6.6, 5.1
and 6.3) for 4,5 and 6, respectively, before all of the carboxylic and
phenolic protons of the ligands are ionised. The ligands are mostly present-
in the form of dianions. The pK; values are approximately 7.0 for the three
ligands.

TABLE 111 gives the !H n.m.r. chemical shifts for cafHs, 5, ferH, and 6
in dg-DMSO.The solubility of 4 was too low to obtain spectra of sufficient

quality. The non-appearance of the carboxylic proton in the spectra of both
complexes, the occurence of only one-OH signal in 5 and the absence of
this signal from the spectrum of 6 confirm that caffeic and ferulic acids are
coordinated to Zn(II) in their dianioﬁic forms. As compared to the spectra
of the free ligands the signals of the CH protons (both aromatic and non-
aromatic) in the spectra of the complexes are slightly shifted to higher
fields. These changes are due to several opposite effects, like the electric
field caused by complexation, temperature independent paramagnetism of
-zinc (II) etc. ‘ | ‘

From the presented data, i.e. the i.r. bands and the potentiometric and
thermogravimetric features , it is concluded that the dianions of the three
ligands exhibit a real ambidentate character , ie. in addition to the
chelation via the catecholate sites, the carboxylate can also simultaneously
coordinate to the zinc(II) ions, leading to the formation of oligomeric
species with ligand to zinc molar ratios of 1:1, regardless of the ligand to
metal ratio in the reaction mixtures. The proposed structures of the
complex ions are shown in F_IGTZ. |

In aqueous solution the mononuclear bis-(caffeate) complex of zinc(II)
appears as a relatively minor species, the mononuclear tris-(caffeate)
gomplex being the major zinc(II) compound. The predominant
complexation mode in the bis and tris complexes is n&etal chelation at the

catecholate site, resulting in coordination numbers ranging from 4 to 6 10



142 AL. PETROU, S.P. PERLEPES

TABLE I1I. 'H n.m.r. chemical shifts (ppm) &b.¢.d for cafHs, ferHy, 5 and
6 in dg-DMSO.

Compound -CO,H -OH Aromatic = Non-aromatic -CHj

protons CH

cafH, 12.10sb  9.55sb,9.15sb 7.40d,7.05d,6.95mt  6.75d,6.15d

5 8.30s 7.19d,6.94s,6.83d 6.70&,6.12d
ferH, 12.00sb  9.55sb 7.47d,7.25d4,7.05mt  6.78d,6.35d 3.80s
6 7.28d,7.15s,6.96d 6.75d,6.32d 3.80s

a) Spectra recorded at ambient temperature. b) Me4Si internal standard.

©) The spectra were run 10 min. after dissolution. 9 The integration of the
signals is consistent with the assignments b:broad; d:doublet; mt:multiplet;

t:triplet.
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FIGI.2.: The proposed structures of the prepared complexes in the solid

state.
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The differences in the nature of the complexes formed in our systems (in
90% methanol) can be ascribed to the greater basicity of the mixed
solvent!0. The more favorable change in entropy through neutrz'llization
with potassium hydroxide in 90% methanol could be one reason for the
difference and might be considered as a manifestation of the so-called
"basicity" effect 1! on changing from water to water-methanol mixtures.

In the case of copper (II), nickel(II) and iron (III) with the same ligands,
regardless of the ratio of ligand to metal present in the preparation
mixtures, tetrahedral 1:1 complexes are prepared where the metal ions are
bonded with the ligands by O-, OH or Cl- bridges. A 1:2 (metal : ligand)
complex can be formed only for cobalt(I) with the dianion of hydrocaffeic
5 and ferulic acid 12 . Binuclear vanadium(V) and vanadium(IV,V)
complexes have been prepared with the same ligands 13 with sciuare
pyramidal structures and catecholic - type of coordination with ligand to
vanadium molar ratios of 3:2, 1:2 and 2:2 for hydrocaffeic, caffeic and
ferulic acids , respectively , regardless of the ligand to metal ratio in the
reaction mixtures. | l '

X-ray structural investigation of the prepared compouﬁds s at present .

lacking due to difficulties in obtaining convenient monocrystals.

IIEPIAHYH ,
Oliyomupnvikd  ovumdoka  wevdapyvpov (II) twv  Siavidviov  tov
VOPOKQPELICOU, KAPEIKOU KA PEPOVALKOU OEEmv

[Mapackevdoinkay xat peAetifnxayv oAryopepn cOUTAOKA TOL WeLSEPYVPOL
(II) pe ta oféa vdpoxageixd, KOPEIKG Ko PePOLALKS; o8 SraAbpata pe
avaAoyia pefavorn :vepd 9 : 1. Xta cbundoka dé6nkav ot gumeipikorl timot
Ks[Zn3(hydcafH);(OH),].2H,0.MeOH, K[Zn3(cafH)3(OH)(H,0),].H>O.
2MeOH , K[Znj(fer);(OH)(H,0),].H,O0.MeOH. H tavtoypovn copmieln

Tov 1ovtog Zn(ll) xar omv xapBolulikn kai otig kKoteyolkég Béoeig, M
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omoia. 0dnyel oTOV OYNUATIONS TETPAESPIK@Y OALYOHEP@V COUATISIWV LE
Ypauuopoplakd AGYo LTOKATAGTATN TPOS Wwevddapyvpo 1 : 1, vmosmpiletan
ond PUCUATOSKOTLKA (LTeEPUBpoL, Amw-uTepvBpon, TLPNVIKOL HAYVITIKOU
GuvTovIopoD) , BeppocTabiikd Kot TOTEVOIONETPIKA SESOpEVA, GTOLYELOKEG
QVAAIOELG KO LETPTOELS QYOYILOTNTOS.
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SUMMARY

Highly purificd Rubisco has been extracted from tobacco leaves (Greek varie-
ties TA21, KT1-S,) by crystallization. Of the three different procedures applied, two
resulted in a partial purification of the enzyme: the third one gave crystalline Rubis-
co. ldentification of the crystalline material with Rubisco was made by gel clectro-
phorcesis. The isolation of purc form of this protcin was a prerequisite for the de-
vclopment ol an immunological guantitative determination ol Rubisco. in order to
study Rubisco variability in dilferent tobacto varictics and different developmental
slages.

Kcy words: Rubisco. purification, crystallization, tobacco

Abbreviations .

Rubisco: Ribulose 1,5 bisphosphate carboxylase/oxygenase

LS: Large Subunit of Rubisco
SS: Small Subunit of Rubisco
TCA: - Trichloroacetic acid

SDS-PAGE:Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
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INTRODUCTION

Recently, as the needs for new sources of high quality protein has become
crucial, nonconventional sources have been tapped for the production-of proteins
which meet nutritional standards and requirements for human and animal consump-
tion. The most abundant protein in higher plant chloroplasts is RllblS(.O the bifunc-
tional enzyme that catalyzes the initial reactions of photosynthetic and respiratory

pathways (Kawashlma and Wildman 1970, Chan and Wildman 1972, Gray et al ‘

1976, Jensen and Bahr 1977, Johal and Bourque 1979, Miziorko and Lorimer 1983).
Rubisco from higher plants and eucaryotic algae is a hexadecamer composed of
eight 50-60 KDa, chloroplast encoded "large" subunits, and eight 12-20 KDa, nucle-
ar encoded "small" subunits (Kawashima- et al 1971, Chan and Wildman 1972, Gray
et al 1976, Chen et al 1976, Johal and Bourque 1979, Miiller et al 1983).

On the basis of comparative studies, Staron (1980) concluded that tobacco

“leaves were a preferable source of high quality leaf protein and it was proposed to
exploit the commercial possibility of using tobacco Rubisco for human food and
medicine (Ershoff et al 1978, Tso and Kung [979, FFantozzi 1985). With an exception
of a slightly lower level of methionine, its amino acids prolile equals or exceeds
that of the F.A. O pattern (Tso and Kum 1979, Fantozzi 1985). Besides, Rubisco
_has a high content of lysine, threonine and valine, contrary to other abundant plant

" proteins, like seed proteins (Tso and Kung 1979).

Reliable methods for Rubisco quantitative deter mination are a necessary pre-
requisite to study the extraction efficiency for pure Rubisco protein, the variation
of its level amorg different tobacco varieties and different developmental stages,
the influences of various cultivating practices ipon its content. e.t.c. Methods based
upon the activity of the enzyme proved to be inaccurate, since it does not reflect
the total amount of the protein but only its enzymaticaily active form. This paper
describes three procedures for Rubisco purification from Greek tobacco cultivars
in crystalline form, in order to obtain the anti-Rubisco antibodies necessary for the
development of an immunological determination of total Rubisco (Fassiotou and
Tsaftaris 1988, Hassiotou and Tsaftaris 1991). .

MATERIALS AND METHODS

Plant material )
Nicotiana tabacum, KI1- S, TA/ 21 (local varieties of oriental type) grown by
- conventional agronomic practices at normal densr[y population (spacmg 20 cm x 50
cm). Seeds were provided by the Greek TObd.(,C() Institute.

Rubisco purification

Various procedures developed in thé past for Rubisco purification from dif-
ferent plant species like spinach, alfalla and tobacco were applied either identical or -
in combination for Rubisco purification {rom-oriental lype Greek tobacco-cultivars.
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- Methods-of Johal and ‘Bourque (1979)

Reagents:

Buffer A: 25 mM Tris-HCl, pH 8

ImM EDTA
1.0 mM b-mercaptoethanol

(NH,),80; (37 and 50 percent saturation)

65 g of tobacco leaves were homogenized in 50 ml of buffer A, filtered and
éentrifuged (7,000 g, 45 minutes). A 37 % to 50 % saturated (NH,),S0, precipitate
was prepared; after recovery of the precipitate by centrifugation it was redissolved
in 20 ml of buffer A and passed through a Sepharose 4B column. Twenty fractions
containing protein wére collecied and the optical density at 280 nm was measured
(Fig. 1). The fractions & - .13, that showed the highest optical density, were pooled
and subjected to further purification through a DEARE-cellulose column. The oprical
density at 280 nm of the first 60 fracions was measured (Fig. 2).

Method of Kung er al (1980)

Reagents

Buffer A: 25 mM tris-HCI

02 mM EDTA, pH 74
10 % Na,EDTA
5% TCA

100 g of tobacco leaves were homogenized in 32.5 ml NaCl and 0.175 ml b-
mercaptoethanol, filtered and heated to 15- 20 °C and the pH was adjusted to 7.4.
" The suspension was centrifuged (10 minutes, 35,000 g) and the sumernatant was
passed through a Shephadex G- 50 column, equilibrated with buffer A. Fractions
containing protein were collected and crystals usually were formed overnight at 4
oC.

Modified method of Chan et al ( 1)72)

Reagents

Buffer A: 0.5 M Tris - HCl,pH 74 -

1.0M Na(l
"0.001 M EDTA
7 0.002 M MgcCl,
L 0.08 M b-mercaptoethanol
_ Buffer B: 0.025 M Tris - HCI, pH 7.4
0.20 M NaCl
0.0005 M EDTA
Buffer C: 0.025 M Tris - HCI pH 7.4
0.0005 M EDTA- '
5 % TCA
£ of tobacco leaves were homogemzed in 15 ml of ice-cold buffer A in an
ice bath fllleled and centrifuged (17,000 g, 5 minutes). The supernatant was centri-
fuged again (17,000 g, 30 minutes). The new supernatant was passed through a G -
50 Sephadex column (1 by 50 cm) previously equilibrated with buffer B. The first 12
ml of eluate containing protein were collected and concentrated to 3 ml and centri-
fuged (2,500 g, 5 minutes). After the addition of NaHCO3 (0.002M) and MgClz
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(0.003M) the material was incubated for 30 minutes at room teniperature and was
dialyzed against buffer C. Rubisco crystals appeared overnight.: Crystals were dis-
solved with bulfer B and the material was dialyzed against bulfer C as before. Crys-
tals appeared in a few hours.

SDS - Elcctrophoresis

SDS - Polyacrylamide Electrophoresis was performed according to the meth-
od of Laemmli to evaluate the purity of the enzyme. Thé separating ge! contained
12 % while the stacking gel § % acrylamide. Gels were run at 30 mA for 6-7 lours
and were stained with Coomassie Brilliant Blue. Sigma pure Rubisco from spinach
was co-electrophoresed in the polyacrylamide gels as a marker.

RESULTS AND DISCUSSION

Three different procedures were used for the purification and crystallization
of Rubisco from tobacco leaves of the orient] type Greek varieties KI1-8, and TA/
21, two months alter transplanting in the field.

The method of Johal and Bourque (1979) and the method of Kung ¢t al (1980
were not satisfactory since they ended in a partial purification of the enzyme, while
the madified method of Chan et al (1972) viclded crystalline Rubisco. ,

Especially the usc of the method of Johal and Bourque lailed to form crystals.
Figure 1 shows the optical density of the first 20 fractions collected from the Sepha-
rose 4B column. Fractions 6<13 that showed the highest optical density were pooled
and subjected to further puumcaunn
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Fig. 1. Absorbancé profile of the first 20 t‘rncrioﬁs clured from a Sepfarase-418 column;

The optical density of 20 fractions from the DEAFE-celiulose column is illus-
trated in Figure 2. Fractions 52 and 54 showed the highest optical density.
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Fig 2. Absorbance profile (280 nm) of 20 fractions ¢lured fron a DIEAL- cellutose coftmn.,

The SDS = PAGE profiles of these two fractions indicate that Rubisco purity
was not satisfactory (Fig. 3), since they were resolved in move than the two typical
bands of Rubisco. The moderate efficiency of this method led to the use of the pos-
terior method of Kung ct al (1980). ]

According to Chan et al (1972) tobacco Rubisco is soluble only in the presence
of Ribulose bisphosphate (Rul3P) or high salt (NaCl). Meat treatment is also re-
quired for maximum activity of the enzyme (Kung ct al 1980). The recent simplifi-
cation of the crystallization procedure is basced upon these properties of Rubisco.
The addition of NalHHCO, and MgCl, was not necessary for crystallization, although
their presence is declsive for crystal formation in other methods methods (Chan et
al 1972). This method resulted in Rubisco crvstatlization; but the appearance of ad-
ditional bands in SDS - PAGE clectrophoresis indicates that the final product is not
homogenous (Fig. 4). This contrasts with: the result of Johal and Bourque (1979)
and Kung et al (1980) who assert the production of crystalline Rubisco. Crystalliza-
tion,.in general, is a complex phenomenon and the molecular forces which cause
proteins Lo crystallize are poorly understood. The nature and conceblration ol clec-
trolytes present in the medium, the pH and concentration of the protein are crucial
factors which influence the crystallization process. Besides, the fact that these two
methods were incfficcient with our plant material perhaps is due to differences in
the chemical composition of Jeaves. Especially the extractability. protein quality
and protein yield is significantly influenced by the concentration of polyphenols and
other secondary metabaolites, Polyphenol - protein binding occurs immediately un-
der certain conditions, redicing the extractability, protein quality and protein yield
(De Jong 1984). Polyphenol determination was carricd out in 15 tobacco varieties
and indeed TA21 and KI1-$, showed low polyphenol content (Hassiotou and Tsal-
taris1991). For this determination we used Folin - Denis method, because it is non-
specific for any group of polyphenols (simple phenolics. non-tannin flavans. hydro-
lysable tannins and condensed tannins) ((Peri and Pompei 1971, Burns 1963).

Subsequently a third purification procedure was applied, the modificd method



152 ) E. HASSIOTOU, A.S. TSAFTARIS

of Chan et al (1972). This method is based on the property of Rubisco to be ex-
tremely insoluble in the absence
of ribulose-1,5-diphosphate and
in the presence of Mg2+ and
J1CO,

‘The homogenization step
is necessary to be carried out at
0 ©C, otherwise may result in
enzyme degradation. According
to results of Paech and Dybing .
(1986) proteolytic degradation
of Rubisco caused complete
loss of catalytic activity, be-
cause of prolonged purificatian
procedures,

In our attempt (0 remove
the low molecular weight sub-
stances we used gel filoration -

?qlf'qs)' srr)ls-PrAGE (12d % polyucr;;;umidle) of ulvodrmrc:klms chromatography. The Sephadex
52, 54) of the final product prepared by the method of Johal - Y ferenm ey go ' .
and Bourque. Crystaliine spinach Rubisco was used as a G- 50 “(.C.(’d}b(.) (.()Eumn was

: more efficient than G - 25 pro-

marker,

_ posed by Chan et al (1972). An-
other modilication concerned the degree of the cluate concentration. Reduction to
1/4 of the initial volume. instead of the nronosed to 173, assured an casicr cr_vsLalH-/

; : zation’. Also there was no addi-
tion of NaCl after the eluate
concentration and before the in-
cuhation. Another modilication
vefers to eluate incubation,
which took place at room tem-
perature for 30 minutes, instcadK
of the incubation proposcd at 30
oC for 1S minutes.

Crystallization was achie-
ved hy this method. Crystal for-
mation was highly dependent on
the proper combination of pro-
tein concentration. plki, and
NaCl congentration. The rela-
tion hetween protein conceeblra-
tion and NaCl concentration
seems [0 be the most critical

Marke laclors.

Fig. 4. SDS-PAGE (12 % polyacrylamide) of robaceo Ru- A recrystallization ol

bisco purificd by the method of Kung et al. Spinach erystal- - crystalline Rubisco was cairied
line Rubisco was used as o marker.
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out. Crystal formaticn accelerated at-ice-box temperature during the first and sec-,
ond crystallization procedure. Crystals appeared in a few hours, maximum yield
was obtained after 15 hours. The recovery of protcin ddll(.V(.d alter each recrysial-
lization was only 30 - 40 %.

Analym of the final recrystallized Rubisco by $DS-electrophoresis u:vealed
two polypeptides. corresponding to the large and small subunits of Rubisco; indicat-
ing that the protcin is highly purc (Fig. 5). Crystallinc cnzyme preparations stored

“for 2 - 3 months at -22 9C resulted inb its degradation; SDS - PAGE did not show
the two typical bands of the purified enzyme but more bands ({'ig. 6). )

--Comparisons of Rubisco purified from the two cultivars revealed no, ' differ-
ences-in size behaviour on SDS gels and in homogencity in the three procedures.

Recently, Rubisco purificd by this last method was used as antigen source for
antibody production in rabbits with very good results. Subsequemtly these antibod-
ies were used for the development of a reliable method -of quantity detcrmination
of Rubisco protein in tobacco crude leal extract in order 1o estimate the variation
of Rubisco protein content in Greek tobaco cultivars and the optimum tine of har-
vest for the maximization of its extraction (I{assiotou and T'saftaris 1991). KI1-S,

Fig. §. SDS-PAGE (12 % polyacrylamide) ~ Fig. 6. SDS-PAGE (12 % polyacrylamide) of
of tabacco Rubisco purified by the method cry smllme Rubisco, after a two-month storage
af Chan et al. al - 22 9¢C,

LS: large subunit
$S: small subunit
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and TA21 were found to be promising in respect to high Rubisco and low polyphen-
ol concentration. Papakosta et al (1985) using similar tobacco varieties found a
higher Rubisco content: this was expected hecause, apart rom the different varie-
ties it was applied a difterent determination method (based on the measurement of
the ODsgp of Rubisco band on a polyacrylamide gel) and different developmental
stages and population densities. ' ‘

SYTKPISH TPIQN MEQOA@N [APAAABHE KAOAPOY RUBISCO ATO MPASINA
BYAAA KATINOY \

IIEPIAHYH

YynAns xabagdéintas Rubisco exuxuAiocbnue andé ogUAAa xarvol
(eAAMVLKES morut Ales TA21, Kﬂf&)us TN Hé€B6060 TNS AKPUOTAAAWETS .
And TLs TpELs SLAPOPETL HES uaéédoug TouU gwaguéornuav, oL 6vo
gdmoav pepLrds nabapd €viupo, evd n TelTn €6woe Rubisco oe
KOUOTAAAL X7 HLooyn. H rduronoincn TOU REOKRUYAVTOS URUCTAAAL ®OU
uALuoVU ws Rubisco éyLve e xpnon gel niextooedonons. H axopdvwon
TRs TEwTelvns auths o€ xabaph KHoeen NTAV anag&frnrn yLa ThHV
avEATTUET avooL oAoYL ®oU Too0TLXoU TQoodt 0L ooty Tou Rubisco, &oTe

va HEAETNBE( TN TAQAAAAXTLXOTNTA ToU 0 SLAPOQETLUES WOLKULALES

KAXVOU KoL 0E SLAPORETL KA OTASLA QUTL ®T}s AVATTUENS .
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ABSTRACT

The electrochemical reduction of UVl has been studied on U and Ebonex cathodes.
Polarisation and current efficiency curves were obtained for each cathode material
describing the performance of the electrolytic reduction of UV! on each cathode. The
performance of these two cathode materials under study was compared with the one of Ti
for the above reaction. A limited investigation of the electrochemistry of U was carried
~out, and the existence of two-states of U metal in uranyl nitrate/nitric acid solutions were
confirmed.

“Key words : Electrolytic reduction of UV!, Electrochemical behaviour of U,
Electrochemical behaviour of Ebonex.

INTRODUCTION

The electrolytic reduction of UV!is used [1,2] for the separation of Pu from U in the
Purex process {3, 4, 5, 6] a method used for the reprocessing of spent nuclear fuels. -
The feasibility of the method has been demonstrated by pilot plant experiments [7, 8, 9]
indicating Ti to be the preferred cathode material. Due to Ti dissolution during the
electrolytic process Ti ions are introduced into the system creating additional waste
disposal problems. A step forward is to replace Ti with U, which doesn't introduce foreign
ions into the solution. An alternative proposal is the use of Ebonex as cathode instead of
Ti. Ebonex is a recently invented ceramic material based on Ti oxides extremely resistant
to corrosion. Both Uranium and Ebonex have never been used before as cathodes and

the inforation in the literature concerning their electrochemical behaviour is extremely
limited.
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The scope of the present work is to investigate the electrolytic reduction of UV! on
U and Ebonex and to compare the performance of the new cathode materials with that of _
Ti.At the cathode there are three groups of electrochemical reactions taking place. The
hydrogen evolution reaction, the reduction of nitric acid and the electrolytxc reduction of
uvi (10 13) shown by the equation below:

UO, 2+ 4 4H* + 2e > U4 4 2H,0

These reactions have been discussed briefly elsewhere (11, 12). Hydrazine is
expected to be stable. At the anode, the oxygen evolution and the oxidation of
hydrazine take place. 4

Ti is a well-known metal exhibiting active-passive behaviour (14), the presence of a
hydride film has also been reported (15). The electrolytic reduction of UV on Ti has been
studied extensively [11, 12, 13]. The presence of uranyl nitrate has been found (12)
responsible for the formation of an oxide film on the Ti surface according to a mechanism
proposed by Stern (16). The performance of the electrolytic reduction 'of UVvlis
significantly affected by the nature of the film covering the Ti surface (12, 13). The oxide
surface seems to favour the electrolytic reduction of UV! (12, 13). Equations describing
the performance of the electrolytic reduction’of UVion the different states of Tj have been
proposed (12).

Uranium has been found exhibiting active-passive behaviour similar to Ti (17-25). In
H,S0, media the active state (18, 20) is in the region -0.5 to -1.0 V (S.C.E.), the
transpassive starts at 0.1V (S.C.E.) and the region in between is attributed to the passive
state. Nitric acid seems to have a passivating effect on U; the presence of the active state
was not possibie to be detected (18, 19). It is generally believed (17-25) that in acidic
media U is covered by a metal oxide film, UO,. The presence of UOz has been proposed
by certain research workers (21, 22, 25), while the presence of UH5 even in small
quantities can not be excluded (21, 23). The reduction of certain oxidising agents such
as NO,, NOg', Cr0,2°, MoO,42", WO,2, at the electrode surface can cause passivation to
the metal (20) according to a mechanism proposed by Stern (16) for metals exhibiting
active/passive behaviour. In acidic solutions (18, 19, 22) the dissolution product of U s
UO,2*. The active state of the metal is believed (20) to be covered by a protective film not

.allowing measurable quantities of U to enter the solution. ) ’

" The investigation of the electrochemical behaviour of U metal is not so extensive as the
one of Ti (14). Further investigation has to be carried out on the composition of the oxide
film, the presence of the hydride film, the existence of the active/passive state and on
relevant mechanisms based on quantitative results. The performance of U as a possible
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cathode materiai on the reduction of UV! has been found rather poor showing low current -
efficiencies and low reduction rates (29).

Ebonex is a black ceramic material extremely resistant against corrosion with an electrical
conductivity similar to carbon. It is a substoichiometric oxide of Ti composed mainly form
Ti,O7 and/or Tisog(ZG). It is a recently invented electrode material (27), with excellent
chemical resistance and high oxygen and hydrogen overpotentials (28, 32). It doesn't
form hydrides, but there is a possibility to get oxidised during an electrolytic process (28).

EXPERIMENTAL PROCEDURE

The experimental procedure followed in the present work is the same with the one
used on Ti, discussed extensively elsewhere (12). Very briefly it can be summarised that
the study of the electrolytic reduction of UV!is based on polarisation curves and overnight
preparative runs for different concentrations of UY! employing a rotating disc electrpde
(R.D.E.) operated at 1000 r.p.m. Area of eiectrode U :1.96 X 105 m?2, Ebonex : 2.80 X
10-5 m?. The electrolyte used was a solution of uranyl nitrate (0.0-0.8M) in 2.0 M nitric
acid/0.2 M hydrazine. The presence of hydrazine is to protect U!Y from NO, ions (30). All
potentials are corrected for the IRy, using an interrupter technique (11,53) and the
analysis for UV was performed on a u.v. spectrophotometer at 650 nm (11). The
electrode. was treated electrochemically, when necessary, in the solution to be examined
on a specified current density.

RESULTS - DISCUSSION

A) Uranium electrode

States of Uranium

A preliminary examination of the Uranium electrode surface with an electron microscope
revealed the presence of an oxide film, Fig 1 b,c. At’higher cathodic potentials, -1.3 V-
{S.C.E.), the nature of the film changes, Fig 1d. The presence of the oxide film is
generally accepted (17-25) and the passivating role of nitric acid on U has also been
demonstrated (18, 20). The presence of the hydride on the U surface has not been
proved in spite of the evidence for its existence (21, 23). The film covering the Uﬂ surface
in Fig-1d is similar to a hydride film, but in the absence of supporting reference from the
literature, no such statement can be made. :

Further evidence on the two states of U can be obtained by the polarisation curves in
Fig 2. The electrode has been previously treated for 5§ minutes at the state to be
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examined i.e. at -1.4V and -0.1V (S.C.E.) respectively. The fast sweep rates (120 °
mV/min) show the behaviour of the reduction of UV!, represented by the curves, over the
examined potential region on each state of U being created by the electrode treatment at
the specified potential. The different curves of UV! obtained for each state indicate the
dependence of the electrolytic behaviour of UV! on the state of the Uranium electrode on
which it takes place. Similar behaviour was obtained on a Ti electrode (12). At slower
sweep rates, 2-3 mV/min, each curve has initially the characteristics of the fast sweep
curve of the same U state. As the potential increases the curve of the oxide state
gradually deviates from thie curve of the oxide state towards the behaviour of the other
state. At -1.4V (S.C.E.) the oxide curve has fully obtained the other's state character
indicating a complete transformation of the suiface from one state to the other. This
transformation possibly takes place at approx. -0.9V (S.C.E.) demonstrated by the steep
increase of the current density at that potential region. The curve of the -other state, the
one at -1.4V, doesn’t obtain the oxide’s behaviour even at very low potentials in the oxide
region. This is demonstrated by the current density at -0.1V (100 A/m2) which is

7X higher to the one of the oxide state (15 A/m2). The location of the passive state at -
0.2V to +0.1V (S.C.E.) and the active one at -0.8V to -1.1V (S.C.E.) in nitrate (20) and
sulphuric acid solutions (18) is in agreement with the present work. [n the absence ‘of
information concerning the active/passive states in nitric acid sblutions and the existence
- of a hydride film, it is difficult to attribute the state at -1.1V (S.C.E.) to an active state and/or
to a presence of a hydride film, although there is strong evidence towards this direction.

The polarisation curves of UV! on U for difierent concentrations of uranyl nitrate (0.0-0.8
M) are shown in Fig 3. The overnight electrochemical freatment of the electrode at 600
A/m2 in the solution to be examined creates a stable electrode surface on which the
electrolytic reduction of UV! was studied for current densities in the range of 200-1000.
A/m2. The above current density range represents the possible operating region of a
spent/nuclear fuel reprocessing plant. The role of current density excursions towards
higher (2000 A/m2) or lower current densities (20 A/m?) in the above plant for time
intervals up to an hour Was investigated in the present work. The investigation was

focused on the effect of the current density excursions on the stability of the electrode
surface created by the overnight electrochemical treatment and consequently the

response of thé electrolyte reduction of UV! on the affected electrode surface. In order to
check reproducibility, the electrode was treated further for an extra day at 660 A/m? as'
before and the investigation of the electrolytic reduction of UV!was repeated. The end of
the electrode treatment on the oxide region for 0.0M and 0.8M UV, Fig 3 (a,‘d) indicates
that the examination of the UV! reduction will be performed on an oxide surface. Similarly
the UV! reduction of 0.1M and 0.3M UV, Fig 3 (b, ¢), will be performed on a different
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surface probably a hydride one. In the presence of UV!ions U seems to exhibit an active-
passive behaviour according to Stern mechanism (16) which has been confirmed on U
metal by Ward and Waber (20). Reasons justifying this statement is the increase of the
- concentration of the oxidising species (UY!, NOg} in the solution from 0.3M to 0.8M of
uranyl nitrate. This increase causes a shift of the mixed potential from -1.1V to -0.3V
(S.C.E.) in the passive region, Fig 3 (b, ¢, d). The only peculiarity in this case is that in the
absence of UVl ions, Fig 3 a, one would normally expect to find the potential of 0.0M UV!,
according to Stern mechanism, in the regionof  -1.1V (S.C.E.). In practice, the potential
. was found in the oxide region at -0.4V (S.C.E.) contradicting Stern mechanism. The
reason for this peculiarity remains unknown. S

The polarisation curves of 0.1M and 0.3M UVI, Fig 3 (b, c), are practically identical. They
have the same shape and lie in the same potential region. The curves when repeated on
the following day were found reproducible. All these observations give evidence for the
stability of the state at -1.1V (S.C.E.), which seems to be fully developed. Generally the
stability of the surface was not disturbed by further treatment of the electrode at 20 A/m2
and 2500 A/m2, Fig 3b. The reactions seem to be sluggish for potentials up to -1.1V
(S.C.E.). _ At higher potentials a steep increase of the current density is observed
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probably due to an enhancement of a competing reaction or to the presence of an -

additional reaction.

The curves of 0.8M UV! obtained on an oxide surface, Fig 3d, were found reproducible
and independent on a further treatment of the electrode at 2500 A/m2. A treatment at 20
A/m2 seems to have a destabilising effect of the oxide surface, shifting the curves
towards negative values. This may be an indication of changes occurring on the oxide
electrode surface. The oxide surface, in contrast of the other surface at -1.1V, seems to
favour the electrolytic reduction of UV!, as current densities ‘i:p to 20x higher have been
observed on this surface. At high potentials, -0.8V (S.C.E.), the current seems to
approach a limiting value. Taking into account the current efficiency curves, Fig 4a, this
doesn't seem to be genuine diffusion controlled limiting current plateau. This is
probably due to certain changes of insulating character at the electrode surface.

The curves of the background solution (0.0M UV!), Fig 3a, obtained on an oxide surface
were shifted towards less negative potentials, when repeated on the following day. The
second day’s curves seem to have been obtained on a more stabilised electrode surface
than the first day’s curves, as no destabilisation effect was observed on'the second day’s
curves by a further electrode treatment at 20 A/m2 and 2500 A/m2. The background
current densities were found up to 1 order of magnitude higher than those of 0.3M and
0.1M UV!, Fig 3 (b, ¢). The tendency of the curves to reach a limiting value at approx. -

0.7V in a similar way to the 0.8M UV! curves, Fig 3d, confirms the hypothesis of changes
of insulating character occurring on the electrode surface’s film.
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Fig (1)

Photographs of the films covering the surface of a Uranium

electrode taken by an electron microscope. The electrode
was treated electrochemically for 5 hrs in a 2.0 M HNO.

Electrode treatment at -0.1 V (S.C.E.)

Electrode treatment at -1.3 V (S.C.E.)

- 3

Fig (2)

X! sweep rate

V . sweep rate

solution.
a) x1000 magnification. Polished electrode without
electrochemical treatment.
b) %5000 magnification.
OXIDE FIIM
c) x1000 magnification. Electrode treatment at -0.5 V
OXIDE FIIM.
d) x1000 magnification.
Possibly a hydride film.
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The dependence of the electrolytic reduction of U'*
on the two different states of Uranium electrode.

The polarisation curves of 0.8M U{VI) were obtained
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treated at different potentials for S mins.
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overnight in the solution to be examined at 600 A/m . The curves were taken in the follcwin’
order: X immediately, after a further treatment at! @20 A/m for 10 mins, -¢—2500 Z\/m for
15 mins, XX 2500 1\/11\2 for 1 hr. The electrode was further treated at 600 A/m overnlght and

the curves were repeated. v immediately, at:A20 I\/m for 10 mins, ()2500 A/m for 15 mins,

O 2500 A/m for 1 hr. Manual sweep rate =
—

60 mV/min.

Cathode potential at the end of the electrode treatment.
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Fig (4) Current efficiency curves of UVi for different concentrations (0.1 - 0.8M) on Uranium. The curves on
Ti (12) are also included for comparison.
QO , = U electrode
— «= —=Ti electrcde

Current efficiency curves are shown for different concentrations of UV! (0.1-0.8M) in
_Fig 4 (a, b, c). It is seen that the curves are dependent on the concentration of UV, i
higher values are obtained for higher concentrations of the uranyl ion. The curve of 0.8M

UVlundergoes a maximum at -0.5V (S.C.E.) similar to the one obtained on Ti (12).

. ison bet U and Ti cathod terial
It has been found that U and Ti exhibit active/passive behaviour (14, 18, 20, 21) in
H,S0,4 media. The active state of the two metals has not been confirmed in HNOz media.
The presence of two different states namely an oxide and a hydride, has been confirmed
for Ti in uranyl nitrate/nitric acid solutions (12). In the present study, the presence of two
different states (an oxide and the other at -1.1 V (S.C.E.) possibly active and/or hydride)
has also been confirmed in similar solutions for U. Both metals have, therefore, a similar
electrochemical behaviour during the electrolytic reduction of UV!. ’
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The reduction of high concentrations of uranyl nitrate takes place on an oxide surface -
for both metals with comparable reduction rates, Fig 5a, and current efficiencies, Fig 4a.
‘U showed high current efficiencies for a widér potential range, Fig 4a, than Ti. The
presence of an oxide film has a beneficial effect on the electrolytic reduction of UV! for
both metals. - ’

The reduction of low concentrations of uranyl nitrate takes place on a hydride surface
on Ti and-on a non-passive suﬁace, possibly an active and/or hydride one, on U. The
reduction rates are much higher on Ti than on U, Fig 5b. U showed -good current
effiéiencies for a wider potential range, Fig 4b, than Ti. The background polarisation
curves take place on a hydride surface for Ti and on an oxide surface for U, Fig 5¢.

The comparison between the two metals is made, so far, on the total reduction rates of
the primary and ihe secondary reactions of the system. Fig 6 gives a comparison of the
_net reduction rate of the primary reaction only (reduction of UY!to U'V) between U and Ti.
The comparison is based on the primary current densities excluding all contributions from
the concentration of UV! and the mass transfer factor according to equation (1) used for
the modelling of electrochemical reactions (31). )

1000 ¢,
iy= —————— ) Q)]
1t +_1
2Fk_  2Fk ebE

where iy = primary current density
¢, = concentrations of UV!
F. =Faraday’s constant
k_ = mass transfer coefficient
kb = kinetic constants
E = cathode potential
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The primary current density. component, (c,/i, - 1/2000 Fk;), dependent only on the
kinetics of the reaction is plotted versus cathode potential on Ti and U for a wide range of
concentrations of UY! (0.1 - 1.0 M), shown in Fig 6. The kinetic component of the primary
current density is_ much higher on Ti than on U, in spite of the existence of a common
region. The data on Ti form a very narrow band, while the data on U are spread apart
forming a very wide band. This is probably due to the existence of different states on U
and the dependence of the examined reaction on the U states. All data concerning Ti in
the present study are published in Ref. (12) by the same author.

Under the light of the present investigation the poor performance of the electrolytic
reduction of UY! on U obtained by Buckingham (29) is not very convincing.

B) Ebonex cathode

A greliminary examination of the Ebonex electrode surface with an electron microscope
revealed the presence of an oxide film, Fig 7. Traces of an oxide film have been found
even at -0.65V (S.C.E.), region of the presence of a hydride film on a Ti electrode (12).

Fig 8 shows the polarisation curves of 0.8M UV! including the one of the background
solution, 0.0 M UV!. After an overnight treatment of the electrode at 800 A/m? the curve
of 0.8 M UV v;Ias shifted by approx. 0.13 V towards lower cathodic potentiais compared to
the one taken without any previous electrochemical treatment. The shift of the
polarisation curve is probabily due to the formation of anvoxide layer cn the electrode

surface. The possibility of the oxidation of the Ebonex surface during an electrolytic
process has been observed by Miller (28). The observed shift {0.1V).of the polarisation
curve on an Ebonex electrode has been found significantly smaller than the observed
shift of approx. 0.3V on a Ti electrode (12) under similar experimental conditions.

On the following é comparison between Ebonex and Ti will be attempted based on the
0.8M data of UV!. The results of Ti are taken again from a previous work of the present
author (12). Ebonex showed high current efficiencies, Fig 9, which undergo a maximum
in the same potential regiori as Ti. Ebonex showed similar current efficiency values to Ti
expanded overa wider potential range than Ti, as Fig 9 demonstrates. The polarisation
curve of UV on Ebonex was found similar to those on the oxide state of Ti, Fig 10. Both
electrodes were electrochemically treated overnight. The reduction rates of UV! to UV
(excluding all secondary reactions) on Ebonex were found the same with those on the
oxide state of Ti, as obtained by plotting the kinetically controlled component of the
primary current density, (/i - 1/2000 Fky,, versus cathode potential shown in Fig 11.
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Fig (7) Corrosion of the electrode
surface of Ebonex during
_electrolysis. Photographs
{x1000 magnification)
taken by an electron
microscope. Solution 2.0M
Hl\na. N
a) Before electrolysis
b) Overnight electrode
treatment at -0.1V (S.C.E,)
c) Overnight electrode
treatment at ~0.65V (S.C.E.)

<l
o o ¢
' o o e
ko °© o e,
= 0 a g o
En (e} =] \d
bA a o :
5 o [} ®
o
2 o .a L
[
]
3 o] O L
°© o
o [ J
0. B
[
o
o0 o
[n] ) :
Fig (8)
Polarisation curves of 0.0M and 0.8M 0" an Ebonex.
[}
Manual sweep rate = 60 mV/min.
. @ Curves of 0.0M U’ - without electrode’ treatment.
potential (V) O Curves of 0.84 U& - without electrode treatment.
0 4 + + O Curves of 0.8M U ~ - overnight electrode
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treatment at 800 A/m°.



THE ELECTROLYTIC REDUCTION OF UY! ON U, EBONEX 169

Fig (9) L
Current efficiency curve of 0.8M U’ on Ebonex. L
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CONCLUSIONS

The existence of two different states of U in uranyl nitrate/nitric acid/hydrazine solution
“has been confirmed in the present study. An oxide film is covering the electrode surface
at low potentials. At higher*potentials around -1.1 V (8.C.E.) a film of different nature is
covering the electrode surface, probably a hydride film. This potential region may refer to
the active state. The transition of the oxide to the other state may take place at -0.9v
(S.C.E.).

The electrolytic reduction of UY! on U showed high current efficiencies similar to Ti

spreading on a wider potential region. The reduction rates of UVl on the oxide surface of
U are similar to those of the oxide state of Ti. The other state of U (at ~ -1.1V) showed
lower reduction rates (up to 100x smalier) than the equivalent of the hydride surface of Ti.
This could be a serious disadvantage of U against Ti.

Ebonex is a recently invented electrode material. Aithough it was designed to be
resistant against corrosion it was found to be oxidised during the electroiytic process to a
less extent than Ti. It’s electrochemical behaviour is similar to the one of the oxide state of
Ti, showing the same current efficiencies and reduction rates of UV!. The presence of a
hydride film was not detected in the present study. The observed high reduction rates
and high current efticiencies, similar to those of the oxide state of Ti, combined with the
high resistivity of the material against corrosion, makes Ebonex a very promising cathode -
material.

SUMMARY .

HAEKTPOXHMIKH ANAT QI H TOY UVI SE KAGOAOYS AMNO U KAl EBONEX

H epyacia aum) éywve via va peAemBei n nAekTpoxnuikn avaywyr tou UY! oe
KaBo6doug and U kat Ebonex. To6oo 10 U 600 kat to Ebonex dev €yxouv
EavaypnowornomBei gav UAIkd KaBOdou KAtd To TapeABOV Kal 1, CUUNEPIPOPA TOUG
napapével NPakTKA dyvwot. To Ebonex eival éva kepautké UAIKG @TIAyuéEvo amo
o&eidta Tou Ti (Ti4O7 kam TisOg) He uEYAAN avBeEKTIKOTNTA oMV OEEiBwon Kat ue oAU
KaAn aywywoétnTta. H emedvewa tou U ennpedletal katd tnv dlapkela g
nAektpdAuong and TI¢ MElPAUATIKEG OUVONKEG KAl N EMIPAVELA TOU PHETAAAOU
eupiokeTal ouviiBwg oe BUO .BIAPOPETIKEG PACELG Ol OToieq moToMOWBNnoav oV

napouca peAém. To U napouciace apkeTd kaAéq amoddoelg NAEKTpIKOU QopTiou,
w0aEeg Tou Ti. H avaywylkh KvnTkn cupnepipopd tou UV omv oEeidta ¢aon tou U
nTav apkeTd kavomomTikn, tod§la Tou Ti. H deluTepn 6UwS . pdon Tou U, o
MPoodloploNog NG onoiag napapével MPOG To MApOV AyvwoTog, Oev €8elke
IKAVOTIOMTIKEG TAXUTNTEG, YEYOVOG Tou Bewpeital pelovéknua yia to pétalro. To
Ebonex £del5e MOAU IKAVOTIOMTIKEG avaywykeg TaxumTeg tou UY! kal anodooelg
NAEKTPIKOU QopTiou 0GELEG pe ekeiveg Tou Ti. Ol IBLOMTEQ QUTEG O OUVOUACHO
pdAlota pe mv eAattwpévn odeidwon Tou oe oXEon pe To Ti TO KABLOTOUV UAIKS
KaBOBOU {E HEYAAES TIPOOTITIKEG. ‘
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