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EDITORIAL FAREWELL

More than a quarter of a century elapsed since the journal of
“Chimika Chronica - New Series” appeared as the International Edi-
tion of the Association of Greek Chemists. Up to that time, 1972, a
part of the scientific publications of greek researchers were included
in the official organ of the Association, XHMIKA XPONIKA, founded
in 1936. The flourishing of chemical science and related fields in
Greece, during the last decades, necessitated the separate edition of
an international journal where scientific papers, notes, preliminary
communications, letters and review articles appeared not only from
greek laboratories but from other countries as well.

Now Greece belongs to the European Union since 1981 and as
some members of the european family, namely Germany, France,
Holland, Italy and Belgium have already proceeded jointly to publish
three Chemical Journals, incorporating into these the journals of their
six National Chemical Societies, it has been decided for Greece to
participate in this effort. Therefore Chimika Chronika - New Series,
suspends its separate edition, participating since the 1st of January
1998, in the three European publications. These are: “European Jour-
nal of Inorganic Chemistry”, “European Journal of Organic Chemistry”
and “Chemistry: a European Journal”.

The editorial board of Chimika Chronika - New Series, owes grateful
thanks to all participated authors during its publication period, es--
pecially for their collaboration and for giving an international esteem
to this journal.

The Editorial Board



Chimika Chronika, New Series, 26, 405-428 (1997)

SYNTHESIS AND SELF-ASSEMBLY OF MODEL
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SUMMARY

The synthesis, dilute solution and bulk properties of a variety of polymers

of different architectures (linear homopolymers, di- and triblock copolymers, and
star homopolymers) having dimethylamine and sulfobetaine end groups are
reviewed. The dimethylamine group at the chain-end was introduced by using
anionic polymerization and (3-dimethylamino)propyllithium as initiator. The a,m
dimethylamine triblock copolymers and star homopolymers were formed by
reacting the @-functionalized living macromolecular species with the appropriate
chlorosilanes. In all preparations high vacuum techniques were applied. The
dimethylamine group was converted to sulfozwitterionic by reaction with
cyclopropanesultone. Extensive molecular characterization proved the high
molecular and compositional homogeneity of these materials. Their aggregation
properties in dilute solutions of solvents with different polarity and selectivity,
were studied by osmometry, viscometry and static and dynamic light scattering.
The homopolymers and block copolymers of styrene have lower association
numbers than the homopolymers of isoprene, probably because of the solvating
effect of the phenyl rings on the dipolar groups. The bulk properties of end-
functionalized homopolymers and diblock copolymers studied by SAXS, rheology
and dielectric spectroscopy revealed new features of self organization at this low
ionic content and extraordinary phase stability at high temperatures. The
adsorption behavior of stars with different number of functionalized arms in dilute
solutions was also investigated by ellipsometry showing different behavior
compared to linear polymers.
KEY WORDS: o-sulfozwitterionic polymers, anionic polymerization, (3-
dimethylamino)propyllithium,  chlorosilanes ~ macromolecular  architecture,
association, dilute solution properties, adsorption, bulk properties, phase
separation.
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Introduction

The presence of even a few highly polar groups distributed along or fixed
at the ends of nonpolar chains changes dramatically the properties of polymers|[1-
7]. These changes are caused by the association of the polar groups in the
nonpolar environment of the hydrocarbon chains in the bulk or of the aliphatic
solvents in solution. ’

~ The least complicated examples of polymeric associating species are chains
with one polar group[8-9]. These simple materials offer an essential starting point
for testing theories and establishing the basic structure-properties relationships,
which will help to design associating polymers for practical applications.

Many routes exist for the synthesis of end functionalized polymers[10-12].
However, living anionic polymerization has been proven to be the most efficient
method for synthesizing well defined macromolecules[13,14], since it gives the
posstbility to control many structural variables including placement of the ionic
groups. :

This review will be focused on the synthesis, the dilute solution and bulk
properties of dimethylamine and sulfozwitterionic end-functionalized polymers
having different architectures (linear homopolymers, diblock and triblock
copolymers and star polymers with different number of functional groups).
Emphasis will be given to the o-functionalized polymers prepared by our group.

Synthesis and Characterization
Homopolymers.

3-Dimethylaminepropyl-lithium (DMAPLi) was used as initiator for the
introduction of the dimethylamine group at the end of the polymer chain in all
cases. DMAPLi was prepared by the reactiorni of the (3-dimethylamino)propyl
chloride and Li dispersion according to Stewart et al.[15]. Styrene (St), Isoprene
(Is) and butadiene (Bd) were polymerized with DMAPLI. The molecular weight
distributions are low in the case of polydienes. Stoichiometric molecular weights
are in very good agreement with the number average molecular weights, measured
by osmometry, These results indicate that DMAPLI is an efficient initiator for the
polymerization of isoprene and butadiene.

The microstructure of the polydienes was investigated using 'H-NMR
spectroscopy. The results clearly show an increase of the vinyl content with
decreasing chain length, due to the presence of the polar dimethylamine group in
the initiator.

The slow initiation rate was readily observed during the polymerization of
St by the gradual appearance of the orange color[16], which is characteristic of
the living polystylyllithium chains. This fact in combination with the very fast
propagation rate for the polymerization of St resulted in very broad molecular
weight distributions (I=1.23-1.27). However when M;<9300 the number average
molecular weights, M,, measured by SEC, calibrated with PS standards, were
much higher than the stoichiometric ones, with the difference being increased as
M; was decreasing. This behavior can be explained by partial consumption of the
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initiator. This was; verified by the subsequent addition of Is, which produced
polymers havmg ‘bimodal distribution (figure 1). The lower molecular weight
peak corresponds to NPI homopolymer, produced by the DMAPLi, which
remained; uhreacted during the polymerization of St. The higher molecular weight
peak is attributed to the NPSt-b-PI block copolymer with the amine group at the
PSy éhain end, produced by the cross-over reaction of NPStLi with Is. Addition of
THF to the mixture of St and DMAPLi ([THF]/[Li]>3) gave polymers with close
agreement between M and M, and lower polydispersities.

vonduosqy AN

Difierential Refractive Index
)

Elution volume {mL}

Figure 1. SEC chromatograms of (a) NS-3B (purifitd DMAPL];
polymerization in pure benzene) and (b) NS-3B afier the addition of isoprene (first -
peak, diblock formed; second peak, homopolyisoprene formed by reaction of
isoprene with unreacted DMAPL). The wavelength of the UV detector was set at
260 nm were only PS absorbs significantly.

Diblock and Triblock Copolymers.

Block copolymers of styrene and isoprene having dimethylamine end-
groups at the one or the other chain end were prepared using DMAPLi and
sequential addition of monomers[17]. When Is is polymerized first a small amount
of THF is added after the polymerization of the diene is completed to accelerate
the crossover reaction with St. The reaction scheme is the following:



408 N. HADJICHRISTIDIS, STERGIOS PISPAS AND MARINOS PITSIKALIS

i — __benzene

CH, CH,

(CH3),NCH,CH,CHy~-CH;—CH=C—CHj)-CH7—CH=C—CH, Li

m CHy==CH

CHj,

B (CH3),NCH,CH)CHy~-CHy—CH=C—CHz)—{-CHy—CH_Li

CH;0H

——» NIS
Triblock copolymers, having dimethylamine groups at both chain ends were
prepared by coupling the diblock living chains with dimethyldichlorosilane,
(CH3),SiCL. The samples are designated with the letter N corresponding to the
end-amine group, followed by the sequence of blocks starting with the block at
which the functional group is attached. '

o-Functionalized Star Polyisoprenes and Mono-, Di- and Tri-o-
Functionalized Three Arm Star Polybutadienes.

Three and twelve arm PI stars[18] and three arm star PBd with all ends
“functionalized with dimethylamine groups[19] were synthesized by the reaction of
end-functionalized living polymers with suitable chiorosilanes. As an example the
reaction scheme for the synthesis of @-dimethylamine three arm star PBd is given
below:

Bd + DMAPLi——» O
i (CH3))NwWwWwW “ Li

Hj
3 NPBALi + CH3SiCly ————% NPBd —-Sli—NPBd
- 1
NPBd

3N-3PBd
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Three arm stars PBd with one or two end-amine groups were also
prepared using suitable procedures[19]. The presence of one or two functional
groups is denoted by the symbols 1N- and 2N- respectively, whereas the symbol
3PBd denotes a three arm star PBd. So 1N-3PBd is a three arm star PBd with one
end-amine group. The following numbers differentiate samples of the same series.
A schematic representation of the reaction sequence used for the synthesis of
samples IN-3PBd is shown below:

Do+
Bd + DMAPLi —» (CH3)2N'\MNW‘( )
NPBdLi
Hj

o+
(CH3)2N'WWW‘()Li( ) + CHSSic13(excess)———> Cl—ii——CI +

NPBd

CH3Sic13+ + LiCl

().

 Bd+sBuli —» s-Buwww’ Li

PBdLi

2 PBdLi + C1—Si—Cl ————» PBd—Si—PBd
T - 2LiCl
NPBd : NPBd

IN-3PBd

A living end-functionalized PBd chain was prepared in benzene using
DMAPLI as initiator. The living polymer solution was added to a large excess of
methyltrichlorosilane  (Si-Cl/C-Li ~100/1) in order to prepare the
methyldichlorosilane-capped PBd. Excess linking agent -was removed under
vacuum line conditions. The polymer was repeatedly redissolved and pumped to
extract traces of the silane from the bulk polymer. Finally benzene was distilled
into the reactor to dissolve the m-methyldichlorosilane PBd arm.

The next step involved the synthesis of the unfunctionalized arm, using s-
BulLi as initiator. A small excess of this living polymer was coupled with the
macromolecular linking agent to produce the final product. Termination of the
residual active anions with degassed MeOH and subsequent fractionation to
remove the excess Pbd arm gave the pure IN-3PBd star polymer.
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A similar procedure is followed for the synthesis of 2N-3PBd stars,
starting from the reaction of the living unfunctionalized arm with excess
methyltrichlorosilane followed, after the removal of the excess linking agent, by
the coupling reaction of the dichlorosilane-capped arm with a small excess of the
amine-functionalized living arm. All these procedures were monitored by SEC.

In the case of samples with low arm molecular weight (M,<10"), in order
to prevent the formation of the diadduct the steric hindrance of the living arm was
increased by reaction with diphenylethylene (DPE). A few drops of THF were
added to accelerate the crossover reaction. By using this procedure the coupling
reaction was minimized using this procedure giving less than 3 % of the
byproduct. _

The molecular characteristics of representative samples synthesized as
described above are given in Table I.

Table I. Molecular characteristics of ®-functionalized polymers of different
‘architectures

Sample Mx10%  Mx10* I=Mys/M, %wt

(SEC) PS
NPI 4.56 4.53 1.04
3NPI 7.2 6.6 1.05
NIS-3 2.44 2.25 1.06 28
NSI-1 6.96 6.12 1.06 30
NSISN-1 7.63 7.02 1.05 36
NISIN-1 6.98 6.27 1.05 27
IN-3PBd30 11.1 10.4 1.06

2N-3PBd30 62.4 61.8 1.06
3N-3PBd40 93.1 91.4 1.06

All samples indicate high molecular and compositional homogeneity as proved by
the combined characterization results (SEC, LALLS, MO, VPO, UVand NMR)

Post-polymerization Reaction of the Amine-Functionalized Polymers.

The amine end groups can be easily transformed to ionic dipoles by
reaction with 1,3 cyclopropane sultone[20,21], illustrated in the following scheme: -

CHs
}_) |
MN(CH.'S)Z + —» wwwww» N (+)CH2CH20H2803(')
A |
(o] (0] CHs

The reaction takes place in dilute THF solutions (2-3 w/v %) at 70 °C for several
days using an excess of the sultone over the amine groups (sultone/amine = 10/1).
For the PBd samples inert atmosphere was used. Under these conditions this post-
polymerization reaction is free of side reactions (crosslinking, degradation etc.) as
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was verified by SEC. Similar peaks with the corresponding amine-capped
polymers were observed in CHCL in all cases.

It is difficult to determine the extent of the conversion of the t-amine
groups to sulfobetaine groups due to the low concentration of these groups in the
polymer chains. However qualitative results by 'H-NMR show that the
reaction yield is very high[17,22]. In figure 2 the '"H-NMR spectra of linear
block copolymer NIS-5 and the corresponding zwitterion sample are given. The
peak at 2.2 ppm is assigned to the methyl protons of the carbons which are
attached to the nitrogen atom. This peak has completely disappeared after the
reaction with 1,3 cyclopropane sultone and two new peaks at 3.15 and 2.95 ppm
have emerged. These peaks are assigned to the methyl protons attached to the
positively charged nitrogen atom of the zwitterionic group and to the methylene
protons of the carbon which is attached to the sulfur atom respectively{21,23].

~ i)

1 } L L 1 ' L T R I
75 70 B5 60 55 50 45 40 35 30 25 20 15
PPY

1 i L] i | i i 1 1 1 1 3
7570 65 60 55 50 45 40 35 30 25 20 15
: PPM

Figure 2. 'H-NMR spectra of samples NIS-5 (top) and ZwIS-5 (bottom) in
CDCl;. :
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Dilate Solution and Bulk Properties
Homopolymers.

The dilute solution properties of c-functionalized linear homopolymers
were studied by membrane osmometry (MO), low angle laser light scattering
(LALLS), viscometry and dynamic light scattering (DLS) in various non-polar
solvents{18,24,25]. The conclusions obtained from these studiess can be
summarized in the following:

a. The dimethylamine-cappped samples present evidence of weak association in
non-polar solvents (cyclohexane, CCl, toluene) which are good solvents for the
polymeric tails. )

b. The zwitterion-capped samples form large aggregates in these solvents with
aggregation numbers increasing with decreasing molecular weight of the parent
material. However, aggregation numbers for PS homopolymers are consistently
lower than those obtained for polydiene homopolymers probably because of the
solvating effect of the phenyl rings on the dipolar groups.

c. The aggregates are polydisperse as concluded by combination of results from
LALLS and MO and independently by DLS measurements.

d. The aggregation numbers decrease when small amounts of alcohol are added to
the solution. This has the effect of changing the solvent polarity without changing -
its quality towards the nonpolar tails. However aggregation persists even at 5%
alcohol.

e. The associates behave hydrodynamically as star polymers as evidenced by the
increasing ky values with increasing degree of association and by the good
agreement between experimental aggregation numbers and those calculated
assuming the star model.

f. The linear head packing model describes fairly well the structures of the
aggregates. :

Detailed studies by small angle x-ray scattering (SAXS) were performed
on low molecular weight zwitterion-capped polyisoprenes[26]. For samples
having 14000<M,<28000 the scattering profiles show that the aggregates form a
body-centered cubic lattice.

Figure 3 shows the corresponding scattering profiles for the lower
molecular weight samples (2200<M,,<4650).. The peaks can be indexed on a two
dimensional hexagonal lattice of tubes. In other words the aggregates have a
tubular structure with the tubes closed packed on a two dimensional hexagonal
lattice with crystalline order. The core is formed by the dipoles which are arranged
in an antiparallel configuration as shown in figure 4.
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aq(Ay

Figure 3. X-ray scattering profiles of zwitterion-capped polyisoprene samples
with molecular weights of 4650, 3850, and 2200.The profiles of the last two
samples have been shifted by a factor (o) to make the first peak positions overlap.

Figure 4. A schematic representation of the formation of two-dimensional lattices
of'the close-packed tubular aggregates.

It is characteristic that a very small volume fraction of ionic species (<7.5 %) is
able to promote a hexagonal cylindrical morphology with long range order in
contrast to usual block copolymers.

The viscoelastic behavior in the melt state of end-functionalized
polyisoprenes was also investigated[27]. The amine-capped samples behave more
or less as conventional polyisoprenes indicating that only weak association may
exist in the melt state. The situation is very different for the zwitterion-cappped
polymers with the dynamic moduli broadened and shifted to much lower
frequencies. For samples with high base molecular weights the viscoelastic
behavior more closely resembles the behavior of conventional star polymers.

Samples with intermediate and lower molecular weights show a second
relaxation regime at very low frequencies. A characteristic example is given
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in figure 5. It is observed that some resemblance exist between the zwitterion
and star polymer only at intermediate and high frequencies.

107 T T T T T T

Gifuh G"(u) (dyn cm~?)

108 . i A
104 10-3 10- 10- 100 10 102 108

Figure 5. Comparison of dynamic moduli for a four-arm polyisoprene star and a
monofunctional zwitterion polyisoprene in the melt state at 25°C . Data for the
star (M,=4.4 x 10%) are shown by the solid lines; the points are data for a sample
with M,=4.61 x 10,

The viscosities of the zwitterion polymers, especially of low and
intermediate molecular weights are much larger than those predicted assuming the
star model. Consequently it is reasonable to consider that the aggregates have
extended morphologies (lamellae, strings etc.). Only in the case of low
aggregation numbers, observed for samples of high base molecular weight the
behavior is similar to those of star polymers because the core size is rather small
and can be considered as the star’s center. The extended structures are delicate in
a mechanical sense making it possible to explain the remarkable strain sensitivity
observed at low frequencies. It is evident that close relation exists between the
results obtained by melt rheology and SAXS.

o-Functionalized Block Copolymers of Styrene and Isoprene.

The association behavior of end-functionalized “diblock and triblock
copolymers of isoprene and styrene was studied in CCL, which is a nonpolar good
solvent for both blocks[17,28]. The aggregation numbers, N, are almost the same
whether the zwitterion group is linked at the PI or the PS chain end. Their value
depends strongly on the M,, of the base polymer. N, decreases with increasing
molecular weight of the precursor polymer, My. The variation of Ny, with M, for
the case of ZwPI in cyclohexane[18] and CCLi[17], PS in CClL(27) di- and triblock
copolymers in CCL[17] is given in figure 6. The aggregation numbers for ZwPI
are lower in CCl, than in cyclohexane due to the higher polarizability of the former
solvent. Another point that deserves attention is that the aggregation numbers of
the copolymers are closer to those determined for the ZwPS samples than the
ZwPI samples in CCL. The aromatic rings, due to their high polarizability cause
some kind of solvation, thus leading to reduced N, values. The aggregation
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numbers are almost the same for the monofunctional and difunctional samples of
the same molecular weight. This is rather surprising, since the difunctional
polymers form gels at concentrations lower than cg (cg=0.5 c*). A higher
aggregation number would be expected for these samples due to the higher
probability of forming aggregates. as the result of the existance of two polar
groups per chain. The result can be seen as evidence of intramolecular association
in dilute solutions since intermolecular aggregation at higher concentrations is the
reason for the formation of gels.

T
° % iee 150 200
M .10
o

Figure 6. Dependence of the weight average aggregation number, N,, from the
base molecular weight, M, for various polymer series.

DLS was used to study the hydrodynamic properties of the end-functionalized
copolymers. The zwitterionic polymers have a substantially different behavior than
their precursors, due to the formation of aggregates in CCL. The values of the
diffusion coefficient at infinite dilution, Dy are lower, the Ry values higher and the
polydispersity values are higher leading to the conclusion that aggregates are
polydisperse. The kp values are negative in most cases, due to the aggregation
process and is consistent with the low A values obtained by LALLS.

Viscosity measurements were also performed to complement the DLS
data. The [n] values for the zwitterionic samples are considerably higher than
those for the amine-capped samples and the reduced viscosity vs concentration
plots are not always linear. The Huggins plots are concave upwards in some cases
and especially for the' difunctional samples.

The nonlinear dependence of the reduced viscosity on concentration is an
indication that the association number changes by increasing concentration,
something which is expected to be more pronounced in the case of the
difunctional triblocks.

The stability of the aggregates was tested by adding small amounts of an
alcohol, namely 2-methylcyclohexanol (at 1% and 5% content), which is
isorefractive with CCl. The association is reduced in the presence of the alcohol,
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but even at 5% alcohol content there are samples remained aggregated. With
increasing alcohol content the aggregation numbers are reducing, the A, values are
increasing and the ky values are decreasing. LALLS experiments on solutions
prepared long before (more than one year) measurement showed that the
aggregation numbers remain the same leading to the conc1u51on that the
association process is an equilibrium one.

SAXS, rheology and dielectric spectroscopy were used to study the statics
and dynamics of the end-functionalized block copolymer{29,30]. SAXS profiles
from the amine and the corresponding zwitterion-capped samples confirm the
existence of ionic aggregation and two kinds of microphase separation. One
between the ionic and nonpolar phase and one between the PI and PS. A
characteristic example is given in figure 7. The following features were
observed: a) a background originating from density and concentration
fluctuations, b) an excess intensity at low Q which is related to heterogeneities
with long correlation. lengths in the case of ionomers[31], ¢) the microdomain
peak[32] characteristic of the microphase separation process between PI and PS
phases and d) the peak related to the polar groups, which has emerged in the case
of the zwitterionic sample.

10° - . .
] ® 0% s NISS
. o ZIS5
A o o,
= ° %
3 Wy
= By Y
% e
%
)
o,
3 oo 3
10 _ ‘ %
Ay T
Q (nm™)

Figure 7. SAXS profiles for two o-functionalized ‘IS diblock copolymers at
T=303 K. Data have been corrected for the density fluctuations, and the intensities
are given in absolute units.

The last three characteristics are temperature dependent with the aggregate peak
intensity being much less sensitive to changes of temperature for the specific
temperature range used for the experiment. The microdomain peak intensity has a
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‘similar temperature dependence for both the amine and the zwitterion-capped
copolymers.
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Figure 8. Comparison of the SAXS profiles for the dimethylamino- and
zwitterion-substituted w-functionalized copolymers at two temperatures.

A completely different behavior is observed when the functional group is
attached to the PS chain-end, as shown in figure 8. The microdomain peak
dominates the scattering patternin this case. The peak increases in intensity,
sharpens and moves to slightly higher Q values with increasing temperature. The
absence of any dissolution process clearly indicates that the microdomain structure
is stabilized by the ionic aggregates. In the case of ZwSI samples the ionic groups
are trapped within the PS phase without being able to aggregate. The increase of
temperature increases the mobility of the polar groups leading to the formation of
aggregates within the “hard” phase. This is schematically illustrated in figure 9 for
both systems, ZwIS and ZwSI. As a concequence the incompatibility of PI and
PS is enhanced and a completely different phase behavior is observed. In this way
by only changing the position of the polar group, from the PI to the PS chain-end
it is possible to change the phase diagram of block copolymers[30].

The conclusions derived from SAXS experiments were confirmed by
rheology. In the case of the zwitterionic copolymers an extension of the rubbery
plateau is observed. This behavior is explained considering that the aggregates act
as physical crosslinks within the PI phase. Furthermore within the temperature
range investigated no sign of an order-disorder transition was observed in
agreement with SAXS results, meaning that the cubic microdomain structure is
stable up to high temperatures.
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ZwS . _Zw-sl

@LowT @MF

Figure 9. Schematic illustration of the microstructures in @-functionalized SI
block copolymers, showing the Zw-IS (left) and Zw-SI (right) cases at low
(upper) and high (lower) temperatures. The corresponding electron density
distributions are also shown.

Dielectric spectroscopy also offers the means to verify the conclusions
drawn so far through the selective probing of the PI chains. In the case of ZwIS
copolymers in addition to the fast segmental and the slow normal mode an
intermediate process, with activation parameters which are reminiscent of the
segmental process is observed. This intermediate process arises from the regions
of the reduced mobility created around the aggregates impending the motion of
the PI chains in their immediate environment. An intermediate Tg value could not
be detected by differential scanning calorimetry, since DSC is not so sensitive and
the size of these regions is very small in order to detect, however an increase on
the Tg of the polyisoprene block has been observed at low molecular weights[33].

The combination of the association of polar groups in a nonpolar solvent
with the micellization process, promoted in selective solvents leads to interesting
solution behavior. The dilute solution properties of w-functionalized diblock
copolymers having dimethylamine or zwitterion groups at the PS chain-end were
studied in n-decane a nonpolar selective solvent for the PI blocks[34].

The presence of the polar groups introduces another factor capable to
enhance the aggregation numbers for the zwitterionic samples in n-decane, a
selective solvent for PI. Much lower N,, comparable to ones found for
unfunctionalized diblocks, were observed for the amine-capped copolymers,
meaning that the amine groups are not polar enough to bring any changes to the
association process. Typical LALLS plots are given in figure 10.

From DLS measurements negative kp values were obtained for the
amine-capped polymers as expected having in mind the negative A, values. For the
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zwitterionic samples the kp values were positive meaning that the equilibrium is
shifted in favor of the micelles.

Viscometry measurements were also conducted. The Huggins coefficients
increase with increasing molecular weight for the amine-capped polymers. This
behavior is consisted with a star-like structure. For the zwitterionic samples
constant ky values, around 1.1 were obtained, meaning that rather compact
structures exist in solution.’

The R, and Ry values are identical within experimental error for the arnine
polymers but for the zwitterionic polymers Ry is much higher than R,. The former
result is consistent with star-like structures, whereas the latter can be explained
considering the high sensitivity of DLS to large structures and/or to the
development of shear forces in the capillary tube able to disrupt the larger
aggregates. The fact that the polar core probably has an elongated structure with
antiparallel placement of the zwitterionic groups is able to support the above
assumption, since a break of the association at one point can cause a large
reduction of the micelle’s size.

Intensity vs temperature measurements at concentrations where micelles
are the dominant species revealed that the micelles formed by the zwitterionic
copolymers are stable at much higher temperatures than the ones made of amine-
capped precursors. It seems that in the former case the high temperature resistive
ionic cores stabilise the micelles (figure 10(c)).
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Figure 10. Kc/AR, vs concentration plots given for (a) sample NSI-4F and (b)
sample ZwSI-4F in n-decane at 25°C. (c) Intensity vs temperature plot for the
same samples at c= 2.800 x 10 g/mL for NSI-4F and c= 1.629 x 10? g/mL for
ZwSI-4F.
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3-Arm Star Polybutadienes with End-Functional Groups.

The amine-capped star polymers provide no evidence of association in
cyclohexane, whereas strong association is observed in the case of zwitterionic
samples. It is evident that (a) among the different series of polymers the
aggregation number decreases with increasing number of functional groups and
(b) among the samples with the same number of polar groups the degree of
association decreases with increasing molecular weight of the precursor polymer,
due to excluded volume repulsions. These results are given schematically in figure
11.
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Figure 11. Weight-average4aggregation number, Nw vs base molecular weight
(MW)N  of the star polymers: Zw-1N-3PBd (M), Zw-2N-3PBd (®), and Zw-
3N-3PBd ( A ). The data for linear polybutadienes are also given ().

The multifunctional samples, especially the trifunctional stars form gels even at
low concentrations. This result connected with the low aggregation numbers for
these samples leads to the conclusion that in very dilute solution intramolecular
association dominates and by increasing concentration there is a rather sharp
transition from intramolecular to intermolecular association, able to produce stable
gels.

The degrees of association of the monofunctional stars are lower than
those measured for the linear w-functionalized PBd, meaning that the star
structure prevents the association due to the steric hindrance caused by the
unfunctionalized arms.

The hydrodynamic behavior of the functionalized stars was studied by DLS
and viscometry[35]. The increased values of polydispersity (1,/I”>0.2) indicate
that the aggregates produced by the zwitterionic samples are polydisperse in
agreement with the MO and LALLS results. Low kp values were observed in most
cases as a consequence of the decreased second virial coefficients.
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The strongly negative kp values for the trifunctional stars indicate the
existence of strong hydrodynamic interactions between the macromolecular chains
eventhough these samples have low aggregation numbers and show only small
increases in Ry compared to their precursors. This behavior can be seen as
evidence of intramolecular association in very dilute solutions. For the case of
difunctional stars the above analysis is not straightforward. It is clear that
intermolecular association cannot be ruled out.

For the monofunctional samples there is no possibility of intramolecular
association. The star model can be used for these samples considering that the
aggregates correspond to star polymers and their precursors to the arms of these
stars. Consequently it is possible to calculate the aggregation numbers from DLS
measurements, Npis. The results show that the aggregates formed from the
monofunctional samples behave hydrodynamically as star polymers with
functionality equal to 2Ny,. It seems that the two unfunctionalized arms anchored
at the periphery of the aggregates are responsible for the overall size of the
micelles. 4

The conclusions drawn by DLS are verified by viscometry for the amine-
capped polymers. The zwitterionic trifinctional samples have lower intrinsic
viscosities than their precursors but the ky values are extremely high, indicating the
presence of strong hydrodynamic interactions. This behavior implies that in very
dilute solutions compact structures are formed through intramolecular association.
This result is in agreement with LALLS and DLS data.

Comparative examination of R, and Ry values show that R,<Ry for the
zwitterionic polymers, meaning that the aggregates dessociate to some extent in
the capillary tube, due to the shear forces applied therein. These forces are not
very strong indicating that the critical shear rate is very small. Only for samples
with low N, there is good agreement between R, and Ry. It seems that the
increased steric repulsions introduced by the unfunctionalized arms lead to the
formation of not so strong associates as in the case of linear polymers.

The adsorption behavior of functionalized linear and three arm star PBd
was studied by ellipsometry at 20°C in a mixed solvent of cyclohexane and toluene
(50 % by volume)[36]. Both solvents are good for PBd but cyclohexane promotes
association of the polar groups. Consequently it cannot be used for the adsorption
measurements due to the absence of a large quantity of free chains able to be
adsorbed on silicon wafers. On the other hand association is not promoted by
toluene but the refractive index difference with PBd is too low to give accurate
measurements. Therefore a mixture of cyclohexane and toluene was used. In this
mixture association is not detected up to the concentration of 2.0 mg/ml from
DLS measurements and the dn/dc values (0.050 ml/g at 589.4 nm at 20.0 °C)
provide enough contrast for accurate measurements.

Characteristic adsorption isotherms are given in figure 12 for the linear -
functionalized polymers and in figure 13 for the w-functionalized stars, whereas
various parameters of the adsorption behaviour of the samples are reported in
Table II. The adsorbed amount A is increased with decreasing molecular weight
for the linear samples. The longer the adsorped PBd chains the bigger space they
occupy and the stronger the repulsion between them. The ratio §=Djpte/Dover 0f the
interchain distance (D) over the space needed to accomodate a swollen polymer
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coil in a good solvent in it’s unperturbed state on the surface (Doyer) is much lower
than unity. This indicates that the adsorped chains are stretched adopting a brush-
like conformation.
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Figure 12. Adsorption isotherms for three linear end-functionalized PBds from
cyclohexane-toluene (50/50) mixture at 20°C.
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Figure 13. Adsorption isotherms for five 3-armed star PBds with different number
of functionalized arms from cyclohexane-toluene (50/50) mixture at 20°C.

In the case of the zwitterionic stars the adsorped amount increases with increasing
number of functionalized arms. The grafting density o, defined as c=ANs/M,,
where A is the adsorped amount, N, the Avogadro number and M, the weight
average molecular weight of the star seems to present stronger dependence on the
molecular weight than the functionality of the stars. The o values of the samples
Zw-2N-3PBd30 and Zw-3N-3PBd25 are very close indicating that despite the fact
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that the adsorption energy is high the entropic loss involved in the attachment of
the third arm when two arms are already attached may be very high.

Table II. Various adsorption parameters of o-functionalized linear (L) and mono-
(I1N)-, Di-(2N)-, and tri-(3N)-w-functionalized polybutadienes.

Sample A-platekau G Dinter Dover 6=Dinter/])over

(mg/m’) __ (chains/nm®) _ (nm) _ (nmy
Zw-L-PBd12 2.47+0.01 0.125 2.8 10.5 0.27
Zw-L-PBd20 2.410+.25 0.07 3.8 14.5 0.26
Zw-L-PBd80 1.69+0.18 0.012 9.1 333 0.27
Zw-IN-3PBd30  1.77+0.17 0.0096 10.2 252 0.4
Zw-2N-3PBd30 1.86+0.06 0.0179 7.5 19.1 0.39
Zw-2N-3PBd40 1.90+0.12 _ 0.0128 8.8 25.2 0.35
Zw-3N-3PBd25 2.14+0.18 0.0191 72 19.7 0.37
Zw-3N-3PBd40  2.3+0.2 0.0148 8.2 24.3 0.34

Schematic illustrations of all possible attachments of the chains with
different architectures are given in figure 14. Configurations f and g are less
favored than configuration e for entropic reasons. This conclusion is also
supported by the similar Dy, values obtained for stars with two and three polar

groups.

(a) (b)

YA
YA A

Figure 13. Schematic representation of the possible conformational states of the
adsorbed end-functionalized stars and linear molecules. Different conformational
states may contribute very differently to the total adsorbed amount.
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The adsorption kinetics, studied by time-resolved ellipsometry show two
processes. At the initial stages the adsorption is diffusion controled. At longer
times the polymers must penetrate the barrier formed by the initially adsorbed
chains. It was found that the star polymers penetrate this barrier faster than the
linear chains, due to the different conformations adopted by the stars.

IIEPIAHYH

210 GpBpo avtd yivetal avaokomnon Tov uebddov chvBeons opo- Kat
GUUTOAVULEPOV -S1LPOPOV QPYITEKTOVIKOV (YPOLLUIKE OLOTOAVUEPT, SloveTOdIKA
KOl TPICVOTUSIKG GOUTOAVUEPT), OOTEPOEWDN OPOTOAVDUEPT) HE aKkpaiec OpASES
dpeBviopivig kar covigofetaivng kabdg ermiong kol T@V 1B0TATOV TOVS GE
apod SAdpate Kol 08 cUUTUKVOUEVT edoT. Epeacn diveton oto moivpepm
MOV TAPUOKELASTNKOVY o100 Epyootmipwo Buopngovikig Xnueiog Tov
Hoavemompiov Anvav. Ta axpodpaotikd TOADUEPT| TAPATKEDAGTNKOV UE TNV
U€B0S0 TOV aVIOVTIKOD TOAVUEPIOHOD, VIO VYNAG KEVO, YPTOYLOTOLDVTOS TOV
amapyTn 3-defviapivompomurorifo Y mv glooyoy ™S
Syebvhapvopddag oty Grpn TG HOKPOMOpwkng  aivoidag. T v
TOPUCKEVT] TOV  @,0-O13pUCTIKOV  GUUTOAVUEPDV KOl TOV  OOTEPOEDV
opomorvpepdv m ovlevén tov (oviavdv pokpopopiov éywve pe  xphom
KatdAniov  yAopocthaviov. H  Swebvhopwopdde  petatpdmnke o€
GOVAPOSUTOAKY) UECK OvTIOPACTG UE  KUKAOTPOTAVOGOLATOVY. Ekteviig
YAPAKTNPWOUOG TV TOAVUEPDV (wopmpetpio ueufpldvng kot Taong oTpdv,
okédaon  eoTdg, Ypopatoypadin  amokisiopod  peyebdv,  Swpopikm
Sworoopetpia, NMR ko UV gacporookornio) anédeiée 6TL o mpOTLTA oOTE
HoKpOpdpL KATEXOVV DYNAO Babud opoloyévewrg 1060 g TPOG TO UOPLIKO
Bapoc, 660 Ko wg mPog TN ovoTacT. O WI0TNTEG CVOCOUATMOGTS TOVS GE apald
1A OpoTo S1ADTOV pe S10poPETIch TOAMKOTITA KAl EKAEKTIKOTITRL AMEVOVTL GE
Swpopetikd TpALATH TV popiov peiethnkav pe Eodopetpia, oToTKh KoL
Sdvvapikn okédaon. O Pabudg CVECEUATMOONG TOV TOAVUEPDV TOV TEPLEXOVV
OTUPEVIO ElvOl KOT TTOAD HIKPOTEPOG b QUTOV TV OpoToAVdieviny, 0Mg
Moyo e emdwAdtoong TV 10VIKdOV SmOAnv omd TG eovvropddsg. O
W10 TES TOV AKPOIPUCTIKDV YPOUUIKOY OLOTOADUEPDV KUl COUTOAVUEPDV OF
CUUTLKVOREVT @don (oTeped kot THypat) neEetOnkay pe okédaon aktivov X
oe WIkpég Yovieg, peodoyio kar dimiextpikty @acpatockomio. Ilapd to pikpd
TOCOOTO 1OVIIKOV  OUGS®V  TOPOVCIACTNKOY  KAVOVUPYl  XOPOKTNPLOTIKG
0VTOOPYAVOOTG OTo,  opomoivuept kobdhg kar sEoipeTikd  evdwpépovoa
ot0fepdTnTa @hoswv o VymAEg Oepuokpoocisg ota . copumolvpepr]. Térog
pedetifnke n IPoopoENOT TV AOTEPOEWOdV OHOTOADUEPDV, HE S1pOPETIKO
apBpd akpodpactikdv KAGSwv, amd epawk SwAdpata pe edXswopetpio, m
coUTEPIPOPE ToV 0ROiMV TaPOVCIALEL SILPOPETIKG. XOPUAKTNPIOTIKE ad ekeivn
TOV YPOUUIKGDV.,
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Summary v

Vinylferrocene—styrene and vinylferrocene—methyl methacrylate random co-
polymers synthesized by free radical polymerization, were characterized by size
exclusion chromatography and membrane osmometry. The vinylferrocene con-
tent was determined by visible spectroscopy. The glass transition temperature of
the polymers was measured by differential scanning calorimetry. The dyeability
of the polymers, for aqueous bath dyeing with C.1. Disperse Blue 165, was exam-
ined by determining the exhaustion of the dye-liquor. it was found that by incor-
porating more vinylferrocene units into the copolymers an increase in glass
transition temperature and dye uptake occurred.

Key Words: Carrier dyeing, vinylferrocene copolymers, glass transition tempera-
ture, differential scanning calorimetry.
INTRODUCTION

The synthesis and properties of vinyl-n>-dicyclopentadienyliron (vinyifer-

rocene) were first described by Arimoto and Haven [1] and vinyiferrocene ho-

* Present address: T.E.l. of Piraeus, 122 41 Athens, Greece
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mopolymers and copolymers with olefinic compounds [2-6], styrene [7] and
methyl methacrylate [8] have been extensively studied. However, the dyeability
of these copolymers, and the influence, on the dye adsorption, of vinylferrocene
introduction into the homopolymers of styrene and methyl methacrylate has not
been investigated. Vinyiferrocene is an electron rich monomer and does not obey
normal vinyl-polymerization kinetics. Intramolecular electron transfer termination
of a polymer chain radical has been reported [9] and this is the reason Why it is
unique in comparison with other vinyl-monomers.

The presence of the ferro_cene nucleus can play a decisive role, influencing
the segmental mobility of the macromolecular chain. in this work the dyeing of
vinylferrocene—styrene and vinylferrocene—methyl methacrylate copolymers with
C.l. Disperse Blue 165 dye, in the presence of a carrier, is reported and the de-
pendence of the exhaustion of the dyebath upon glass transition temperature is

discussed.

EXPERIMENTAL

Free Radical Polymerization and Characterization

Vinylferfocene (VF) was copolymerized free—radicaily with styrene (S), and
methyl methacrylate (MM) in degassed benzene solutions, with the use of 2,2
azobisisobutyronitrile (AIBN) as the initiator. Copolymerization reactions were
performed at three different initial VF/comonomer weight ratios of 5/95, 10/90
and 15/85 to give copolymers of type 5, 10 and 15 respectively.

Details on the synthesis, characterization and estimation of composition of the
copolymers are recorded elsewhere [10] and will be given in a forthcoming pa-
per. The number-average molecular. weights (M,) determined by membrane os-
mometry and the polydispersity (M./M,) values are summarized in Table /.

The content of vinylferrocene as a function of absorbance was determined in
the region of 440nm [8, 11] and is shown in Table [ for the different samples. of

copolymers used in this study.
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Table I. AIBN - Initiated Copolymerization of VF with Styrene and with Methyl Methacrylate
at 60 °C in Benzene Solution®

R — 3 VF in copolymer,
Polymer Mo/M.P Ma-10 % W
S/Acd 1.61 18.3 —
SVF/A5S 1.61 17.8 2.58
SVF/A10 ' 1.65 14.9 4.68
SVF/A15 1.66 19.2 7.06
s/Bd 1.63 58.8 _
SVF/B5 1.82 53.6 2.16
SVF/B10 1.87 534 4.22
SVF/B15 1.71 487 6.06
MM/AC-e 1.74 49.3 _
MMVF/A5S 1.51 56.6 5.87
MMVF/A10 1.37 46.7 10.70
MMVF/A15 1.47 47.6 15.40
MM/Be 1.60 140.0 _
MMVF/B5 1.48 123.0 6.04
MMVF/B10 1.97 107.0 12.90
MMVF/B15 1.67 922 19.70

2 0.1% wiw AIBN (series A); 0.01% w/w AIBN (series B)

b Obtained from size exclusion chromatography measurements
¢ Prepared at 50 °C :

d poly(styrene)

€ Poly(methyl methacrylate)

Glass Transition Temperature

The glass transition temperature (Ty) was determined by differential scanning
calorimetry. Transition temperatures at heating rates of 5, 10, 20 and (in one
case) 40 K-min" were obtained. The measurements were performed on a Du
Pont 990 DSC differential calorimeter. Indium V\;‘aS used to calibrate the instru-
ment prior to all measurements. The calibration was also checked when the
heating rate was changed. True glass transition values extrapolated to zero
heating rate were calculated from a least-squares analysis.of linear plots of

transition temperature against heating rate.

Carrier Dyeing Procedure
The visible spectrum of C.I. Disperse Blue 165 (Hoechst) was examined from
aqueous dispersions with a Hitachi U-2000 spectrophotometer. A linear calibra-

tion curve that related absorbance to concentration was constructed at the
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wavelength of maximum absorbance (A,,4)- The dye obeyed the Beer—Lambert
law up to a concentration of 0.05 g.f1. The least-squares method was used to get
the best fit to the experimental data.

The polymers, being in granular form, were separated before dyeing by siev-
ing into fractions using a Fritsch Analysette apparatus and grains ranging in size
from 355 pgm to 1000.um were obtained. Thus, samples of similar particle size of
the polymers to be dyed were prepared, so that the dye could be uniformly dis-
tributed on the samples during dyeing. |

The following method of dyeing was used for polymer samples in a liquor ratio
of 1:10.

The dyebath was set with

5 g-l'1 Samaron - Blau GSL 400 dye (C.I. Disperse Blue 165)

1 g-I'1 Eganal PS dispersing agent (Hoechst) and

3 g Remol NTG carrier (Hoechst)
in distilled water. The dye was dispersed in water and this dispersion was filtered
through a fine sieve into the dyebath. The pH of the dye-liquor was adjusted to 5
with acetic acid. The temperature was raised to 97 °C and dyeing was carried out
in a thermostatically controlled glycerol bath for 90 min. The dye-liquor was circu-
lated throughout the whole dyeing cycle. On completion of dyeing, the samples
were taken out by filtration (to remove all polymer particles) through a metallic
sieve, in order to avoid loss of dye.

The filtered liquors were studied by visible spectroscopy and the absorbance
of their dilute aqueous suspensions was measured at A,, on a Hitachi U-2000

spectrophotometer.

RESULTS AND DISCUSSION

Differential Scanning Calorimetry

Typical results of T, measurements are given in Table /1.
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Table Il. Glass Transition Temperatures at Different Heating Rates

Glass Transition Temperature, K

Polymer Tg a 5P 10P 20°
S/A 363.3 364.2 365.0 366.7
SVF/A15 370.6 371.7 372.5 374.7
SVF/BS 372.2 372.9 373.7 375.0
SVF/B10 372.6 373.6 374.6 376.7
MMVF/A5 388.8 389.1 389.4 390.0
MMVF/A10 390.1 390.7 391.2 392.5
MM/B 394.6 395.3 396.2 397.8
MMVF/B15 397.4 398.1 399.1 400.6

a Determined by-extrapofation to a heating rate of 0 K-min™
b Heating rate, Kmin™

The linearity in the plots of the observed transition as a function of heating
rate suggests a reasonable degree of confidence in the results. The transition
temperatures of all polymers at zero heating rate found by the least-squares
method are listed in Table /il _

The DSC and compositional analysis results show that, within any given se-
ries of polymers, the T, increases steadily as the percentage of vinyliferrocene
incorporated in polymers is raised, with the exception of MMVF/ A15. In the case
of this polymer a T, value of 378.4 K was estimated, which is considerably lower
than those of other series A methyl methacrylate polymers prepared under simi-
lar experimental conditions. It has been shown [12—15] that the low flexibility of
polymethacrylates with aromatic side groups-is due to interactions between the
aromatic rings. Accordingly, further work seems necessary particularly with
MMVF/A15 and probably with MMVF/B15, which also has a relatively low glass
transition temperature. Taken altogether [10] the viscosity, solubility and polydis-
persity data for these polymers show that they may be branched [16]. This is not
uhexpected, since the high transfer activity of VF [9,17] suggests a high transfer

activity with the polymer; thus branching will probably occur [18].

Dye Absorption
Samaron Blau GSL 400 dye (C.I. Disperse Blue 165) absorbs light in the

visible range with A, at 673 nm. A typical spectrum of the dyestuff measured
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from dispersion in water is shown as a plot of absorbance against wavelength in
Figure 1.
1,500

absorbance

0.000

400 © 500 600 700 800
wavelength, nm

Figure 1. Plot of absorbance as a function of wavelength for C.I. Disperse Blue 165
in water

A calibration curve was prepared by plotting dye absorbance at 673 nm
against six known dye concentrations. The straight line obtained is presented in
Figure 2. .

The degree of exhaustion is known to be a measure of the total dyestuff that
resides on the sample as opposed to the dyestuff in solution in the dye-liquor.
Exhaustion (expressed as a percentage) is defined by eq. (1) :

Exhaustion = 100 C -G

(1)

i

~ where C; is the initial concentration of dye in the dye-liquor at the commence-
ment of dyeing (Ci=5 g-l‘1 according to the above dyeing recipe) and Cs is the fi-
nal concentration of dye at the end of the dyeing process. ‘

After dyeing, the liquid residues were diluted with water to a hundredfold vol-
ume. The purpose of this was to prepare suspensions whose dye conéentratio’ns
are within the linearity limits of the calibration curve (Figure 2). Care was taken
not to waste any amount of the residues. The dye content was determined spec-

trophotometrically as already mentioned. In the final dye concentration calcula-
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tions, account was taken of the dilutions described above. The exhaustion of the

dyebath was then obtained from eq. (1).

1.0 - e
1 . 7
L
N /
" »
o 051 /
Q
c 4
1] 4
0
[,
o .
2]
0 044
© .
N ./
0.0 Co — T v T T N — T T
Q.00 Q.01 0.02 0.03 .04 0.05 0.06

. -1
concentration, g-|

Figure 2. Calibration line for C.I. Disperse Blue 165 between absorbance and dye
concentration

The absorbances of dilute suspensions at 673 nm and the final dye concen-
trations together with the exhaustions of the dye-liquors are recorded in Table IIl.

In this study the dyeing was performed using a carrier in the dye-liquor. In
general, the. carrier can increase the accessibility, facilitating the diffusion of dye
and, also, can plasticize the polymer, bringing down the Ty Here it must be
noted that the influence of temperature on diffusion of dye is represented by the
well-known Williams—Landel—Ferry equation [19] which applieé to amorphous
polymers above Tg. It needs particular consideration that all polymers reported in
this paper, with only three exceptions, exhibited values of Tg higher than the ac-

tual dyeina temperature given above (370.2 K).
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Table Ili. Exhaustion of Dyebaths Obtained from Polymers with Different Glass Transition

Temperatures
Polymer Tg K Absorbance Cf,g.r‘ Exhaustion, %
SIA 363.3 0.50 2.83 434
SVF/AS 368.6 0.54 . 3.06 38.8
SVF/A10 370.0 0.52 2.94 41.2
SVF/A15 370.6 0.50 2.83 43.4
S/B . , 370.8 0.39 2.18 56.4
SVF/BS 372.2 0.53 3.00 40.0
SVF/B10 372.6 0.46 2.59 48.2
SVF/B15 3729 0.40 2.24 55.2
MM/A 388.6 0.52 2.94 41.2
MMVF/A5 388.8 0.58 3.30 34.0
MMVF/A10 390.1 ) 0.55 3.12 37.6
MMVF/A15 378.4 0.53 3.00 40.0
MM/B . 394.6 0.46 2.59 48.2
MMVF/BS . 3954 0.53 3.00 40.0
MMVF/B10 397.1 0.52 2.94 41.2
MMVF/B15 397.4 0.52 2.94 41.2

Attempts were made to dye the polymers without adding carrier in the dye-
liquor. In all these experiments it was observed that the yield of the disperse dye
on the samples used for dyeing was limited in the absence of carrier. Conse-
quently, the exhaustion of the dye on them is not sufficient unless a carrier is
used. On this basis, the results in Table /Il support the suggestion that the carrier
increases the dyeability and this may arise because a reduction in Tg would have
the same effect as an increase in the temperature of dyeing [20,21]. In all cases,
however, the exhaustion of the dyebath is below 56.5%. The data clearly show
that the polyhers used for these results are dyeable with non-ionic dyes such as
C.I. Disperse Blue 165 employed in the dyeing experiments and the uptake of

the disperse dye varies from polymer to polymer.

Relationship Between T, and Exhaustion of Dyebath v

Table Il indicates that the exhaustion of the dyebath for each homopolymer is
higher compared to that for its copolymers (equal in the case of SVF/A15). It can
be seen that introduction of a few percent vinylferrocene units into each of four

homopolymers leads to a sudden drop in dye adsorption. These results show,
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also, that in this case the exhaustion rapidly decreases with increasing glass
‘transition temperature, and this can be ascribed to that, at least to a first ap-
proximation, the rate of dye diffusion into a polymer is a direct function of the
temperature difference (T—Tg), where T is the actual dyeing temperature. To the
extent to which the diffusion of dye molecules in the amorphous regions is de-
termined by the segmental motions of the polymer chains, the free volume theo-
ries can be expected to be important [22,23]. Therefore, the observed behavior
appears to be in accord with the free volume model of dye diffusion.

A second feature notable in Table /I, however, is that for each series of
copolymers the value of exhaustion is increased as further increase in the
vinylferrocene content occurs. An explanation could be that, as more vinylfer-
rocene is incorporated into the copolymers, the amount of the non-crystalline re-
gions present in the polymer is raised. This will cause an increase in the rate of
dyeing, since the crystais can be considered completely inaccessible to the dye
molecules and dyeing takes place only in the amorphous domains. Furthermore,
a small increase in glass transition temperature is noted, with only one excep-
tion, in the higher vinylferrocene content copolymers. Thus, the free volume
model is inapplicable and this is probably due to the fact that both an increase in
glass transition temperature and a decrease in crystallinity occur in competition.
Obviously these must be viewed with caution, 'since the dyeingvsystem is an ex-
tremely complicated one and some interactions within the dyebath might be ex-
pected. For example, the existence of hydrophilic ester groups in methyl meth-
acrylate polymers may influence the dye diffusion into the samples. Additionally,
electrical interactions between the diffusing dye molecules and the substrate
such as dipole interactions, dispersion forces‘and so on are ignored, but they

may be important. Further work is required to clarify this point.
CONCLUSIONS

The vinylferrocene—styrene and vinylferrocene~methyl methacrylate copoly-
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mers were found to be dyeable with a commercial disperse dye using a carrier
dyeing method. The copolymer samples used for dyeing exhibited values of ex-
haustion between 34 and 55%. The carrier plays a rather positive role in lowering
the T, of these polymers acting as a plasticizer and facilitates the adsorption of
dye, thus improving the exhaustion of the dyebath. Introduction of vinylferrocene
into the poly(styrene) and poly(methyl methacrylate) chains reduces the exhaus-
tion, but as the T, is increased in the copolymers df higher vinylferrocene con-
tents the exhaustion of the dyebath increases, approaching the value determined

for the homopolymers.

Bagr TuptroAupepov Tou Bivuhopeppokeviou oe

Y&aTiké Aoutpd pe 1o C.I. Disperse Blue 165

MepiAnyn

Tuxcia ouptToAupeph  BIVUAOQEPPOKEVIOU~OTUPEVIOU Kai  BIVUNOPEPPOKE-
viou—peBaKpUAIKOU HEBUAECTEPA TTAPACKEUACTNKAY HE ﬁoAupaplcpé eAEUBEPWIV
piCwyv. Ta TTOAUEPN XapPAKTNEIoTNKAY PE XPWHATOYPAPIa ATTOKAEIoNOU eyeBwv
Kal wopwpeTpia pepPpavng. H TIEPIEKTIKOTNTA TwWY CUPTIOAUMEPWV TE BIVUAO-
QPEPPOKEVIO  TTPOCDIOPITTNKE HE PACHATOOKOTTIG opaTol. H  Beppokpacia
UGADBOUG PETATITWOEWS TWV TTOAUPEPWV WETPABNKE pe BIaQOopIKr BepuidopeTpia
CAPWOEWS. ZTA TTOAUMEPH TTOU TTAPOCKEUATTNKAV ETTIXEIPNONKE — yia TTPWTN
POopa Ot aVAAOYEC EVWICEIC — KQI TIPAYUATOTIOMBNKE Pe ETHTUXIA Bagr PE XpWHa
diagmopdg. E€etdomnke N IKavoTHTA Baeng Twv TToAupEpWY OF uéanxé S1idAupua
ue 1o C.1. Disperse Blue 165 kai unvoyiEyTnKs n €€GvTANGN TOU AOUTPOU Bagrg,
WOTE va JIaToTWeEl 1 EMdPACT TOU — XNUIKE EVWPEVOU HE TO HAKPOUOPIO —
oidrpou OTNV  aTroppPOENaAn xpdxpafog armo Ta ToAuuepr. Ta Seiypara
OUUTIOAUMEPWY TIou peAeTriBnkav, Karé TV Pa@ry e XpnoigoTroinohn @opéaq,
€dwoav Tipég e§AvTANaNng Petagu 34 kal 55%. O Qopéag aivetal TIwG sAch’)v.a
N Beppokpacia UAAWDOUG UETATITWOEWS TWY TIOAUPEPWIV EVEPYWIVTAS WG

TTAQOTIKOTIOINTAS KaI SIEUKOAUVE! T SidXuon TOU XPWHATOS BsAmbvcivmg v



DYEING OF VINYLFERROCENE COPOLYMERS 439

e€aviAnon Tou AoutpoU  Bagrig. H  evowpdtwon TEPICOOTEPWY  HOPIWV
" BIVUNOQEPPOKEVIOU OTA  CUMTIOAUMEPN]  €iXe WG aTmroTéAeopa adénon Tng
Beppokpaciag  UaAWdoUg peT&ﬁTLbcewg aMa kai TG amoppdépnong Tou
Xpwparog, mBavotara AOyw UEiWoNG TNG KPUOTAANKOTNTAG TwWV TTOANUPEPWV

Katé& Tnv algnon Tng TEPIEKTIKOTNTAG TOUG OE BIVUAOPEPPOKEVIO.
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KINETIC SPECTROPHOTOMETRIC STUDY OF THE OXIDATION

REACTION OF N-ACETYLNEURAMINIC ACID BY PERIODATE.
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Maria -Helen E. Spyridaki and Panayotis A. Siskos*
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Panepistimiopolis - Kouponia, 157 71 Athens, Greece

The oxidation reaction of N-acetylneuraminic acid (NANA) by periodate was studied
kinetically using spectrophotometry at 244 nm. The following reaction rate law, which is

. . . K
independent of the ionic strength, at pH 6.0, 6 = 25 °C, is proposed: NANA+IOy «——>

[NANA.IO,], [NANA.IO‘{]—]—‘——)products, v = kK- [NANA].[IO4]. Values for the
reaction rate constant, &, and the equilibrium constant, K, were found to be & =0239 +
0.011 s™ and K = 0.100 * 0.005 M, respectively. The reaction order with respect to
NANA and to periodate were obtained using the Guggenheim method and the initial-rate

method using a least-squares parameter estimation. The activation energy, E,=4.0£0.2

kcal/mol, was calculated from Arrhenius plots, which corresponds to a temperature
variation of about 3% per °C.

Key Words: N—aéetylneuraminic acid, periodate oxidation, kinetics
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Introduction

Sialic acids are the common terminal saccharides of glycoproteins and
glycolipids, which form the major components of the cell membrane. The linkage of
single sialyl units to oligosaccharide chains involves a-glycosidic bonds between the C-2
anomeric hydroxyl group of sialic acid and the C-3, C-4 or C-6 hydroxyl groups of the
penultimate non-sialic acid monosaccharide moiety. These linkages may involve D-
gala}_ctose, N-acetyl-D-glucosamine, N-acetyl-D-galactosamine and in some unique
gangliosides D-glucose. The most common linkages found are a(2-3) to D-galactose and
a(2-6) to D-galactose or N-acetyl-D-galactosamine [1]. N-acetylneuraminic acid
(NANA, S-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-nonulopyranos-1-onic  acid,
Figure 1) is one of the mainly naturally occurring sialic acids primarily observed in man.
NANA is recognised as a tumour marker used for prognosis and monitoring response to
therapy in different types of cancer [2]. In addition, increased urinary levels of free
NANA were found in some inherited storage diseases such as sialuria and Salla disease

3]

Figure 1. Structure of NANA.
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Spectrophotometric methods [4,5], enzymatic methods [6], fluorimetric methods
[7], gas-liquid chromatography [8] alone or in combination with mass spectrometry [9]
and high-performance liquid chromatography [10], have been reported for the
determination of NANA.

Periodic acid and its salts are highly specific oxidising agents under mild reaction
conditions for various classes of organic compounds [11]. Periodate oxidation of NANA
has been used for the first time in the periodate-thiobarbituric acid method [4] for the
determination of free NANA in serum and then in the periodate-resorcinol method [5].
Years later, the periodate-resorcinol method has been automated [12] using the
Technicon Autoanalyzer II, adapted to a microassay using microtiter plate reader [13]
and improvéd recently for the determination of free, bound and total NANA in biological
fluids [14].

Another analytical application of the oxidation reaction of NANA by periodate

consists the establishment of the structures of isolated oligosaccharides, including
NANA. In addition, the anionic properties of the sialic acid residues were therefore
_utilised to separate the periodate oxidation products and thereby establish the position of
‘the sialic acid in the oligosaccharide chain [15]. On the other hand, in histochemistry,
methods based upon the selective oxidation of sialic acid residues have been devised for
the simultaneous visualisation of neutral sugars and sialic acids [16].

Although the wide use of the periodate oxidatton reaction of NANA, there is
very limited kinetic and mechanistic information [17,18]. It seems that there is a need for
the kinetic study of the oxidation of NANA by periodate which may help in improvement
of analytical methods related to this reaction. For example, quality kinetic results of the
oxidation of NANA glycoconjugates, such as glycolipids and gly- coproteins, have been
used for the improvement of the periodate-resorcinol method for the determination of

NANA in serum and urine [14].
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In the present work, the reaction of NANA by periodate was studied
spectrophotometrically by monitoring the decrease of absorbance at 244 nm, due to the
consumption of periodate. To the best of our knowledgé, this is the first systematic

kinetic study, proposing the following reaction rate law, which is independent of the
. K ’
ionic strength, at pH 6.0, 6 = 25 °C: NANA + [0, «—— [NANA.IO, ], [NANA.IO4]

k - .
———> products, v = kK[NANA][IO4 ], where the reaction rate constant, k = 0.239 +
0.011 s, and the equilibium constant, K = 0.100 £ 0.005 M. The activation energy, E,,
was found to be 4.0 £ 0.2 keal/mol.

Experimental
Apparatus

The measuring and recording system was a double beam spectrophotometer, Hitachi
model U2000, with 2 nm slit width and photometric accuracy + 0.002 A (0-0.5 A) and +
0.004 A (0.5-1.0 A). All measurements were made at 244 nm, with quartz cuvettes with
a 1.000-cm light path. The runs were performed at 25.0 + 0.2 °C, uniless otherwise

stated, the temperature being controlled with a Tectron 3000543 water-bath.

Reagents

All reagents used were of analytical-reagent grade and distilled water was used.

Stock aqueous solutions of NANA (Sigma Chemical Company, approx. 98%, M,
309.3) 20.0 mM and paraperiodic acid (H,IO, > 99.0%) 2.00 mM, were prepared.
The stock reagents were stable for several weeks if stored in the dark at -4°C.

Waorking solutions of paraperiodic acid and NANA were prepared daily from the

steck solutions by dilution with the appropriate vuffer solution and distilled water, respe-
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ctively.

Buffer solutions: The buffers used were NaH2P04,2H20 0.100 M—CH3COOH
0.100 M adjusted with NaOH solution for pH 3.2-7.5 and NaI{2P04.2H20 0.100 M for
pH 6.0. |

Na SO, solutions 0.100, 0.500 and 1.00 M were also prepared with buffer
solution pH 6.0.

. Measurement Procedure

Set the instrument for kinetic studies by selecting the mode "time scan" on the
“main menu” screen: a graph is displayed with time increments on the abscissa and
photometric values are printed out at the specified time interval.

Mix 0.400 ml of NANA working solution with 2.00 ml paraperiodic acid working
solution into the sample cell and press promiptly the button "start”. Record the reaction
curve for S min. Keep all working solutions in a water bath at the appropriate

temperature.
Results and Discussion

General considerations concerning the study of kinetic parameters are based on -
previous studies [19,20]. Reasons for the choice of various features of the procedure and
results of the kinetic study are given below.

Choice of wavelength

Initial measurements of absorbance for monitoring the reaction NANA + 10y

were done at 222 nm, the absorption maximum of periodate. The results were no satisfa-
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ctory for several reasons. Firstly, there was interference by coexisting acetates in used
buffers. Secondly, the high molar absorptivity of 104 (&22um = 10065 M'em™?) has
restricted the use of periodate concentrations lérger than 0.100 mM in the reaction
mixture, in order to maintain absorbance < 1.2 absorbance units. Thus, the kinetic study
of the oxidation of NANA by periodate was carried out by monitoring the decrease of
absorbance at 244 nm, the second isosbestic point of periodate species, due to their
consumption, (£24umm = 3700 M em™) (Figure 2). NANA solutions, buffer solutions of
NaH;PO4.2HZO-CH3COOH and iodate, product of the periodate reduction, do not
interfere at this wavelength.

Moreover, at 244 nm there were no changes of molar absorptivity of periodate
solutions with pH, because this wavelength is one of the two isosbestic points of
periodate species.

Since ultraviolet radiation has been shown to decompose photochemically
periodate [21], control experiments have been run to demonstrate that the short
exposure of ultraviolet radiation at 244 nm used to take the readings did not cause

significant decomposition of periodate.
Effect of pH on the reaction rate

The effect of pH on the reaction rate was studied in nine different pH values.
Experiments were performed with 1.02 mM of NANA and 0.250 mM of paraperiodic
acid in buffer solutions NaH,PO, 0.100 M-CH,COOH 0.100 M in the pH range 3.2-7.5
(Figure 3). The findings show that the reaction rate increases from pH 3.2, reaches the
maximum at pH 6.0 and then decreases down to pH 7.5. Thus, pH control is needed.
The kinetic study of the oxidation of NANA was done preferably in the region of
maximum reaction rate, that is at pH 6.0. At this pH, the monovalent periodate species
105 predominates in equilibrium with the HiIOs species (equation 1) and small

variations of pH have a negligible effcct on the reaction rate.
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Figure 2. Typical reaction rate curve of absorbance-time signal. [NANA] = 0.875 mM.,
{1057 = 0.250 mM, pH 6.0 NaH,PO,.2H,0 buffer 0.100 M, 6 = 25 °C.

Kr .
HIOs «—— [0s +2 Hy0, Kp= 40 (1)
Effect of Temperature on the Reaction Rate

At. pH 6.0 and over the temperature range of 12.0-34.5 °C (five different

temperatures), data were produced in order 10 create Arrhenius plots, according to the
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equation: Ink = InA - (EJ/R)(1/T) (2), where k is the reaction rate constant, A is the
frequency factor, Ea is the activation energy of the chemical reaction and T is the

absolute temperature.

Injtial rate x 102 (Absorbance/s)

lllll[lllJ]llLllIlJlll.lJJ_l_]

3 4 5 6 7 8
pH

Figure 3. Effect of pH buffer values (NaH,PO,.2H,0, 0.100 M-CH:COOH 0.100 M) on
the initial reaction rate. [NANA] = 1.02 mM, [10,7] = 0.250 mM, 6 = 25 °C.
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From the equatioﬁ In(dA/dt)m = (1.5140.45) - (2.03+0.13) (1000/T) (3), activation
energy was found to be 4.0 + 0.2 kcal/mol. The exceptionally low activation energy is an
additional advantage for the kinetic determination of NANA because of the small
temperature effect on the reaction rate; a temperature variation of about 3% per °C was
found. Low activation energy has been noticed also for the tartaric acid-periodate

reaction [22].
Kinetic and Mechanistic Studies
Determination of the Reaction Rate Constant, k, and the Equilibrium Constant, K

The oxidation reaction proceeds, as it is known from other organic compounds
[11,23], via a reversible formation of a negatively charged intermediate between NANA
and periodate, followed by a rapid decomposition of the intermediate to the final
products. This mechaniem is also supported by studying the effect of ionic strengtn on
the reaction rate. Experiments have shown that the rate of the reaction is independent of
ionic strength for five different concentrations over the range 0.100-1.00 M Na,SO, at
pH 6.0. This provides evidence that the rate-determining step ;cakes place between
species that at least one should be uncharged: this is attributable to the fact that
formation of the cyclic i_ntennedidte would involve an initial attack of a first mole of the
negatively charged periodate ion upon the uncharged'hydroxyl groups at carbon atoms 8
and 9 of NANA molecule. Probably, the bond between carbon atoms 7 and 8 is
susceptible to further oxidation by a second mole of periodate. The uptake of a third
mole by NANA points to the opening of the pyranose ring as a requisite for the third
phase of the oxidation, which presumably concerns the rupture between carbon 6 and 7
(Figure 4). The second and the third phase of the oxidation occurs when periodate are in

large excess.
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In the case of NANA, a N-acetylated polyhydroxy-amino keto acid, the following

scheme is proposed:
. K -
NANA +10; «——[NANA.10,] 4

-[NANA. 104] —k—» products ‘ %)
where [NANA.IO,] represents the intermediate NANA-periodate complex and K and k
are the equilibrium and rate constants, respectively. The kinetics of the reaction are based
on the studies of Duke et al. [24] and if NANA is present in large excess over a constant
concentration of periodate at pH 6.0, the following equation is proposed:
-d[10,)/dt = - (kKK[NANA][TO, 1)/(1+K[NANA]) (6)
where [NANA] is the concentration of the uncoordinated NANA.

From equation (6), equation (7) is obtained

dIn[I0,}/dt = -(kK[NANA])/(1+K[NANA]) N
From Beer’s law for IO, species, equation (8) is obtained
A =¢b.[104] © InA =In(e.b) + In[IO4] 8)

Differentiating equation (8) with respect to time and combining with equation (7),
equation (9) is obtained; where Q is an expeﬁmentally determiriable quantity.
dinA/dt = -(kKK[NANA])/(1+K[NANA]) = Q ©)
Rearranging equation (9),
-1/Q = (1/k) + (1/kK).(1/[NANA]) (10)
Thus, by a plot of 1/Q vs 1/[NANA], the constants k and K can be determined from the
intercept and the slope of the curve using the least squares method. The linearity of the
experimental curves confirms the validity of the overall reaction scheme. Calculated
values for the equilibrium constant K, (K = 0.100 + 0.005 M, n = 6) and the rate
constant k, (k =0.239 £ 0.011s", n= 6) are given in Table I. Because of the low value
of K the term K[NANA] is omitted from the denominator in the equation (9) and there is

a good approach to an overall reaction according to the folloWing reaction scheme:
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B kl
[04 + NANA —— [O5” + products 1y

" where k-’ is the overall reaction rate constant, equal to kK.

Table I. Results for the determination of equilibrium and rate constants for the reactions:

K k
NANA + 10, «——> [NANA.IO,], [NANA IO, ] —— products. [I0,] = 0.0454 mM,
pH 6.0, 25 °C.

[NANAL, mM 0456 0545 - 0636  0.726 0816  0.906

-dInA/dt (=-Q*")  0.0109 0.0142 0.0182 0.0191 0.0202 0.0223

* Mean values of triplicate runs

® Regression equation: 1/Q = -4.19+41.8(1/[NANA]), n= 6, r = 0.975

Consecutive reactions between the primary product and periodate are unlikely

because of the large excess of NANA.
Determination of the Reaction Order

The general reaction-rate equation can be expressed by equation (12)
-d[104V/dt = k* [104 T [NANA]® (12)

By keeping the concentration of one of the two reagents constant and in large excess
and varying the concentration of the second, pseudo-first-order conditions were achieved
with respect to each reagent in turn. For example, by keeping [NANA] in-large excess,
equation (12) can be written as follow:

v = -d[10;7/dt = kops[104 ] (13)
where Ko, is: ko= k " [NANAT - (14)

Under these conditions, the initial slope, AA/At, is directly proportional to the periodate
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Figure 4. The proposed reaction scheme for the oxidation of NANA (5-acetamido-3,5- .

dideoxy-D-glycero-D-galacto-2-nonulopyranos-1-onic acid) by periodate at pH 6.0

(NaH,PO, 2H;0, 0.100 M). Periodate is in larger excess cver NANA concentratior.
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concentration. Equation (13) can be tranformed to:

10gVinic = log | -dA/dt | it = 10g kows+ a log [104 Jini (15)
Table 11 shows the kinetic results for the determination of the reaction order with respect
to periodate. From recorded kinetic curves for runs with different concentrations of
peribdate, a mean value for a was found to be 1.19 + 0.04, n = 5, using linear regression
for equation (15).

On the other hand, equation (14) could also be applied for the determination of
the reaction order with respect to NANA. Table IiI presents the kinetic results for the
determination of the reaction order, b, by using the Guggenheim method for pseudo-first-
order reaction. In this wéy, k,,, can be determined from the recorded reaction curves by
plotting In [A-A,. ] vs. time (Figure 5). A and A, are the absorbances at times t and t+t
respectively. T is a constant interval that is taken approximately half the time during
which the reaction is followed. So, a series of kobs values was obtained for different
NANA concentrations.. The reaction order, b, can be obtained by plotting log kobs vs. log

[NANA], as it follows from equation (12).

Table II. Kinetic results of the oxidation reaction of NANA with IOy for the
determination of the reaction order with respect to periodate using the initial-rate method.

[NANA] = 2.50.mM, optimum pH 6.0, 8 = 25°C.

[10s], mM  0.128 0203 .. . 0250 0.292 0.340

(dA/dt)i™®  -0.00942 -0.0167 -0.0218 -0.0260 -0.0296

* Mean values of triplicate runs
® Regression equation: logl'dA/dthﬂ =1‘(-.2.62iOAl4)+(l.l9iﬂ.6ﬁi‘) log [10s], n=5,r=
0.999.
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Figure 5. First-order plots for a reaction mixtures of NANA + 10, .[105] = 0.0454 mM,
pH=6.0, 6 =25 °C and [NANA] = 0.545 (a), 0.636 (b), 0.816 (c).

By regression analysis a value of 0.98 + 0.04 was obtained for b (n = 6), indicating that the

reaction is first-order with respect to the organic reagent.

Table II. Kinetic resuits of the oxidation reaction of NANA with 104 for the
determination of the reaction order with respect to NANA using Guggenheim method.
[1047] = 0.0454 mM, optimum pH 6.0, § =25 °C.
[NANA], mM 0.456 0.545 0.636 0.726 0816 0.906

Ko S 0 00157 00200  0.0237 00256 00295 00308

obs”

* Mean values of triplicate runs
b Regression equation: log k= - (1.47+0.20) + (0.98+0.06) log [NANA], n = 6, r =
0.991
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In cbnclqsion, we present the first systematic kinetic investigation of the
oxidation reaction of NANA by periodate. The kinetic study was carried out successfully
by monitoring the decrease in absorbance at 244 nm; the isosbestic point of periodate, at
25 °C in phosphate buffer solution pH 6.0. The proposed reaction rate equation is: v =
KKINANA][I047], wheré k = 0.239 + 0.011 s and K = 0.100 + 0.005 M. The

activation energy was found to be 4.0 + 0.2 kcal/mol.
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KINHTIKH ®PASMATOPQTOMETPIKH MEAETH THX ANTIAPATZHE
OEEIAQYEQY TOY N-AKETYAONEYPAMINIKOY OZEOZXZ ME YIIEPIQAIKA.

Ta ooikd oféa, pio GEPE TAPAYHYOV TOV VELPOUIVIKOD 0LE0C, OMAVIMVIOL EVPEMG
ot0vg {m1kolg opyoviopiovg kot Bpickoviar cuviibmg evopéva 6to TEMKO GKpo Tng
coKopuic aWsidac Tov yAKompoTevdY Kar Tov yAkoMmbiov. Tty mapodeo.
gpyacio, TOPOVCIALETAL VIOt TPDTN GOPA T KIVITIKY] QUCHATOPMTOUETPIKY UEAETT TNG
aviidpaong o&elddoEMG TOL KUPLOTEPOL TOPAYDYOV TOV OlOAKOV o&fmv, Tov N-
axeTvAovevpopvikob oféog (NANA) pe vrePIdIKE, OTO HAKOG KOUOTOG 0moppOPpnoNG

TOV DREPIMOKAV 10VIOV, ota 244 nm, nopakolovddOVTAS TNV ToXDTNTA KATACTPOPNG
K ,
tovg. O1 avtidpacelg mov AauPévovv ydpo eivor: NANAHIO, «—— [NANAIO4],

[NANA.IO4']-—k—>1tpoi6vra, evd 1 ocuvoMkl TaxLInTa avTdplceng sivar v = kK
[NANA].[104], 6mov k, n otabepé taydtntag Siomacng Tov cupmidkov [NANA 10,7,
k=0239 + 0.011 s" xaw K 1 ota@epd 100ppomiog cynuatiopod tov coumhdxov, K =
0.100 £ 0.005 M. H t6&q avridpoaonc oc tpog 10 NANA o1 To. vaeptodud Ppédnke pe
"t Poffewr g pedéSov Guggenheim wou g pedddov apyuwg TodTag,
xpn&tponom’avwg ™ uébodo ehayioctwv tetpaydvaov. H evépyeio evepyonoinong, E. =
4.0 + 0.2 kcal/mol, vmoloyictnke an6é 1o Swypdupato Arrhenius xou ovrictoei oe

uetafoin feppokpacioc nepinov 3% avé °C.
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SUMMARY

We studied the conductance and electrostriction of supported bilayer lipid
membranes (s-BLM) in dependence on the kind of solid support and concentration of
ammonia. Increasing of concentration of ammonia resulted in increase of dc current
flowing across polypyrrole (PPY) layer adjacent to metal surface and that covered by
lipid bilayer from crude ox brain fraction (COB), No effect on dc conductance has
been observed for s-.BLM formed on metal support of stainless steel. Electrostriction
and membrane capacitance of s-BLM depended on the kind of support onto which s-
BLM has been formed. s-BLM formed on PPY layers were characterized by lower
compressibility and less expressed dependence of electrostriction parameters upon
application of external dc voltage. This evidence that s-BLM on PPY layers are more
smooth and as a result more homogeneous thar_l those formed on metal support.
Membrane stability characterized By breakdown voltage also depended on the kind of
support. s~-BLM formed on PPY.layers were characterized by about 2 time higher
breakdown voltage than that formed on metal support.
Key words: lipid bilayers, polypyrrole, metal support, ammonia, conductance, electrostriction
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Abbreviations and Terminology

area of the membrane

alternating current

bilayer lipid rﬁembrane
supported bilayer lipid membrane

electrical capacitance

specific electrical capacitance

crude ox brain fraction
thickness of the hydrophobic pait of the membrane
direct current ’

amplitude of ac voltage
Young modulus of elasticity

frequency

flow injection method

amplitude of dc current -

amplitude of the background dc current
amplitude of the first harmonic of ac current
amplituded of the third harrﬁonic of ac current
electrostriction pressure

polypyrrole

standard deviation

amplitude of dc voltage

TIBOR HIANIK, et al.
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Introduction

Bilayer lipid membranes supported on the metal surface (s-BLM) have been
shown as.;egt‘remely stablp and useful for construction of biosensors, e.g. for glucose
detection lg},_g], xanthine [3] or as a suitable system for development of immunosensors
[4]. Applig@&ﬁon of sBLM is most powerful in the case, when red-ox reaction takes
place on the s-BLM electrode modified by enzyme (e.g. oxidation of glucose by
glucose oxidase), i.e. when detected output of reaction represents the current of
electrons. However, for detection of ions (e.g. in the case of using s-BLM system as
ion selective electrode, or enzymatic electrode with ion output) this system in
conﬁgﬁr:tion, when dc current represents the detected signal, is less sensitive. Ions, in
principle, can flow through the membranes, but their further movement is stopped at
bilayer-metal niterface. This gap can be get over using multitayer system consisting of
BLM, conducting polymer and metal. The system consisting of conducting polymer -
polypyrrole (PPY) - and metal has been already successfully used for construction of
biosensor (e. g‘.v for determination of concentration of ammonia [5]).

Polypyrrole is one of the most widely studied conducting polymers because of
its high electrical conduqtivity, ﬁseﬁll'stability in the conducting form, interesting
electrochemical properties, and its relative ease of synthesis on chemical way [6] as
well as by anodic electropolymerization method [7] on various conducting substrates
from either non-aqueous [8] or aqueous [9] solution containing the monomer and a
supporting electrolyte. The PPY properties such as electroactivity, morphology and
conductivity are influenced by electropolymerization conditions: e.g. the electrolyte
solution (anion species.[10] and solvent [11]), temperatufe [12], current density [13],
or potential [9]. Polymerization occurs mainly by a-substitution [14] and the resulting
PPY is a linear chain of pyrrole molecules jointed by 5,2 linkages, however, it was also
proposed that, at least in certain polymerization conditions, PPY with a macrocyclic

(e.g. fullerene-like [15]) structure is formed.
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Conducting PPY with cation radical sites (polarons [16], bipolarons [17] or
mixed contribution of both [18]) can be cha:géd and discharged reversibly with
incorporation and expulsion of small anions maintaining electroneutrality - [19].
However, when large immobile anions are incorporated during electropolymerization,
electroneutrality duﬁﬁg this so called "redox switching" is preserved by movement of
eleétrolyte cations. Depending on the nature of dopant PPY can exhibit different ion~
exchange properties {20]. It is also known that electroactivity of PPY is lost upon
irreversible oxidation at extreme potentials [21]. Overoxidized PPY is
electrochemically non-conductive but ionically conductive and jon—exchange
properties are retained.

- The interaction of PPY with ammonia gives analytical signal due to change of
conductance, capacitance or admittance [22], resistance [23], potential [24] of current
[5,25] proportional to ammonia concentration change and therefore PPY can be used
in biosensors for detection of ammonia produced in enzymatic reaction. The
mechanism of this reaction is not fully known, however, it was broadly discussed [26].

In sp@te of usefulness of the sensors containing PPY, even for development of
biosensors with PPY with immobilized molecules of enzyme, in certain cases the
presence of lipid bilayer could be obligatory. This is ‘mainly due to possibility of
effective immobilization of enzyme on bilayer surface as well as to pfovide the optimal
condition of enzymatic activity. For example the enzyme electrode containing s-BLM
with immobilized glucose oxidase has been more close to native system in respect to its
activity then that immobilized on glassy carbon surface and containing ferrocene
derivatives [27]. The coexistence of the stable free standing lipid bilayer containing
lecithin and polypyrrole (PPY) has been reported by Kotowski and Tien [28]. They
showed that free standing BLM containing PPY are ﬁlore stable than-those without
PPY, however the presence of PPY did not influence their resistance.

In this paper we report the study of new membrane system containing lipid
bilayer, PPY layer and metal surface of the tip of freshly cut Teﬂén coated stainless

steel wire. We compared the conductivity and electrostriction of several systems and
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have shown that lipid bilayer can be formed on PPY layer polymerized on metal
surface as well as that system provides sufficient sensitivity for detection of ammonia in
configuration of measurement dc current. In contrast to PPY supported membranes, s-

BLM formed on metal surface had no sensitivity to ammonia.
Materials and Methods
2.1. Preparation of BLM on metal support and reagents

Supported bilayer lipid membranes (s-BLM) were formed on the freshly cut tip
of Teflon coated stainless steel wire of diameter 0.33 mm (Leico Industries, Inc. USA).
The preparation procedure for s-BLM consisted of two steps [29]. First, one end of a
Teflon-coated stainless steel wire was immersed into the lipid solution for a few
minutes and then, while still immersed, the tip waé cut off. In order to achieve a nice
clean cut with the reproducible results, a small guillotine was developed for the cutting
procedure. Second, the fresh tip of the wire, having become coated with lipid solution
was placed in a 50 mM borate buffer (pH 9.4). Upon immersion of the lipid coated
wire in the aqueous solution, the lipid film spontaneously thins, forming a self-
assembled lipid bilayer. The existence of lipid bilayer of s-BLM was really proved by
Tien and Salamon [29] by means of electrical capacitance measurement of this layer.
Such s-BLM are adsorbed onto the metal substrate, have a surrounding Plateau -
Gibbs border (torus), and expose polar groups of the lipid molecules to the aqueous
phase. The procedure of formation BLM on polypyrrol layer was similar. First the wire
was placed into the electrolyte 0.1 M NaCl containing 0.1 M pyrrole (Sigma). Then, in
order to form polypyrrole layer the dc voltage U = +0.8 V has been applied to the wire
through saturated célomel electrode (SCE) served as reference (positive terminal was
on the wire). After 3 min of the application of the voltage the thin PPY layer has been
formed due to the polymerization reaction. The tip of the wire with PPY layer has

been then put into the chloroform and after dried on the air it has been put into the
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lipid solution for a short time (1 min) and subsequently into the electrolyte. The self
assembled process of bilayer lipid membrane formation then took place ana.ibgically as
in the case of metal surface. s-BLM were formed from crude ox brain fraction (COX),
prepared according to Folch et al. [30]. Lipid solution contained n-decane:butanoi

(8:1, v/v) in concentration of 20 mg lipids per 1 ml n-decane. -
2.2. DC current measurements

" DC current through s-BLM has been measured by simple electrometrical
amplifier with high input resistance, based on hybrid integrated circuit WSH 223
(Tesla) [31,32]. Positive terminal was applied to the mini electrode, negative terminal

of the potential was applied to the solution via reference SCE.

2.3. Measurements of elasticity modulus E ; and membrane capacitance C

The macroscopic parameters of s-BLM supported on metal and-or PPY
surface have been checked by simultaneous measurement of two parameters: the
Young modulus of elasticity in the direction perpendicular to the membrane surface (E
1) and membrane capacitance (C) [33-35]. To measure the values of E;, and C
according to the above methods, an ac voltage E=Egsin2nft with an amplitude of E,
and frequency f is applied to the lipid bilayer. The membrane is compressed due to
electrostriction, and this is reflected in its thickﬁess. According to Hianik and
Passechnik [33], this results in the generation of a component of the membrane current
with frequency 3f and amplitude I, in addition to the first harmonic (with frequency f
and amphitude I). I; and I3 can be used to calculate the electrical capacitance C of a
membrane and the modulus of elasticity in the direction normél to the membrane

surface, E ;=-p/(Ad/d), where Ad/d is the relative change in membrane thickness and p

is the pressure induced by the electrostriction voltage (p=C.E2/2d). C=C/A is the
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specific BLM capacitance per unit area and A is the membrane area. In terms of the
measured quantities

C=l,/2nfE, e

E =3CE,/4d1; )
This means that to obtain the parameters E, and C it is sufficient to measure the
amplitudes I; and I;. The values of the above parameters can be obtained using
standard electronic equipment including resonance amplifiers [33]. In the present
work, an alternating voltage with amplitude Ey=40 mV and frequency f=1kHz was
applied to the membranes. For calculations the E | of s-BLM we used C=4x10-3 F/m?
and d = 4.6 nm (average values of C; and d according to [29]). C; and d represent
values for "final state" of s-BLM. ‘

Measurements were carried out under the control of an IBM PC/AT 286

computer. All experiments were done at  room temperature (T=200 C).
3. Results and Discussion
3.1. Study of s-BLM conductance

In the first sets of experiments we have studied the conductance of s-BLM
formed on metal and/or PPY substrate as well as conductance of PPY layer on metal
support (without bilayer) in dependence on concentration of ammonia. We applied to
the minisensor the potential of +0.3 V (vs. SCE). This potential has been shown as the
optimal for the anodic polasization of the working platinum electrode with PPY layer
[5]. Fig. 1 shows the dependence of the changes of dc current I-I, (I, is the current at
zero concentration of ammonia) on the concentration of ammonia for five s-BLM
formed on metal support. We can see that changes of dc current for both membranes
are similar and very low sensitive to the concentration of ammonia (the maximal
changes were about +50 pA). In contrast to s-BLM on metal support, dc current for s-

BLM formed on PPY layer adjacent to the metal surface increased following addition
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of ammonia into the electrolyte (Fig. 2). For comparison at the Fig. 3 is also shown the
plot of the changes of dc current (I-I;) in dependence on the concentration of
ammonia for polypyrrole layer on metal support for three independently prepared
wires with PPY layers. We can see that with increasing concentration of ammonia the
changes of dc current incfeased, however from ¢=0.1 mM ammonia saturation takes
place. For two electrodes with PPY layers we even observed the decrease of the
current at concentrations above 0.2 mM. It is interesting to compare the results
presented on Fig. 3 with those obtained in the paper [5]. Using the flow injection
method (FI) the authors showed that the ammonium sensor consisting PPY layer
formed on platinum electrode with diameter ranging from 1.5 to 3.5 mm revealed
lineaf response up to 0.1 mM concentration of ammonia and the saturation takes place
at higher concentrations. In this respect, the results- presented in Fig. 3 are similar to
that presented in [5]. More pronounced saturation effect and decrease of the current
observed for PPY layers on stainless steel wire can be attributed to irreversible changes
in PPY layers due to reaction of ammonia with PPY. Irreversibility of reaction is less
expressed in FI experiments, when PPY is exposed to ammonia only-for short time
(approximately 2 min). The presence of s-BLM on PPY layer preserves the
minielectrode from the pronounced saturation. Phospholipid bilayer can in this case
play the role of the specific filter. The molecules of ammonia are electrically neutral
and can penetrate across the membrane to the PPY. The concentration of NHj at the
s-BLM/PPY interface is less but comparable with that in the electrolyte. This is proved
by‘ similar current response of the PPY and s-BLM/PPY systems following addition of

ammonia. Principal effect o6f s-BLM consists in the barrier of the membrane against
penetration to the PPY layer the charged ions, i.e. OH- and Cl'. Especially chloride has “
been shown as ion influencing the conductance of PPY layer (see [5]). For PPY layers
adjacent to platinum electrode, several possible reactions were proposed for anodic :
process (Fig. 4, scheme 1,2 [5]). In our case the scheme 1 is more appropriate for
explanation of increasing anodic current with increasing concentration of ammonia.

This modified scheme is presented as scheme 3 on Fig.4. We can assume that due to
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none or negligible concentration of OH- in the s-BLM/PPY interface the anodic
reaction consists in binding of NH; with PPY and in production of two electrons and
two protons per one molecule of ammonia. Electrons are moving toward anode, while

protons are moving to the electrolyte through the structural defects in the membrane.
3.2. Study of membrane electrostriction

In order to check how macroscopic parameters of supported membranes

depend on the kind of support we have measured the elasticity modulus in direction

perpendicular to the membrane place E, and membrane electrical capacitance C.

Fig. 5 (a) shows the typical example of kinetic of E, (curve 1) and C (curve 2)
following application to s-BLM an ac voltage with small amplitude (E;=40 mV). We
can see that both values reached the steady state after ~ 30-50 min. The values of E|
for these membranes ‘were (2.38+1.32)x106 Pa (=5, £SD) and C=(109481) pF (n=5,
+SD). The membrane capacitance was in average about 3.5 time less than the
geometrical capacitance calculated from diameter of wire and using value of specific
" capacitance C;~4x10-3 F/m2. This evidences about considerable Plateau-Gibbs border
and a number of inhomogeneiiies in these membranes filled with hydrocarbon solvent
[35). Similar kinetics and values of E, were obtained also for s-BLM formed from
crude ox brain fraction on PPY layers adjacent to —metal support (Fig 5b). These s-
BLM were, however, formed faster and the steady state values of E, and C have been
reached after ~ 15 min. The values of E, for these membranes were (2.66+2.9)x10¢ Pa
(n=5, +SD), however the average capacitance reached considerably higher values
C=(650+290) pF (n=5, £SD). This evidences, that s-BLM formed on PPY layers are
more homogeneous and are characterized by lower Plateau-Gibbs area.

A complicated dependence of electromechanical parameters of s-BLM on
externally applied dc voltage has been found in previous studies [34,35]. This

phenomenon holds also for s-BLM formed on metal support studied in this work. Fig.
6 a,b shows the dependence of E | (a) and C (b) on de voltage applied to the s-BLM
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formed in 50 mM boréte buffer (pH 9.4) on metal support with rate 500 mV/min in the
case of cyclic application of the voltage from 0 to 500.mV and 500 to 0 mV (the
direction of voltage is shown by arrows). We can see that while membrane capacitance
changes monotonously, the elasticity modulus is represented by curves with maximum
around 220 mV. The nature of dependence of E, and C on dc voltage as well as
hysteresis of these parameters has been discussed in detail earlier [34]. We have shown
that shape of the dependence of these parameters on dc voltage can be connected with
solvent redistribution in rather inh&mogeneous s-BLM. In such a membrane solvent
plays certain structuralized role in contrast to the situation in free standing BLM.

Moving the solvent out of this region in s-BLM leads to a decrease of the membrane

ordering and thus to a decrease of E |, whereas in BLM E, is increased. Capacitance
has minimum just in the region of the maximal value of E | (see [34]).

s-BLM formed on PPY layer adjacent to metal support were characterized by
less expressed extreme for C and E, (Fig. 7 ab). Moreover the decrease of

capacitance with voltage correspond to decrease of E  similarly like in planar free

standing BLM. This phenomenon can be due to smoother surface of PPY adjacent to
metal in comparison with metal surface [36] (see schematic representation of the s-
BLM structure at Figs. 6 and 7) and as a consequence the electrostriction properties of
s-BLM formed on PPY layers become closer to planar free standing BLM. Smoother
surface of s-BLM formed on PPY layer can also explain better stability of these
membranes upon breakdown by dc voltage. While aniplitude of breakdown voltage for
s-BLM on metal support was U = (1077+178) mV (n=3, +SD) for s-BLM formed on
PPY layer this value was higher than 2 V.

Conclusion
s-BLM formed on PPY layers adjacent to metal support represent stable system

allowing detection of ammonia with detection limit lower than 50 pM. In contrast to

electrodes with PPY layers but without lipid bilayer, the new developed system
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Fig. 6. Dependence of elasticity modulus E1 (a) and membrane capacitance C (b) on magnitude
of dc voltage cyclically applied on s-BLM formed on metal support. Scan rate 500 mV/min,

direction of voltage is shown by arrows. Electrolyte side was positive. A schematic representation
of the structure of bilayer.
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Fig. 7. Dependence of elasticity modulus E1 (a) and membrane capacitance C (b) on magnitude
of dc voltage cyclically applied on s-BLM formed on PPY layer adjacent to metal support. Scan

rate 500 mV/min, direciion of voltage is showed by arrows. Electrolyte side was positive. A
schematic representation of the structure of bilayer.
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HEPIAHYH

ATQI'IMOTHTA KAI ELECTROSTRICTION AIIIAOZITIBAAAX
AIOIAION EOT ATQTIMOY HOAYMEPOYZ KAI ENI METAAAIKHE
EHI®PANEIAZ

MeletiiOnre n ayoywwdtnto zou 1 electrostriction urootnorynévng pepbod-
vng durhoortifadag Mmidimv (S-BLM) ot auvdgmon pe To £idog tou oteeot v-
TooTNElYPoTos ROl TG TUYREVTE®ONS TS appwvios. H atEnon e cuyxévipn-
ong Ts appmviog elye wg amotéheopa v avEnon e poYig Tov petpotog de dua.
uéoov me oufadoag s nolumueeding (PPY) eni me uetalMaic emupdvetog ot
™G eMXOAUREVNG pe SuThooTBada Mmtdiny and axatéyaoto xAdopo. and puo-
Ad Bodiot (COB). Aev mapamiifnxe enidoaon el e aywywdmrag dec yia my
S-BLM mov oynpotiodnxe exi petadxoy vroomelyporog and avoEeidwro yd-
MBa. H electrostriction xow 1 nhextoun ywonuxdmro me ueupodvng S-BLM e-
Eaprdrol amé to £(80¢ Tov VLOOTNEIYHATOS £ TOV OTTOlOY £XEL CYNUATIONE ) S-
BLM. H S-BLM nov oynuotiodnxe ext otfpddag PPY yapantyoelobnre and yo-
UNAGTEEN OUNUTLECTOTIHTA XOL PLXQOTEQT EXPQUOUEVY eEAQTNON TWV TAQONE-
TV TG electrostriction xatd tv eaguoyn eEwteQuxrig tdong de. Aiédeily 61l
1 S-BLM eni otféd0g PPY eivon meguoodtego hefo now ¢ amotéEAECRO TEQLO-
0GTEQO OUOLOYEVIHG at’ OTL AUTEG TTOU OyNuatiCovtol el peTodMxdv vrooTnoLy-
ndrwv. H otafepdtra te pepfodvng wou yapoxtnoileral amé tn dtoxoms g
tdong eniong eEaptdton and to £idog Tov vroometiypuatoc. H S-BLM mov oy1-
uaticOnxe exnt onfadog PPY yapoxtmeiotnre omd 2 pogéc mepimov vymidteon
tdom duaromtic oe alyxELoN He vtV £l uetalMros vTooTnEiyRoTOC.
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SUMMARY

The release of aroma volatiles from aqueous solutions and their binding
to biopolymers contained therein was studied. The methods were traditional
headspace analysis using Tenax trapping followed by GC-MS analysis and an
Atmospheric Pressure Chemical Ionisation technique (APCI) that allows a novel
approach to headspace analysis.

The biopolymers studied were the polysaccharides starch, pullulan and
dextran along with two proteins, bovine serum albumin (BSA) and casein.

In the case of polysaccharides there was no evidence of any positive
binding for any of the volatiles tested, while sa1t1ng out effects have been
manifested with some of the volatiles.

Of the proteins, BSA showed a significant binding effect to diacetyl and
benzaldehyde. On the other hand casein bound positively to dimethylpyrazine
and to benzaldehyde.

Key Words: Aroma, Volatiles, Binding, Proteins, Polysaccharides
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INTRODUCTION

Aroma compounds are very significant in the food industry particu]ér]y
when they bind to biopolymers important in human nutrition. Foods with added
flavour have been produced and consumed for thousands of years and their use
has been in constant increase in recent decades.

Main reasons for such a trend is the increase in use of processed foods which
demand flavour, the introduction of new raw materials and the production of
food substitutes on the market.

Binding of volatile aroma compounds to proteins and polysaccharides is
probably achieved with the aid of hydrogen bonds.

The binding of aroma compounds by biopolymers may involve one or more
binding sites of those occur{ng in the polymer.

The sorption of aroma volatiles on the biopolymer is based on the law of mass
action (one binding site)ﬁ

[BA]
Ks ------- = [BA] = KC; [B]

C,[B]

Where K= a single binding constant

Cf= concentration of free aroma compound

[B] = " of biopolymer

[BA] = " of aroma - biopolymer complex
The average number of aroma molecules bound to a biopolymer is given by the
specific binding capacity (r).

[BA] K C,[B] - KC;

([B]+[BA]) ([B]+K[BIC,) 1 +KC,
When several binding sites (n) are involved equal in binding capacity and
independent of each other

then r = ----------- = nk = K’ overall binding constant
1+KC,

The binding regions may be located in the inner space of the
macromolecule as in the case of starch which can trap the volatiles inside its
helical structure after gelatinization. There can also be binding regions
Tocated in the outer surface of the helix. However within the helix the
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trapped aroma compound can not fulfill an active role as an aroma constituent.

In proteins there is a large number of binding groups (or sites) involved
in aroma binding. The greater binding affinity indicated by higher binding
constants (K’) with aldehydes 1ike butanal or benzaldehyde implies reactions
with free amino or SH-groups., while compounds such as di-methylpyrazine and
butyric acid are practiéa]]y unable to bind®.

MATERIALS AND METHODS

The release of five volatile compounds from agueous solution containing
biopolymers was studied. The volatiles were:
1) Diacetyl
2) Pentanol
3) Hexanal
4) 2,5 - Dimethyl Pyrazine
5) Benzaldehyde

The biopolymers studied were three polysacharides, namely: potato starch,
pullulan, and dextran (avg. MW 250.000), along with two proteins, namely:
bovine serum albumin (BSA) and casein.

The methods used were traditional headspace analysis using Tenax trapping
followed by GC-MS and a new on line MS technique namely: Atmospheric Presure
Chemical Ionization, (APCI) that allows a novel approach to headspace
ana]ysissA.

Tenax trapping is a method which effectively separates the volatile
compounds of interest from air and, to a great extent, from water. The
volatiles can subsequently be desorbed and chromatographed, thereby allowing
the identification and quantification of compounds present. APCI is a
technique where compounds can be ionised in air containing water vapour at
atmospheric pressure. Ions are subsequently collected into the high vacuum
region of the analyser which allows easier interfacing. This technique is
designed for analysis of aqueous samples. It adds a proton (in positive
ionisation mode) to the compound of interest and does not normally induce
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fragmentation *%67:%,

ANALYTICAL PROCEDURE

The solution of volatiles was prepared by adding 750u1 of an aqueous
solution (containing 150 ul of dimethyl pyrazine, 10pl hexanal, 90 pl
diacetyl, 130 pl pentanol and 20p1 benzaldehyde per 100 ml H,0) to 100 ml of
water in a 1 1 fTask. The amounts of the volatiles were chosen so that the
concentration of the compounds in the headspace would be roughly equal based
on their partition coefficients.

The volatiles were allowed to equilibrate for 5 min before samples were
taken.

In both methods of analyses, Tenax trapping and APCI, the headspace of
aqueous solutions (control) was compared to that of the solution containing
the biopolymers. In the case of Tenax trapping starch was the only biopolymer.
A. Tenax Trapping

‘ Fifty ml of head space (HS) were collected each time into a tenax trap
using a vacuum pump. Compounds were desorbed from traps and cryofocused on
column (N, cold trap). GC analysis was performed using a temperature programme
with initial temperature 30°C and then 8°C per min ramp up to 150°C. The
column, BP-1, was 25m x 0.22 mm I.D. ) )

B. APCI

After equilibration of the volatiles the head space was sampled into the
MS (flow rate 25 ml/min). The ions monitored corresponded to the molecular
ion plus a proton (MH"), except for pentanol which lost water during
ionisation (MH'-H,0 monitored). :

The signal produced by the volatiles in the headspace was constant,
indicating that the dilution of the headspace as a result of continuous sample
removal was insufficient to cause a significant disruption of the air/water
equilibrium. -

Blanks of solutions of each of the biopolymers were run to confirm that
these were not associated with ions of a similar mass to the jons of interest.

RESULTS AND DISCUSSION

Table I and Figures 1 and 2 show average values and standard error from
three replicates of volatile compounds released in the headspace of
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water and 1% (w/v) aqueoussolutions of starch measured by Tenax trapping. The
results are also expressed as normalized values relative to pentanol.
TABLE I: Comparison of the peak areas of volatiles present in the headspace
of water and 1% (w/v) aqueous solution of starch. (Tenax trapping).

Compound water ' Starch % Binding
Av.area Av.area

Diacetyl 241487 (44+3) 241+72 (49+12) 0.00 (-9.88)

Pentanol 537+167  (100+0) 495+210 (100+0) 7.79 (0.00)

Hexanal 503+211  (91+15) 412+192 (82+9) 18.09 (9.00)

2,4 Dimethyl

pyrazine 8274200  (158+20) 1004+498 (206+72) -21.47 (-30.50)

Benzaldexyde 1096+294 (212+59) 1077+407 (226+50) 1.75 (-6.50)

Numbers in brackets are normalised relatively to pentanol

Table II and Figures 3 & 4 show the average values and standard error from
three replicates of volatiles released (peak heights) in the headspace of
solutions of polysaccharides by the APCI method.

TABLE II: Mean values of volatile peak heights in the headspace of solutions
of polysaccharides. (APCI method). .
Compound - Control Starch Dextram Pullulan

2,4 Dimethyl pyrazine 14.4+1.1° 15.440.7 15.5+1.8 17.5+0.1°

Benzaldehyde  60.8+1.9 64.2+0.4 65.9+7.0 66.5+2.8
HexanaT 43.7+0.5° 48.3+1.6°  43.7+43.7 44.2+4.1
Diacetyl 16.8+1.2 18.5+0.5 19.3+1.6 17.440.7
Pentanol © 63.942.5 62.6+1.3  55.7+7.4 66.9+3.5

Means bearing the same superscripts are significantly different (p<0.05)
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There was a significant salting out effect (negative binding) in the case
of pullulan with 2,4 dimethylpyrazine and in the case of starch for hexanal
Interestingly enough this latter effect was not verified with tenax trapping
where there were no real differences detected in starch for binding with any
of the volatiles tested probably due to the great variability in the results.
It should be kept in mind that starch binds the volatiles only after
gelatinization by trapping them in its helical structure (Belitz and Grosch,
1985) .

Table III and Figures 5 & 6 show the average and standard error from three
replicate runs of volatiles released (peak heights) 1in the headspace of
protein solutions by the APCI method.

TABLE III: Mean values of volatile peak heights in the headspace of protein

solutions.

Compound Control BSA Casein
2,4 Dimethyl pyrazine 13.3+1.0° 12.441.1  6.5+42.5°
Benzaldehyde 57.6+1.1° 34.3+3.1° 48.6+5.9"
Hexanal 40.8+1.9 0.0+0.0 40.4+3.9
Diacetyl 15.3+0.6° 9.14+0.7° 13.1+1.8
Pentanol 67.0+14.6 54.8+12.8 49.1+5.6

Means bearing the same supercripts are significantely different

a: p<0.01
b: p<0.01 (for BSA) p<0.05 (for casein)
c: p<0.001

The BSA solution was the only solution to produce a significant
contaminating ion. The ion produced (m/z 100.8) made it impossible to observe
the interaction of hexanal with BSA. The presence of this ion may have been
due to hexanal itself since BSA preparation is often associated with lipid,
and it might have contained hexanal in the initial state.

There was a significant binding effect of diacetyl (p<0.001) and
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benzaldehyde (p<0.01) to BSA and of 2.4 dimethyl pyrazine (p<0.01) and
benzaldehyde (p<0.05) to casein:

CONCLUSIONS

There was no evidence for any positive binding of volatives to
polysaccharides in solution as compared to blanks in agueous solutions with
all the volatiles tested.

Proteins appear to have stronger affinities for aroma volatiles compared
to polysaccharides probably due to more binding sites and hydrophobic
interactions which result in aroma binding.
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MEPIAWPH ,
AESMEYEH TTTHTIKON APOMATIKON ENQZIEON XE BIOMOAYMEPH

ITnv €pydcia autn HeAETAONKE n SEoUEUON d1aQOPAV NMTNT iKWV OOUNPWY EVAOEWV
0€ UdATIKA O1aAUUATA MOU MEPIEI XAV UAKPOUOP IAKES EVWOELIC ONWG MOAUCAKXAPITEC
Kal MpWwTeTveg. Lav paprupag XpnoiponoiiiBnke vepd pe T1¢ iDIEC NTNTIKEG EVROEIQ
Kal 0 i0eC OUYKEVTPWOEIG. H aneAuBEpwon Toug oTnV UNEPKEiPevn agpila ¢aon Kai
KaTa OUVEMEIA n BEOUEUCRH TOUG AN UAKPOHOP IAKEG €VROEIG Eival HEYAAng onuaciag
yla Tig Biounxavieg Tpogipwv A0yw Tng d1dpKag augavopevng Taong yid npoobnkn
d1apopuv apwpaT IKGV 131w OTA PETANOINUEVA TPOPIHA.

01 pédOdOI nou ¥pnolyonoinénkav ATav n availuon pe Tn xphon nayidag Tenax
Kai OuveéXela avaluon He a€pia Xpwpatoypagia xail gaopatoypagia paing. Emiong
XPNOIHOMOINBNKE UIa VEQ TEXVIKN MOU OVOHACETAl XNKIKOG 10V IONOG aTHOOPAlPIKNAG
nmieong (APCI). O uaKpopoplaKéq EVROEIC Tou HeAeTnOnKav  nfATaAvV  TpEig
MoAucakXapiTeg, OnA. aHUAO, MNOUAAOUAAvVN, Kai deETpavn Kair OU0 TPWTETVEC,
aABoupivn opou Booerdwv (BSA) «kail kaleivn.

01 NTNTIKEC APWHATIKEG EVWOEIC Mou Xpnotpornoinénkav nrav: AlakeTuAio,
nevravahn, €Eavain, 2,5 d1-peBuk-nupalivn kat Bev{aldeiidn.

LTnv nepinTwon twv noAucakyapitav dev unnpEe BeT KR dEopeuon pe Kapia ano
TIG MNTNTIKEG APWUATIKEG OUCIEG MOU HEAETRONKAV €V® HE HEPIKEC AMO QUTEQ
naparnpnénkav gaivopeva apvntIkng dEopeuong (salting out effects). Auto ouveBn
oTnV AEPINTWON THE NouAAouAavng pe Tn 2,4 31 -peBul-nupadivn Kal GTnV NePinTwon
TOU apUAou He TNV €Zavain.
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¥11¢ npwretveg n BSA €8eiEe onpavrikn enidpaan dEGUEUANC e TO d1AKETUNIO
Kal Tnv Bev(ahdeldn. Eniong n kafervn déopeuce TV dt-uebuk-nupadivn xal tnv
Bevlahdeidn.

fevika 01 TMpWTETVEC €Upavifouv 1oXUpOTEPN TaAON OECUEUONG  APWUAT IKWY
MTNTIKWV €VROEWV OE CUYKPION HE TOUG TOAUCAKXAPiTEG, mIBavov AOyw TOU
peyaNiTEpoU oplepou TOV EVEPYWV KEVTPWV Kai UdpOeofwv aAANAeEn1dpagewv nou
gUBUvovTal yla Tnv OEOHEUON OOUNPWV EVWOEWY OTIC MNPWTETVEG.
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FIG.1. Comparison of peak heights of compaounds in the headspace of pure water

or 1% starch solutions (determined by Tenax trapping)
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FIG.3. Peak height for volatiles compounds in headspace of 0.5%
polysaccharide solutions.
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FIG.4. Percentage binding of volatiles by 0.5% polysaccharide solutions
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FI1G.5. Peak height for volatile compounds in headspace of 0.5% protein

solutions.
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Summary

Physical (mictonaire, ﬁbre iength, length uniformity, number and size of neps, short fibre
content)‘ and mechanical (tensile strength and elongation at break) properties of long staple cotton
before and after loose dyeing at two different liquor ratios were determined. Presence of auxiliary
(softening - lubricating) agents (Avivan, Levegal, Sapamin) in various concentrations during loose
dyeing resulted in a reduction of the fibres fatigue.

Key words: Cotton loose dyeing, Cotton fibres properties, dyeing auxiliaries

Introduction

Market demand for natural textile materials made of 100 % cotton with different colour effects
(melange or jaspe yarns) resulted in an increase of interest il; loose cotton dyeing.

Problems met by this dyeing process are mainly related with friction between fibres and other
surfaces and between fibres themselves, as well as with electrostatic charges developed during the
subsequent fibre processing L. ' '

In all stages of fibre processing it is of prime importance to achieve a low coefficient of friction

between the fibre and other surfaces in order to minimize breakage, abrasion damage of fibres and
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static charges built up. Thus the preservation of fibre length should be achieved, as it results in
better cotton spinnability, fibre strength, handle, lustre, hairiness and spinning productivity 2.

| Fibre to fibre friction is also important to be controlled in order to achieve a minimum level of
friction and cohesion to provide good fibre assemblies, lubricity and mobility, to facilitate opening
prior to blending and carding etc.

Hence, the friction breakage, abrasion and damage of cotton fibres could be minimized by
using softening / lubricating agents during the dyeing of loose cottor; fibres.

In addition effects produced by static charges in textile processing, caused by an inadequate
conductivity of the material, can interfere with production efficiency and performance of the final
product. Thus non - ionic and ionic antistatic agents, providing efficient moisture retention on the
surface of the material to ensure dissipation of static charge are used.

In this work the physicals(micronaire, fibre length and uniformity, number of neps) and
mechanical (tensile strength and % elongation of break) properties of unbleached long staple (Pima,
Israel) loose cotton fibres before and after dyeing with a reactive dye (Drimaren Red K4BL) in
absence and presence of non - ionic (Avivan SPL, Levegal KNS) and ionic (Sapamine OL) auxiliary
agents of softening / lubricating / antistatic action were determined. The choice Qf Israel cotton
fibres was made on the basis that this shows advantages, regarding the length distribution uniformity
of the fibres and the matun'ty of the cotton 3. _

Two bath liquor ratios 20: 1 and 7: 1 were used to compare their effect on the above ﬁbre
properties. The results obtained for the raw material (cotton fibres) and the dyed one in absence and
presence of the above agents are compared and discussed.

Also, the results of the use of the above ’surfactants are discussed in relation to the reduction of
the surface tension of the dyebaths, which favours a better wettability - softening of the fibres.
Experimental
Materials:

The following commercial materials were used. Drimaren Red K4BL (Sandoz) was used as
reactive dye. Avivan SPL (Ciba - Geigy), Sapamin OL (Ciba - Geigy) and Levegal KNS (Bayer)
were used as auxiliary (softening - lubricating - antistatic) agents.

Determination of physical and mechanical properties:

The samples were conditioned before the measurements at 20 + 2 °C and 65 £ 2 % relative
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humidity for 24 hr. The measurements of micronaire, length (mm 2°5 % and 50 % of fiber amount),
% length uniformity, tensile strength (g / tex) and % elongation at break were recorded by using a
High Volume Instrument HVI 900 (SPINLAB, USA) 4. Number of neps / g and mean size of neps
.(mm) were measured in an AFIS - N system (USTER, Switzerland). Short fibers content % (SFC )
was calculated according to the International Textile Manufacturers Federation and SPINLAB, by
the Preysch equation 3 ‘

SFC =39.4+ 1.3 (FB, 5 o) - 4.6 (FB5 o) 1)

where: FBj 5 o, and FBs o the Fibrograph length values for 2.5 % and 50 % of fibre amount,
respectively. Six - ten measurements for each sample and property were recorded and standard
deviation and variation coefﬁcie},nts % were calculated.
Dyeing:

Cotton treatments and dyeings were carried out in a Rotadyer apparatus (John Jeffreys Ltd,
Rochdale Banbury).

Loose cotton fibre samples (25 g or 30 g in a liquor ratio 20: 1 or 7: 1, respectively) were
manually packed, insverted‘ in closed rotating steel vessels (500 ml) of the dyeing apparatus and
pretreated with water at 90 °C for 1 hr. The water was drained and dyeing was carried out at 40°C,
liquor ratio 20: 1 (or 7: 1) and 2.5 % o.w.f. depth of dyeing in absence and presence of 2 - 5 %
o.w.f. of the auxiliary agent. After dyeing of 10 min were added: 40 % o.w.f. NaCl; after 40 min: 3
% o,\;v.f. NayCO5; after 30 min: 3 % o.w.f. NaOH and the dyeing was carried on for 60 min (totally
140 min). The dyed samples were rinsed, boiled in distilled water for 10 min to remove the
hydrolyzed dye and dried in an oven at 55 @ 2 °C for 3 hr.

Surﬂl& tension coefficients of the initial dye liquors:
They were recorded in a Tensiometer KSV - Sigma 70 using the Wilhelmy plate method at

40°C.

Results and Discussion

The mean values, standard deviation and variation coefficients of measurements of physical
(micronaire, fibre length, length uniformity, number of neps / g, size of neps and % short fibre
content) and mechanicﬁl properties (tensile strength and % elongatiom at break) for the raw cotton

samples and the dyed ones in absence and presence of the three auxiliary (softening — lubricating -
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antistatic) agents are given in Tables I and II for a liquor ratio 20: 1 and 7: 1 respectively.

The results in Table I indicate that loose dyeing of the cotton fibres under the described
conditions in absence of the softening agents resulted in a significant increase in number of neps / g
(almost three times higher value compared to the undyed one) _and short fibres content, due to the
friction caused during dyeing. However micronaire, fibre length and the mechanical properties (tensile
strength and % elongation at break) remained practically the same.

Presence of 3 % o.w.f. of Avivan SPL in the dyebath during the dyeing caused a significant
improvement (reduction) of the number of neps and short fibres content % in respect of the results of
dyeing in absence of it, whereas no characteristic effect was observed on the other properties.

Also the presence of 3 % o.w.f. of Sapamin OL improved the number and size of neps, but it
was less effective than Avivan SPL.

Reduce of the dyeing liquor from 20: 1 to 7: 1 significantly (~ 48 %) decreased the number of
neps / g, whereas no change was practically occured on the other properties (Table I, II). The
reduce in liquor ratio is also advantageous in the dyeing industry on account of economic and
environmental reasons (higher degree of exhaustion etc.) 6-7.

About the same results were observed for the dyeings in presence of 2.% o.w.f Avivan at a
liquor ratio 7: 1 and 3 % at a liquor ratio 20: 1.

An increase of Avivan and Levegal content from 2 to 5 % o.w.f. did not practically show a
further improvement of the number of neps, considering the high variation coefficients of the values
of this property, nor of the other quality characteristics (Table II). Thus, an optimum concentration
of the above auxiliaries seems to be 2 -~ 3 % o.w.f. Under the same consideration no difference
between the effect of Avivan SPL and ];evegal KNS auxiliaries on the properties studied was
indicated. However Levegal gave better dyeing levelness than Avivan, as that was visually
confirmed, but a lower dye exhaustion was respectively observed. .

A primary investigation was also attempted to correlate the caused improvement in the neps
values of the loose cotton dyed in presence of Avivan or Levegal, with the surface tension reduction
of the dyebaths and consequently with the fibre wettability — flexibility. So the surface tension of the
initial dye solution at 40°C and those containing in addition 2 or 5 % o.w.f. Avivan or Levegal was

measured and the results, as well as these for the corresponding aqueous solution of Avivan and
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Table : M.V, SD. and C.V. % of the physical and mechanical properties of long staple cotton
fibres before and after loose dyeing in absence and presence of various auxiliary agents;

liquor ratio 20: 1

Sample Statistical | Micro- | Fibre Fibre length | Neps Size of | Short Tensile | %
naire length | length | unifor- )
parameters . (No/g) | neps fibres | trength | elonga-
(mm, (mm, mity
25% 125%) (mm) content [1/8_ |tionat
% 8/tex) break -
Initial M.V. 3.9 344 16.64 1484 177 0.75 7.53 26.2 83
cotton SD 0.078 10.832 1.678 ) 1.753 {0.347
CV.% 2.0 24 35 18.1 365 6.7 42
Dyed MV. 3.8 341 16.20 475 513 0.82 9.21 272 8.5
cotton S.D. 10.086 |0.746 2316 |59.61 |0.01 0.897 |0.255
CV.% 22 22 49 11.61 [0.97 33 3.0
Dyedin |M.V. 4.0 345 16.60 |48.1 210 0.75 7.89 259 8.8
presence | S.D. 0.130 |0.587 2.403- 14096 {0.03 2262 (0.369
3%Avivan |C.V. % 32 1.7 ' 5.0 19.49 |3.10 8.7 42
Dyedin |M.V. 39 342 16.20 {473 295 0.77 934 27.0 8.5
presence | S.D. 0.06 0.672 1.768 [35.51 |0.02 v 1.753 |0.235
3%Sa- [C.V.% 1.5 2.0 37 12.03 |3.11 6.7 2.7
pamine

Levegal, are given in Table ITI.

The same surface tension values for the two aqueous salutions of different concentrations
(same as those in dyeing liquors) for each auxiliary, Avivan and Levegal, indicates that their used
concentrations were higher than their critical micelle concentrations. As it is shown in Table III and
its footnote, Avivan has a slightly higher surface activity than Levegal. The presence of both
decreased the surface tension of the dyebaths at about the same values to those of their aqueous

solutions of the same concentration (Table IIT).
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Table I[I: M.V, S.D. and C.V. % of the physical and mechanical properties of long staple cotton

fibres after loose dyeing in absence and presence of various auxiliary agents; liquor ratio.

7:1
I
Tensile %
Fibre

Sample - Statistical | Micronaire | length % length Neps | strength clongation

parameters (mm,2.5 %) | uniformity | (No/g) a/8« at break

} g/ tex)

Dye;l MV. 3.9 343 46.3 264 253 79
cotton S.D 0.075 0.845 1.130 1.186 0.117

CV.% 1.9 25 24 11.4 4.7 1.5
Dyed inpre- | M.V. 4.0 342 458 206 25.0 83
sence of S.D. 0.117 0.303 0.813 1.379 0.172
2%Avivan |CV.% |29 L1 1.8 204 |55 21
Dyedinpre- |M.V. 4.0 | 343 46.0 220 T 1247 | 82
sence of S.D. 0.049 0.452 1.783 1.454 0.080
5% Avivan |C.V. % 1.2 13 39 10.7 59 1.0
Dyed in pre- | M.V. 3.8 34.7 46.3 193 25.2 8.2
sence of S.D. . 10.049 0.441 2.583 1.507 0.075
2%Levegal |C.V. % 1.3 13 5.6 255 6.0 0.9
Dyedinpre- | M.V. 3.9 34.5 48.1 208 26.1 8.4
sence of $.D. 0.040 0.674 2213 1.179 0.136
5%Levegal |C.V. % 1.0 2.0 4.6 213 4.5 1.6

Although the improvement (reduction) of the neps values and short fibre content in the
presence of the examined auxiliaries might be attributed to the caused reduction of the surface

tension of the dyeing liquors, no consistent relationships between them were found.
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Table III: Surface tension values of the dyeing liquors in absence or presence of Avivan SPL

and Levegal KNS at various concentrations (ageing time 30 min)

Sample Concentration of Auxiliary Surface Tension
% o.w.f. dyn / cm, 40 °C

Dyeing liquor ® 0 393

“« «  plus Avivan ® 2(285g/1) . , 33.5

« o« « 5(7.13g/1t) 326

« < plus Levegal © 2(285g/1t) 339

© e 5(7.13g/1t) v 33.7

a: 7: 1 o.w.f,.containing 3.57 g / It dye, 57.14 g / It sodium chloride, 4.28 g / It sodium carbonate
and 4.28 g / 1t sodium hydroxide
b: Surface tension of aqueous solution of 2.85 or 7.13 g/ It Avivan

c: Surface tension of aqueous solution of 2:85 or 7.13 g/ It Levegal

Hepidqyy

MeArétn puolkdv kol punyovikdv Brotitov Popfokepdv vov Poppéveov amovcia kot
Topovoia POACKTIKOD / ALTavTIiKOD pécdu.

Sty epyocio Tposdiopiotnrav ot puoikég (micronaire, pfikog tng ivag, opdtbpop(pia
prxoug, aptBuds kot péyebog nep, TEPLEKTIKOTNTO O KOVTEG 1veg) kol unyavikéc 1316TnTeg
(avtoxn oTOV EPEAKVOUO KOL ETKUVGT GTO onpeio Bpavong) Tov Papfakiov TPy Kot
petd T Baer) o 800 dagopeTikég oyEoelg AovTpov. »
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SUMMARY

Highly stable supported bilayer membranes with incorporated
protein molecules are a good model for biosensors. The role of
the material of Athe support and support geometry are
investigafed. The changes of bilayer elasticity due to
substratum binding +to the macromolecule are studied. These
chahges -are manifested substantially only for definite
concentration of the protein molecules and are affected by the
dimensions of- the distorted structure zones which are generated

around protein molecules.

Key words: Biosensors, lipid membranes, molecular recognition,

chemoreception, membrane elasticity

1.INTRODUCTION
Bilayer 1lipid membrane is a widely spread model of
biological membranes [1]. The modification of these membranes,

so called supported bilayers formed from lipid solution onto
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some flat surface, are proposed to be used as biosensors to
measure the ultimately low concentrations of some substances
[2,3]. Some bilayer properties can be measured to reveal its
interaction with substances under investigation. It was shown
that the interaction of some substances with receptor proteins
incorporated into the membrane affects membrane elasticity [4].
This phenomenon can be used as the structural basis for a
definite type of biosensors [5,6]. The elastic properties of
supported bilayers were- shown to be a sensitive parameter to
determine structure changes of the membranes.

There are various types of supported bilayers. The most
stable membranes are formed onto smooth surface of the metal
[6], they are called sl-BLM. Beneath the properties of these
membranes will be copsidered.

In order 'tol u:sie s1l-BLM as the sensitive >biosensolrs the
membrane should have simultaneously (1) high stability and (2)
high sensitivity to the substratum. The first property can be
achieved by bilayer attachment to the support, high sensitivity
and selectivity are achieved by the incorporation of receptor
macromolecules into bilayer. So the first problem is the choice
of the adjacent metal support, thé second one is the analyses of
prossible changes of bilayer elasticity due to substratum

binding. These two problems are considered beneath.

2. METAL SUPPORTS

Metal support can substantially modify the properties of sl-

BLM. The support is as a rule a thin (100 nm) Au, Ag or Pt
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layer on dielectric polished surface, for example, polished
glass. The layer has crystal lattice distortions with the
density of about 108 cﬁz, they induce the formation of basic or
acid centers.

3-step mechanism of bilayer formation could have been as
follows.

1. Lipid moléculeé from bulk phase df lipid solution diffuse
to the metal, turn their polar or dipole heads to metal surface,
substitute solute molecules and interact electrostatically with
the ions of the crystal lattice. A physical adsorption takes
place.

2.‘Lipid molecules oriented on the metallsurface diffuse
laterally to the éctive centers and bind irreversibly with themn.
A chemosorption takes place.

3. Lipia molecules diffusing along the metal surface fofm at
first a monolayer and then a bilayer éround the chemically
adsorbed molecules. The structure of the monolayer adjacent to
metal surface is far from ideal one, the second monolayer is
more smooth. The bilayer is assemblea around each chemosorbed
molecule due to physical adsorption.

S1-BLM nucleates simultaneously in numerous active centers,
where the lipid molecules are adsorbed irreversibly, so domain
structure is generated. Every lipid domain -has its own dimension
of about 1+5 micrometers, the orientations of the crystal
structures in the adjascent domains do not correlated with each
other (Figure 1, a). The clusters of smaller dimensions can be

incorporated in the larger ones.
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It should be mentioned that the process of sl-BLM formation
is not limited by the diffusion process, because a lateral diff-
usion coefficient of the lipid molecules onto metal surface is
of about 5°A10_8 cmz'p~1, i.e. like that of conventionalvBLM.

Mosaic structure of s1-BLM- and the defects of the support
are likely to be responsible for the membrane conductivity and
stability. Due to modern theories both phenomena are determined
by the pore formation. A narrow pore is a rather stable one and
acts as a conductor. If its radius exceeds some limiting value
the permanent radius increase takes place and the bilayer
ruptures. Mean electric conductance of sl-BLM is of about 100
pCm‘cm_z, this value is two orders of magnitude as large as that
of conventional BLM. This phenomenon can be explained either by
increase of the number of pores or by the increase of fheir
diameter.

The potential sources of the pores in the bilayer are the
distortions of the bilayer structure either near the surface
defects of the metal lattice or at the borders of neighboring
dom ains (Figure 1, a). The generation of the pores is more
probable in the points, where three borders contact with each
other. Because every domain can be generated by the defect of
the support, one should expect the surface density of the
defects to be the factor determining sl1-BLM conductivity as
well. A theory of sl1-BLM stability should yet be elaboratéd. A
principal distinction of sl1-BLM from conventional one is as
follows: the)bilayer is chemically attached to support in soﬁe

points, being bound to the surface by forces of physical
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adsorption in another points. The stabilization of the large
pores by the metal defects is, probably, the reason of high
stability of sl1-BLM. S1-BLM stability is increased if the defect
density is increased. Thus the increase in bilayer conductance
as well as in the membrane stability which are observed
experimentally can be rationalized on the basis of the proposed
model.

Liquid-crystal properties of the bilayer seem té be also
determined, to the greaf extent, by the surface defects of metal
support. For example, the small value of the transversal modulus
is determined fof the support with the numerous defects (séy,
cut wire), the value of the modulus value increases for the
smooth support. The most dangerous situation for application of
s1-BLM as biosenéors is the case, when the bilayer distortions
are so numerous that the sensitivity of membrane structure to
the changes of the structure of the protein macromolecules
incofporated into the membrane would be lost.

Some basic physical properties of s1-BLM, unlike
conventional BIMs, seem to be determ%ned by the defects of the
support strucfure. Therefore the principle contradiction in
biosensor constructing takes place: the increase in sl-BLM
stability is connected with its fixation at the support defects,
at the same time maximum sensitivity of a biosensor can be
obtained if the membrane structure is uﬁdisturbed.

To satisfy these contradictory requirements it 1is necessary
to test various types of the support with the controlled density

of the surface defects. The appropriate choice of the metal and
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the shape of the metal support profile can enable one to change
the number of the surface defects. For binding of the bilayer
onto the metal it is worthwhile to use sputtering of>Pt. Step
- defects (1) generated onto support surface in this  case are
likely té be the ceﬁters of lipid chemosorption (Figure 1, b).
In order to obtain the surface with minimum of the defects the
Au sputtering should be used. 1In this case chemosorption will
take place only at the borders of the gold coating (Figure 1,
c). So the gold strips .should not be too wide in order to

maintain stable sl-BLM.
3. MECHANICAL COMPLIANCE OF SL-BLM

During biosensor membrane formation the initial mechanical
compliance of the pure bilayer is modified in the distortion
zones appearing around fhe defects by which the bilayer was
attached to the support as well as due tb the defects generated
by the incorporated receptor macromolecules. This modification
should depend upon ‘the concentration of the receptors
incorporated into the bilayer. After tpe reaction of binding of
the receptor with the substratum under investigation the
equilibrium will take place between concentrations of the free
receptor macromolecules and of the receptor - substratum
complexes in bilayer. This reaction is accompaniéed by the change
in the macromolecule structure as well as in structure of the
distortion gzones. Respectively, the cbmpliance of +the whole
bilayer will be changed.

To calculate the change in the membrane compliance some
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assumptions should be done:

1. we neglect the influence of the points of bilayer
attachment to the support on bilayer elasticity;

2; we consider the receptors macromolecules located in the
centers of the quadratic lattice;

3. we let every distortion zone to be of strictly definite
size and to be a square in the bilayer plane.

These assumptions will not change qualitatively £he
results obtained.

The reaction of binding of the substratum S with the

receptor can be described by the traditional kinetic scheme
N + S« N, (1)

where simbol N0 denotes free receptor macromolecules in the
membrane, their amount ﬁeing No’ simbol Ni denotes receptor -
substratum complexes in the membrane? their amount is Nl. The
condition N0 + N1 = N is valid, where N is the tqtal amount of

receptor macromolecules in the membrane. k., , k are rate
5

1 2

constants of the corresponding reactions, the wvalue K=k2/k1
being the equilibrium constant.
The change in concentration of  receptor -
substratum complex versus time is described by the equation
dN /dt=k c N -k,N (2)
where ¢ is the substratum concentration in the solution.
In equilibrium state the amounts of free receptor

macromolecules as well as the of the receptor - substratum



502 V.I. PASSECHNIK AND S.A. IVANOV

complex macromolecules are as follows

N, =N/(1+c/K), N =N(c/K)/(1+c/K) : (3)

Some types of structures coexist in the membrane
simultaneously: free bilayer and the distortions of wvarious
types. Assuming the. validity of the additive scheme, i.e.
absence of any additional interactions at the borders of
distortion zones , one can after [4] write a formula for
membrane compliance M(c) as a function of substratum
concentration ¢

M(c) = [M (S -) S (c)) + ) 8 (c)M 1/s (4)
i=0 i=0

where Mb is the compliance of the pure bilayer, symbol i denotes
the type of the distortion ( i=0, 1, 2, ...); S is the membrane
area, Si(c)iis the membrane area occupied by the distortions of
the i - th type; Mj is the compliance of these pieces of the
membrane. It is worthwhile to introduce the area s, = Si/Ni
generated by one receptor macromolecule in the. K i-th state, as
well as the bilayer area per oné macromolecule ¢-= S/N.

We consider the dgpendence of the membrane compliance on
Substratum concentration in the simplest case when two types of
distortions are located in the bilayer: for ‘i=0 one has the

distortion zones around free receptor macromolecules, for i=0

one has the distortion =zones around receptor - substratum
complexes.
The change in substratum concentration changes the

relationship between free macromolecules and those in the state

of receptor - substratum complex. One can formally derive from
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(4) that membrane compliance against values of No/N’ N1/N is as
follows
M o= ML = (8,/0) (NG/N) = (s1/0)(N/N)T + M (5,/0) (Ng/N) +
+ M (s, /0) (N /N) o (5)
Taking into consideration the condition (NO/N)+(N1/N)=1 one

can derive from (5)

M(c)=M [1-(s /0)(1-N /N)-(s /0) (N, /N)J+M (s /o) (1-N /N)+

+M (s,/0) (N /N). (8)

The term»in‘the square brackets is the relative area of the
pure bilayer in the membrane. It is evident that it should be
positive. So some limitations take place for the permissible
values of +the parameters so/o and S1/6' To derive - the
corresponding formulae the scheme of the bilayer subdivision
into square pieces is presented in Figures 2, a,b. The receptor
macrbmolecules (O) are located in the centers of the quadrats,
the areas Sor S, and ¢ are as follows so=az, sl=b2 and o=d°.
The plane of parameters so/o u 51/6 is presented in Figure 2, c.

If a small amount N of receptor macromolecules are located
in the membrane, the area ¢ =d2=S/N per a macromolecule shown by
the dotted lines is large, so the zones shown by solid lines
for free receptors and by double 1lines for receptor -
substratum complex do not overlap (scheme a), for definiteness
the condition so>s1 is taken in the Figure. If the value of N
is increased the zone size decreases and the zones overlap. In
Figure 2, b the overlap of free receptor zones is shown for

definiteness. The parameters plane can be separated into four
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regions (Figure 2, c¢) as follows
1. so/dsi and si/dsi. Separate distortion zones do not
intersect each other., In this case the formula (6) describes the

function M{(c) for all values of c.

2. so/ozi and ‘vqsl/d)+ V(so/O)SZ. The distortion zones of
free receptors intercept each other, however distortion 2zones
generated by receptor - substratum complex do not intercept. The
‘second limitation as it can be shown frpm (Figure 2, b) is the

sequence of the geometryAcondition b/2<d-a/2.

3. sl/dziand VYsl/0)+ V(SD/G)SZ. The distortion zones of
receptor - substratum complex intercept each other, however
distortion zones generated by free receptors do not intercept.
The second limitation as it can be shown from the scheme
analogous to that of (Figure 2, b} is the sequence of the

geometry condition a/2=<d-b/2.

4, V751/6)+ V(so/6)>2. The distortion =zones generated by
both the receptor - substratum complex as well as free
receptors intercept each other.

In the regions 2 and 3 the formula (6) for the calculation
of the membrane compliance  versus substratum qoncentration c
should be modified. In these regions the distortion zones only
of one type propaggte to the area which is controlled by the
neighboring receptor macromolecules. The distortion zone of the
second type concentrates around its own receptor macromolecule
and does not propagate into néarby located zones, so the
definitenessvtakes place what compliance should be attributed to

any piece of the membrane. At the same time in the region 4 some
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pieces of the membrane are influenced by thev neighboring
macromolecules, which are in different stateé and "try" to
~generate the distortion =zone of fheir own type. Special study
should be qonducted to determine which types of structure
distortions will be generated in this caée (some new type of
distortion can also take place). That isAwhy we were obliged to
confine the diécussion to the regions.Z and 3 where situation is
more clear;

Region 2. Pure bilayer is absent. As it is easy to show by
analogy with formula (6) the corresponding relationship- for
compliance in ﬁhis region Mz(c) is as follows

My(c)=M ¢+ (M -M_) (s, /0)(N,/N) o
Because sl/o<1 this formula is valid for all values of N1/N'

Region 3. The the corresponding relationship for compliance
in this region Mg(b) can be described by the formulae (6) and
(7) with additional conditions. The latter are the mathematical
conditions for the areas occupied by pure bilayer or by the
zones around incorporafed free receptors to be positive.

Jr&(c), if N /NS(1-s /0)/(s /o-5,/7)

M3(0)= (8)

le(c) , if s,/0% N /N2(1-s /0)/(s, /o~ /0)
M, if s, /os N /N

In Figures 3, a-b the dependencies of the compliance of the
whole membrane, i.e. the values M(c), Mz(c) and M3(C) for
corresponding regions, is shown (the numbers at the curves
correspond to the number of the region).

For the region 1 the compliance (curve 1) starts from the
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initial value (for =zero substratum concentration) which is as
follows

M(0) = M (1-5,/0 ) + M, s/0 ‘_ (9)
It is the weighted sum of the compliance Mb of unmodifiéd region
of the lipid bilayer and that of M0 of occupied one. With the
rise of substratum concentration the increase AM in membrane
compliance takes place with the subsequent saturation, half
increase being at the concentration c=K.

The compliance for the region 2 {(curve 2) starts.from the
value M=M0 and increases till saturation like the curve 1,
the values of the compliance obeying the condition M(c)<M1(c).

Thé initial value of the compliance for the region 3 (curve
3) is the same as for the curve 1, however the initial slope is
steeper. At the concéntration where the first conaition in
formula (9) for N1/N is fulfilled the'behaviér of the curve is
somewhat changed and it turns into curve Mz(c) (formula (7)).
For higher concentration where second condition takes place the
curve 3 goes £ojthe limit value M=M1, which is maintained for
the further increase in substratum concentration.

In Figure 3, b the same graphics are plotted but for another
row of compliancies M0<Mb<M1. One can see that the relative
change of the compliance is increased. According to the relation
between the values Mo’ Mb, M1 the sign ofithe compliance change
can be reversed (Figure 3, c, the row of values M0>Mb>M1). One
should mark the pronounced bend of the curve 3, which appeared
for the concentration where-the first limiting condition in (8)

takes place.
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4. DISCUSSION

The analyses conducted in our paper show the the support
material as well as the geometry of its separate pieces may play
the mgin role in optimal combination of bilayer stability and
the absence -of extra quantity of ©bilayer distortions.
Quantitative estimate of this phenomenon needs further
investigation.

Our model proposed in the second part of the paper for
calculation of membrane compliance versus substra£um
concentration is very simple. We assume that receptor molecules
are located in strictly definite order in 1lipid bilayer,
distortion zones have strictly definite dimensions and shape. We
also do not take into consideration the influence of distortion
zones which are generated near the points of chemical bilayer
attachment to the support and were described in the first part
of the paper. However the proposed model enables one to make
definite forecasts about the influence of some Dbiosensor
parameter; on its characteristics. As_it follows from ocur model
there is the optimum number of the receptor molecules in the
membranes. Since every receptor macromolecule generates the
distortion =zone around itself the 'increase in their quantity
should.increase the measured values of the compliance change
AM, Hoﬁever the increase in their amount over some critical
value when distortion zones begin to intercept may drive either
to decrease in the concentration range, where the biosensor is
sensitive (region 34in the scheme Figure 2, ¢ and curves 3 in

Figure 3), or to the exit to the region of parameters , where
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the dependence of pompliance on concentration can’t be predicted
now (region 4 Figure 2, c).

In the field of parameters where such predictions can be now
done the characteristic scale of the substratum concentration is
the equilibrium congtant K. In the region of parameters 1 and 2
the half of compliance change takes plaée at the value c=K.

The analysis of the formulae (6 — 8) shows that the sigh of
the compliance change depends on distortion zones compliance and
dimension. One can obtain the maximum range of the compliance
change if receptor macromolecules change the compliance of pure,
bilayer in one direction whereas the receptor = substratum
complex changes it in the opposite direction. Perhaps these
optimal properties of the biosensor bilayer could be obtained by

proportioning of the lipid composition.
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Figure 1. A scheme of the membrane domains onto the support.

a. A possible scheme of s-BLM bilayer domain structure. 1 - the
centers of chemosorption, 2 - domains, 3 - a domain incorporated
into another one, 4 - the border‘ of adjacent domains, 5 - pores:
b. Schematic representation of Pt support surface with the step-
like centers of iipid chemosorption; c¢. Schematic representation
of Au support surface with minimum of the defects on the Au
surface and the maximum of them at the borders of the gold
coating.

Figure 2. The 'scheme of bilayer subdivision to separate

pieces, the receptor macromolecules (0) are located in the

centers of the pieces. The borders of square pieces with

dimension d are shown with dotted line. Solid lines are the
borders of distortion zones generated by the macromolecules of

free receptors (their dimension is b), double lines show the

b -
X
o (o]
3 4
Fig. 2ab
porders of the =zones, generated by receptor - substratum

complex. a. A location of unoverlapping distortion zones

generated by two neighboring macromolecules 1 and 2; b. A

locdation of overlapping zones generated by four neighboring
macromolecules 1 - 4, The symbols X show the _pieces, which are
affected b}; all four macromolecules: The overlap of the zones is
shown only for the membrane pieces between the macromolecules.

c. The plane of parameters sn/d and sl/d (c).
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Fig. 3. The dependence of membrane compliance M(c), Ma(c), M3(c) for regions 1-3 respectively on relative
substratum concentration ¢/K for various parameters My, My, M;, the number of the curve corresponds to the
number of the region in Figure 2.c.

a,b,c. The influence of various relations between the compliances of the pure bilayer My, that of the bilayer
modified by free receptor molecules My, and that of bilayer modified by receptor-substratum complex M; on the
compliance of the whole membrane. The compliancies are expressed in arbitrary units. The following
parameters were used - region 1: so/o=0.5, s;/0=0.5; region 2: sy/0=1.5, $,/0=0.5; region 3: sp/0=0.5, s;/0=1.5.
The values of compliancies My, My, M, are shown by horizontal lines a. A relation between the compliancies is
My <My<My, for calculation we used: My,: My: M;=0.75:1. 75:3.6. b. A relation between the compliancies is
My<M, <My, for calculation we used: My: My: M;=0.4:0.75: 3.6. c. The sign inversion of membrane compliance
for relation between compliancies as follows Mg>M;,>M;. The ratio between the compliancies is My: My:
M;=3.6:1.75:0.75.
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IEPIAHYH

OI MHXANIZMOI ZXHMATIEMOY AIITAOZTIBAAAL EIII YIIOETHPITMATQN
KAI METABOAHX THX EAAXTIKOTHTAX THX MEMBPANHE BIOAIE@HTHPA
II0OY EYNOAEYOYN TO AEXMO TOY YHOXTPQMATOX

Ovvynirig otabBepdtntag peppodveg dumrhootifddag pe evowuotopévo péoLo Tpo-
TeTVNG arotehovv ®aAS TEdTUTo Yo Bloonatntijoes. MeleniOnrav o 6Aog Tou VALROY o
1) YEWUETOI0L TOV VIOOTNOIYUATOC ROBDCS ETIONG %aL OL PETAPBOLES TG ELOTTLRSTNTAS TN
durhootidadog, Adym tov deaUov TOV VTOCTOMUATOS UE TO PORQOUGOLO TTOV EEETACON ROV,
O peroforéc autég eppavitovial, OVoLOOTLRA, UGVO VL0 CUYREXQLUEVT) CUYHEVIQWOY TWY
noplwv tng mowteivyg xou enneedloval amd T Siaotdoels Twv Lovdy diatagayneévng
doprig wov mapdyovial Q! o MEELO TG TEWTELVNC.
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Abstract

Complexation of Nb and Ta in their 3+ oxidation states with ox-
alates in aqueous media is reported. Differences observed in: i) in the re-
dox behavior of the system (M(V)-oxalate) (M(IIT)-oxalate) M=Nb or Ta ,
i1) in the isolation mechanisms of the complexes of M(III) and iii) in vari-
ous properties of the isolated species, i.e. color, solubility, magnetic prop-
erties (magnetic moment, ESR spectra), IR and electronic spectra are at-
tributed to the differenced in coordination number and symmetry adopted
by each metal centre.

Introduction

The similarity observed in the properties of the compounds formed
by Niobium and Tantalum in their stable oxidation states is attributed to
the comparable ionic radii of these two elements.

During our work on the aqueous chemistry of the Niobium and
Tantalum in their oxidation states (III) and (IV), we observed significant
differences between the two elements, even when they are coupled with
the same complexing agents.

The aqueous chemistry of Niobium in its lower oxidation states has
experienced significant progress over the last 15 years. The presence of
oxo-trinuclear clusters of Niobium in aqueous solutions and in the solids
isolated therefrom had been anticipated following a much earlier discovery,
(12349 hamely that relatively stable triangular clusters of reduced Mo or W
are present in aqueous solutions and in the crystalline compounds isolated
therefrom.
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Originally it was presumed that stable Mo(IV) could not be present
in aqueous solutions; furthermore, it was presumed that even if this species
was formed as an intermediate product, it would be highly unstable, and
would undergo disproporation reaction: 2 Mo(IV) > Mo(III) + Mo(V).
Later, Ardon and Pernick® prepared a stable aqua ion of Molybdenum (IV)
in aqueous solution: [Mo,0, (H,0)s] **. The most striking property of the
1on is its remarkable stability to air oxidation. In acid concentration greater
than 1M, the concentration of Mo(IV) decreases very slowly upon expo-
sure to the atmosphere. The second unexpected property is the resistance
of the ion to disproportionation.

A solution of Mo(IV) prepared by the method of Ardon and Pernick
) was absorbed by a Dowex 50 WX2 cation-exchange column and was
eluted with 0.5M oxalic acid. CsCl was added to the eluate and upon slow
evaporation of this red-purple solution, red-purple crystals of
Cs2[M0304(C,04); (H,0)s] . 4 H,O . ¥4 H,C,0, (T) were formed, )

The formation of the trinuclear oxalato ion is irreversible and this
new species is stable indefinitely in aqueous solution without reverting to
the Ardon species. The compound (I) is the first example of a structurally
characterized complex containing Mo(IV) isolated from an aqueous solu-
tion of Mo(IV). It is also one of the most stable and easily prepared
Mo(IV) complexes known. X-ray crystal structures of (I), together with
studies using oxygen-18 labeled solvent water have confirmed that the
[Mo304]* core present in crystalline samples is retained in solution.

Note that early transition metals have a pronounced tendency to
form highly stable trinuclear clusters”. A. Bino ® discovered that a novel
niobium sulfate compound was in fact a bi-oxo-capped cluster, structurally
similar to the Mo and W compounds. This gave the first indication that
Group 5 metals may also form oxotrinuclear compounds in aqueous solu-
tion, with metal ions in their lower oxidation states.

When Nb,Clg(THT); (THT=tetrahydrothiophene) dissolved in THF
at 0 °C was treated with concentrated aqueous HCI (with O, rigorously
excluded), a green solution occurred which was then passed through a
cation exchange column, where a green band was formed. ¥ The green
cation is of the type [NbsO4(H;O)o]™ (IT), with low-valent niobjum.

Addition of K,C,04 to II affords crystals of the eight coordinate
complex Ky [Nb(C,04)s].. 3 H0. MV It is useful, to emphasize on the sta-
bilization of the monomer complex Nb(IV) from aqueous solution oxo-
trinuclear core(IT) with addition of oxalate ligand.
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A structurally similar green cation (II) with charge (+4) has been
detected in the solution formed by reducing NbCls in concentrated HCI,
using Cd as the reductant. (12)

Trinuclear tantalum clusters of the types Ta;X;; and Ta;X;7 (X =
have been isolated and identified from non-aqueous solutions; 1319 how-
ever, no analogous oxo-clusters have been reported in aqueous solutions.

Tetra-oxalate tantalate (III) has been prepared in aqueous solution,
and its diamagnetic pentatribenzylammonium salt has been isolated. '*

This work, which was done in the context of studying the elements
Niobium and Tantalum in aqueous solutions, *'>'® pinpoints the differ-
ences we established during the investigation and isolation of oxalato
complex derivatives of the metal ions Nb(III) and Ta(III).

Experimental section

All operations were carried out under argon atmosphere using stan-
dard inert atmosphere techniques .

Synthesis of K, Cd [Nb(C,04); (HC,04)] . 3 H,O(1a).

In a Viycor crucible, 1 g (3.76 mmol) of Nb,Os was fused with 10 g
of KHSO,. 4 g (32.25 mmol) of ammonium oxalate and 2 ml of concen-
trated H,SO4 were added to the melt ; water was added to the emulsion to
make 80 ml. The solution was degassed and then reduced with metallic
cadmium. A clear brown solution was formed, whose coloration became
brighter as the reduction proceeded (solution A). This solution was unsta-
ble and was instantly decolorized in the presence of O, w1th concomitant
oxidation of the metal ion to Nb(V).

When reduction in the reduced solution. A was sustained over a 24-
hour period, a voluminous precipitate of brown oxalato Nb(I1I) complex
was formed, which was filtered and washed with (degassed) water.

The brown solid was dried at 110 °C. It remained stable when ex-
posed to the atmosphere. The analysis gave the following results for

K; Cd [Nb(C,04); (HC,04)] . 3 H;O (1a)

Calc:  Nb: 13.4 Cd:1629 C:1391 H:1.044 K:113
Found:  Nb: 13.4 Cd:1645 C:1410 H:1.15  K:10.95)
IR V(KBr)em™ 1740-1660 Vys,m(CO2) 14501400 vun(CO3)
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Synthesis of K¢ Cd [Nbx(C,04)7] . 2 H,O(1b)

1 g (3.76 mmol) of Nb,Os was fused with 10 g of KHSO4. 4 g (31.7
mmol) of oxalic acid were added to the melt; water was added to the
(solution) to make 80 ml. The resulting solution was degassed and then re-
duced with metallic cadmium. A brown solution of reduced niobium was
formed, whose concentration increased with time (solution B). The colora-
tion of solution B was paler than that of solution A. After 24 hours, a pre-
cipitate consisting of a complex of reduced niobium was separated from
solution B and removed by filtration, washed with (degassed) water and
dried to 110 °C. This brown solid complex remained stable when exposed
to the atmosphere, unlike solution B, which was unstable. The analysis
gave the following results for: K¢ Cd [Nb,(C>204)7] . 2 HO (1b)

Calc: Nb: 16.18 Cd: 975 C:14.63 H: 0.34 K:20.43
Found: Nb: 16.11 Cd: 10.03 C: 1495 H:0.6 K:20.12
R v(KBr)cm‘1 1680-1580 V,5ym(CO2) 1450-1400 vy (CO2)

Preparation of [(Bz;NH)s Ta(C,04)4] . 4 H,O (Bz = Benzyl) (2)
Preparation of the complex penta-tribenzylammonium tetra-oxalato-
tantalate(III) was carried out as described in reference 15b. -

Analysis :
Niobium was determined quantitatively by precipitating with ammo-

nia. The precipitate was filtered washed with ether, ignited and weighed as
szOs. :

Oxalate were measured by decomposing the complex with ammo-
nia, acidifying and titration with 0,1 N KMnOj.

Potassium. determined by Flame photometry Perkin Elmer 146.

Elemental analysis for carbon and hydrogen was performed with a
Perkin Elmer 240 Analyzer

Cadmium were also determined by atomic absorption. Spectroscopy
Perkin Elmer‘ 305

Oxidation state

The oxidation state of Niobium was determined by titration the
complex with dilute permanganate. Since permanganate reacts with oxo-
late too, Niobium (III) is estimated by difference.



AQUEOUS CHEMISTRY OF NIOBIUM AND TANTALIUM 517

Physical measurements '

UV and visible spectra were obtained with Zeiss spectrophotometer
and Cary - 17. IR spectra with a Perkin Elmer 337. ESR spectra were re-
corded at 298K using a Varian E-4 spectrometer.

Results and Discussion

Although the methods used for the preparation of solutions of ox-
alato-Nb(V) and oxalato-Ta(V) species are similar, the metal : ligand ratio
is different in these two instances (Nb : oxalato = 1 : 10; Ta : oxalato =1 :
130); as a result, the initial solutions contain different species. The afore-
mentioned ratio is the minimum required to effect the reduction which
leads to the formation of complexes (1a), (1b), and (2).

The different tendencies for reduction exhibited by the systems
Nb(V)-Nb(III) and Ta(V)-Ta(IIl) are also confirmed, by use of various re-
ducing agents. In particular, oxalato-Nb(V) is reduced by Zn and Cd, while
oxalato-Ta(V) is only reduced by Zn, or by reductants of similar reducing
potential. The only reduction of oxalato-Nb(V) and oxalato-Ta(V) com-
plexes in aqueous solutions reported is a polarographic one. 17 The same
tendency is seen in the reduction of other systems of the type M(V)-X, in
which M = Nb or Ta; X = Cl, hydroxy-acids (acyclic and cyclic), alcohols,
or pyridine derivatives.

The isolation of the complexes of these elements is different. The
high concentration of oxalato-Nb(V) in the initial solution, the high degree
of reduction, as well as the presence of cadmium ions (serving as compen-
satory ions) promote the precipitation of (l1a) and (1b) from their aqueous
reduced solutions. The oxalato-Ta(IIl) complex is highly soluble in H,O
under experimental conditions and cannot possibly be isolated from its re-
duced solution by precipitation. Therefore, it is considered essential to
isolate the complex by extraction, using a bulky cation, i.e. that of triben-
zylamine.

The diversity in the structures of the isolated complexes results in
the emergence of different properties, i.e. color, solubility, magnetic and
electronic properties (magnetic moment, ESR spectra). Compounds (1a)
and (1b) are brown, while (2) is yellow-green. The presence of tribenzy-
lamine in (2) reduces its solubility in solvents, especially polar ones, i.e.
water, alcohols ; the complex is soluble in complexing solvents, i.e. acetyl
acetone, where novel complexes are formed.!"*® Complexes (1a) and (1b)
are soluble in polar solvents; however, their different solubilities are attrib-
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uted to their different structures. Compound (1b), which is a dimer, is less
soluble than (1a), which is a monomer.
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Fig. 1. ESR spectra
la. K;Cd [Nb(C204)3 (HC204)].3H20
1b. Kg Cd [Nby(C,04)7].2H,0

A notable difference is seen in magnetic properties. Complexes (1a) -
and (1b) are seven coordinate paramagnetic complexes and their ESR
spectra are shown in Fig.1.
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In the case of a seven coordinate complex three possible arrange-
ments are found in nature:

(1) Pentagonal bipyramid Dsy symmetry
(2) Monocapped trigonal prism C,v symmetry and
(3) Monocapped octahedro C;v symmetry.

Figure 2 shows “d’-orbital energy levers. The geometries that may be as-
sumed by seven coordinate molecules have been discussed !*'*?” con-
cluding that the energetics of the various polyhedra are very similar upon
consideration of ligand - ligand repulsions.

Dsp Csy - Cyw

X2-

).

7
I0) a L T
—_—a
b b
(xz)(yz) —a
b
b

Fig. 2 . “‘d’-orbital splitting diagram for seven coordination geometries
a.d.?, dg hybrids  b.d, d,; hybrids

Our results are in agreement with bibliographical data on seven-
coordinated complexes of a d* metal ion with either Ds, (pentagonal
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bipyramid) or C;, (monocapped octahedron) symmetry. The idea of a
monocapped triangular prism (C,,) is ruled out, given that complexes
formed by metal ions with d? electronic configuration are diamagnetic*'*?
(Fig.2). Information obtained from ESR spectra (Fig.1) is consistent with
a high symmetry (Dsy) for (1b) [g) = gi = 2.043]; a slight disturbance in
the symmetry of (1a).was observed [g; = 2.2; g; = 2.04], due to the pres-
ence of the monodentate hydrogen oxalate ion, i.e. (HC,04)". !¢

The complex formed by Ta(Ill) is diamagnetic and, of course, ex-
hibits no ESR spectrum. Its diamagnetic properties are attributed to the
fact that tantalum’s coordination number is eight; it is a well-known fact
that 8-coordinated complexes of metal ions with electronic configuration
d? are diamagnetic®*?*%>,

As far as electronic spectra are concerned (see Fig. 3), the pattern of
the oxalato-Ta(III) species spectrum is entirely different than that of ox-
alato-Nb(III), but identical to the spectra obtained from dodecahedral ox-
alato-Mo complexes, in which the metal ion’s electronic configuration is
also d2. ??") The absorptivity of the bands exhibited at 32790 cm™ and
26880 cm™, is 260 M'ecm™! 460 M'cm™, respectively; this supports the
notion of a non-centrosymmetric dodecahedral complex. The spectra re-
corded for both the solid compound and its solutions demonstrate that this
dodecahedral symmetry is retained in the solid compound.

Oxalato-Nb(III) exhibits peaks at 27780 cm™, 22700 cm™, and
20830 cm’, which is in agreement with bibliographic reports. ' These
bands are shifted in comparison to those observed in the electronic spec-
trum of the d*-seven-coordinated complex V(CN);*, whose symmetry is
Dsp. This shift is anticipated, due to the difference in the main quantum
numbers of the d orbitals®®). On the other hand the majority of complexes
of the form M(unidentate) (bidentate); have the Pentagonal Bipyramid ge-
ometry with the unidentate ligand in an axial position®.

The similarity seen in the spectra of compounds (1a) and (1b), com-
bined with the fact that for paramagnetic dimeric 7-coordinated complexes
only one type of symmetry (i.e. Ds;) yields similar IR spectra, as well as
with ESR spectra, lead us to the conclusion that the most probable sym-
metry for compounds (1a) and (1b) is Dsp.

In conclusion, it appears that compounds (1a) and (1b) are seven-
coordinated complexes with Ds;, symmetry, while compound (2) is eight-
coordinated, with D,y symmetry or lower, which accounts fully for the
differences observed.
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Fig. 3. Electronic spectra of aqueous solutions formed by reduction of complexes.

3a. Nb(III) - oxalate I) immediately after reduction (-x-x-x-) II) after 1 hour (---)
- 1II) after 24 hours (......)
3b Ta(lll) - oxalate immediately after reduction
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Summary

A National Immunoassay Quality Control Scheme was performed for seven
years among 60 laborétories in Greece and Cyprus. Imprecision levels were
estimated for standard commercial kits used in the analysis for the thyroid
hormones T4, fT4, T3, fT3 and TSH. It is estimated that RIA or IRMA
methods/kits are still used by the 55% of the laboratories of this scheme, while
a slightly increasing number are using automated non-isotopic methods such
as ELISA and MEIA. Despite the invariably lower within-kit CV% of the
latter, these kits are not extensively preferred due to high costs in reagents and
machinery. On the other hand, the gradually lowering effect in within-kit CV%
in some RIA Kkits, as on T3 and T4 estimation, or in [RMA kits during TSH
estimation seem to control also the between-kit CV% (overall kit CV%). This
together with the low reagent cost and pre-existent machinery in the latter,

defend their high percent use.

Key words

Quality control scheme, thyroid hormones, kit imprecision, isotopic, non-isotopic
methods, within-kit, between-kit CV%

Introduction

Accuracy and precision on the analytical estimation of Thyroxine (T4) and free
thyroxine (fT4) and other thyroid related hormones, are both crucial for the
differential diagnosis of the thyroid diseases. Hyperthyroid subjects are suggested
to be monitored continuously for T4 and fT4 levels. Sub-clinical hypothyroid

patients are looked for low-normal fT4 levels and above the reference range TSH
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values. Besides, T4 levels may clearly be below the reference range due to low
binding of fT4 to Thyroid Binding Globulin (IBG) or to other sera proteins
(1,2,3,4). In the non-thyroidal illness total T4, free T4 and T3 levels often decrease
below physiological but keeping normal TSH (5).

Routine analysis of these hormones is performed daily in analytical laboratories
with a wide variety of commercial methods/ kits. It has been previously reported
that the level of imprecision increases on estimation of such hormones outside the
physiological range, and more emphatically at the functional detection limit, this
increase depending also on method/kit used (6,7). Therefore, prior to kit selection
the analyst needs to know the expected imprecision level, as well as other details on
the kit such as interference effects from proteins, lipids, drugs etc.. Understandably
the selection of kit for hormone analysis may also be influenced by other factors,
such as the analyst’s prior experience with one trade mark, the kit promotion by the
firm, and the price of the kit. More importantly, the lack of comparative data on
used kits by a particular region, leaves the analyst unassisted. Although data on kit
performance may be produced individually by manufacturing companies, these are
normally performed at specific expert sites and under the best chosen conditions.
More realistic conditions for kits performance may be produced by different routine
laboratories subscribed to an external quality control scheme run on national/
international basis. These control schemes ideally aim at discovering the ‘state of

art’ of the kits and at eventually improving their reliability (8,9).

For this reason, we have organised a national external quality control scheme in
Greek and Cyprian laboratories for seven years now, to allow comparison between
the most used commercial immunoassays referring to the analysis of thé thyroid
related hormones T4, fT4, T3, fT3 and TSH. The search includes data for a total of
60 laboratories for the period of 1990 till 1996.

Materials and Methods
The National Immunoassay Quality Control Scheme (NIQCS) for thyroid related

hormones was organised by the Immunoassay Quality Control Laboratory in

DEMOKRITOS. Details on the mode of operation of the National Immunoassay
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Quality Control Scheme (NIQCS) have been given already (10). Participation in the
scheme was voluntary and strictly confidential. Each year pooled human sera were
pre-adjusted to a certain hormone level after exogenous hormone addition. These
were dispensed in vials and sent to recipient laboratories under a code name. The
exam‘ined hormones were estimated with in house RIA T3, T4 and TSH and with
fT4 kit of Amersham. The approximate levels were T3=3nmol/L, T4=50nmol/L,
TSH= 5mIU/L and fT4=30pmol/L. Pooled sera had been checked for contamination
by hepatitis B surface antigen aﬁd HIV antigen.

The participant laboratories wetre asked to send their estimations on relative
hormones and the necessary data i.e. kit name, methodology, hormone level based
"on comimon units etc., up to certain date to DEMOKRITOS. Data were imposed to

annual statistical analysis.

A between-kit mean (the consensus mean trimmed by + 2 SD twice) was extracted
each year for all laboratory data and all methods/kits per hormone level. A within-
kit mean (consensus mean trimmed by + 2SD twice) was derived’for data of single
method/kit every yearly cycle per hormone level. The overall imprecision was
estimated respectively by means of correlation variation percentage (CV%)
described as (SD/consensus mean)x 100 for the particular hormone levels. Applying
the between-kit mean or the within-kit mean in the above equation, the between-kit
CV% (overall kit CV%) and the within-kit C¥% were similarly derived. In this
analysis we selected hormone data which coincided with the Kits reference range
limits. The percent to total number of laboratories using common hormone analysis

or methodology group were also calculated.
Results

From 1990 towards 1996 the majority of analytical laboratories included in this
investigation were governmental (from 77% to 60%) of which around 73% to 55%
used isotopic methods, versus 27% té 45% which used non-isotopic methods (see
Table 1). In the present scheme one can also see the rate of laboratories involved in

the thyroid hormone measurements.
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Table 1: Percent and total number of laboratories classified in the scheme in relation to

laboratory identity, method used and hormone analysis per yearly distribution cycle.

Year 1990 | 1991 | 1992 1993 1994 1995 | 1996
Total number of labs 42 44 53 57 54 62 58
Public labs (%). 773 | 67.6 | 66.7 75.7 61.4 59.7 | 605
Private labs (%) 22.7 | 324 | 333 24.3 38.6 40.3 39.5
Isotopic methods (%) 72.7 | 73.5 75.8 62.2 66.4 66.4 54.9
Non-isotopic methods 273 | 265 | 242 37.8 33.6 33.6 | 45.1
(%)
Total T4 (%) 909 | 853 | 879 91.9 80.0 91.1 85.7
| Free T4 (%) 682 | 62.0 | 50.0 50.0 65.0 64.7 53.5
Total T3 (%) 909 | 853 88.0 91.9 77.3 91.1 82.1
Free T3 (%) 54.5 — 325 | 364 324 472 41.2 | 32.0
TSH (%) - 88.2 88.7 92.3 86.0 94.5 96.1

The kits used for T4 estimation were the RIA.KODAK, ELISA.BOHERINGER

and RTA.DEM. Sélecting mean measurement values just below the reference range

(Table 2), namely T4=50nmol/L, Graph 1, the between-kit CV% levelled from 15%

in 1990 to about 19% in 1993, levelling off to about 11% towards 1996. This

pattern is similar to that of the RIA.DEM,- where within-kit CV'% peaked in 1993 at

~12.5% while the between-kit CV% (overall kit CV%) the same year was near 19%.
The kits RIA.KODAK and ELISA.BOHERINGER presented rather stable within-

kit CV% throughout 1990-1996, reaching respective maximum of 8% and 6.5%.
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Graph 1: Relationship of between-kit (overall kit CV%) and within-kit CV% to yearly distribution
cycles using T4 mean data ~ 50nmol/L. Each point represents CV% for at least 10 mean T4
values. RIA.DEM.= T4 Solid phase RIA, DEMOKRITOS, RIA.KODAK=Kodak Amerlex-M T4 RIA
KODAK CL. DIAGN., ELISA.BOHERINGER=Enzymun test T4, BOHERINGER-MANNHEIM.
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Table 2: Hormones and relative reference range. The reference range was broadly based on

manufacturers data for the used Kits.

Hormone Reference range
Thyroxine (T4) 50-170 nmol/LL

"| Free Thyroxine (fT4) "| 10-30pmol/L
Triiodothyronine (T3) 0.8-3nmol/L
Free Triiodothyronine (fT3) 3-8pmol/L
Thyroid Stimulating Hormone (TSH) 1-5mIU/L 80/558 L.R.P.

In the kits for free T4 hormone estimation (see Graph 2) CV% was calculated for
mean fT4 values =30pmol/L. Although both selected kits for fT4 estimation
RIA.AMERSHAM and RIA.DPC showed a lowering effect in their within-kit C¥%
from 1993 onwards down to about 7% and 6% respectively, it seems that the
increasing within-kit C¥% up to 16% of MEIA.ABBOTT assisted to keep between-
kit CV% (overall kit VCV%) level at nearly 20% throughout those years. The
‘ ELISA.BOHERINGER kit seemed to keep within-kit C¥% at a low close range,
between 2% and 4%. : ‘
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Graph 2: Relation of between-kit (overall kit CV%) and within-kit CV% to the yearly
distribution cycles in data of free T4 ~ 30pmoV/L. Each point (CV%) accounts for

at least 10 mean fT4measurements. RIA.DPC=Coat-a-Count,DPC, RIAAMERSHAM=
Ameriex MAb* AMERSHAM, ELISA.BOHERINGER=Enzymun test fT4, BOHERINGER-
MANNHEIM, MEIA ABBOTT=IMX fT4, ABBOTT.

Graph 3 allows comparison of the imprecision levels between the RIA.DEM,
RIA.JOHNSON, ELISA.BOHERINGER and MEIA.ABBOTT kits for total T3

hormone estimation on values =3nmol/L. Interestingly, all four kits showed close
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improvement of the within-kit CV% this ranging in 1996 between 2.5% and 5%

(Graph 3). Similarly decreased the between-kit CV% (overall kit CV%) from about

20% in 1991 down to nearly 10% in 1996.
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Graph 3: Relationship of between-kit (overall kit CV%) and within-kit CV% with the yearly distribution
cycles on measurement of data for T3 ~ 3nmol/L. Each point (CV%) represents at least 10 mean T3 values.
RIA.DEM=T3-solid phase RIA, DEMOKRITOS, RIA. JOHNSON=Amerlex-MT3, JOHN. & JOHNS
CL.DIAGN. MEIA. ABBOTT=IMX TT3, ABBOTT, ELISA.BOHERINGER=Enzymun test TT3,

BOHERINGER-MANNHEIM.

Graph 4 there is an exi)onential like drop in the between-kit CV%

(overall kit CV%) from about 30% in 1991 to 6.5% in 1996 for mean TSH

measurements =5mIU/L (just above physiological) when examining data extracted

for the RIA.DEM,
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Graph 4: Relationship of between-kit (overall kit CV%) or within-kit CV% with yearly distribution
cycles for data of TSH ~ 5mIU/L I.R.P. 80/558 sera measurements. Each point (CV%) represents
at least 10 mean TSH measurements. IRMA.CIS= ELSA2-TSH, CIS, MEIA.ABBOTT=
IMX-Ultrasens. hTSH ii, ABBOTT, ELISA.BOHERINGER=Enzymun test-TSH, BOHERINGER
-MANNHEIM, RIA.DEM= RIA TSH, DEMOKRITOS.
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MEIA.ABBOTT, IRMA.CIS and ELISA.BOHERINGER kits. This subtle effect in
the between-kit CV% seems to derive from the most elevated within-kit CV% of
RIA.DEM (widely used kit in the scheme), seen to drop from 20% in 1991 to 9% in
1996. In parallel, the MEIA.ABBOTT kit presented low level within-kit CV% from
about 5% to 7.5%, while data from the IRMA.CIS kit showed within-kit CV % to
nearly 7.5%. However, the ELISA.BOHERINGER had the lowest within-kit CV%
~4.5% from 1991-1996.

Discussion

It is previously said that fT4 quantification may present variance due to interference
of serum proteins with the free T4- total T4 balance (11). Besides, the use of
indirect methods on fT4 measurement with T4 analogues do not always ensure
exclusion of the variance factor (12,13,14). TSH imprecision curves are seen to
erode chafacteristically in their low and high ends of the reference range (11). By
another intra-site search within-kit CV% was suggested to stay below 6% and 8%
for T4 and fT4 Kkits respectively (15). Moreover, it has been shown that imprecision
in kits may be attributed to a combination of factors, such as the human variation
on assay operation, the variability of reagents on assessment cycles, protein/lipid
interference from the serum matrix, difference of antibody specificity between kits

(13, 16).

Variation in data due to kit imprecision may be— of major clinical importance,
especially in borderline cases of suspected thyroid malfunction (11,16). In this work
we have concentrated in variant kit imprecision on hormone estimation especially
dealing with the most vulnerable sites of imprecision curve, i.e. nearly outside of
the reference range where normally thyroid malfunctions are found and within-kit
CV% is higher (17,18, 19). The present findings by no means describe overall kit
imprecision and this investigation refers to the sample of the present scheme. With
this sample we have also partially attempted to explain the reason of analytical

laboratories behind their kit selection.

Up to 1992 mainly RIA methodology has been clearly used by the highest percent

laboratory number of this scheme for thyroid hormone analysis. Between 1993 and
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1995 there was a 10% .drop in isotopic methods with a further 10% decrease in
1996 for the given sample of laboratories (see Table 1). Analytically, in T3 and T4
estimation and towards 1996, RIA.DEM, RIA.JOHNSON, RIA.KODAK and
RIA.DPC had sufficiently low within-kit CV% and close to that of the
ELISA.BOHERINGER and MEIA.ABBOTT automated methods (see Graph 3).
Characteristically in total T3 kits for values =3nmol/L the within-kit CV%
approached that of ELISA. BOHERINGER by 1996 (Graph 3). '

In fT4 measurements the RIA.AMERSHAM, the RIA/DPC kits exhibited similar
within-kit CV% for free T4 high-normal levels =30pmol/L (Graph 2). The
ELISA.BOHERINGER as an automated method/kit showed throughout the years
low level within-kit CV% i.e. between 2% to 3% compared with other current RIA
methods. MEIA.ABBOTT, however, an also automated method gave a rather
unstable within-kit CV% (8—.1 6% for the same fT4 sera level.

In TSH evaluation, the MEIA.ABBOTT and the IRMA.CIS kits showed similar
within-kit CV% for the examined hormone levels (i.e.5SmIU/L) this being a little
higher than that in the automated ELISA.BOHERINGER kit data (about 5%).

From the above it seems the wide use of RIA methodology -or more generally of
isotopic methods - for T4 and T3 analysis within the scheme may be justified by the
increasingly low within-kit CV% of RIA kits over the last years. Such an
improvement may be attributed to changes of immunoassay reagents such as more
specific antibodies, purer standards and better technology. However, RIA
methodology seems to be vanishing from TSH measurement being pbssibly
substituted by the IRMA methodology in kits (data not shown). IRMA.CIS in TSH
gave competitively low within-kit CV% with the automated MEIA.ABBOTT Kkit.
However, automated methods introduced in T3 and T4 est_imation, as for example
with the ELISA BOHERINGER kit they exhibited low kit imprecision, but not very
far lower than that of the RIA kits.r In the fT4 estimation though, the
ELISA/BOHERINGER (also automated technique) within-kit CV% was
emphatically lower than in the other two RIA kits. The use of MEIA.ABBOTT in
TSH estimation is perhaps justified for the low within-kit CV% at the examined
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estimation level. Interestingly the within-kit CV% of MEIA.ABBOTT was

unusually high in the fT4 analysis compared with other methods.

In Table 1 it is seen that although the use of non-isotopic methods is being slightly
increased from 1990-1996 (from 27% to 45%), still about the 55% of the
laboratories use today isofopﬁc n;ethods according to the present scheme. With the
increasing use of advanced automated methods such as ELISA. BOHERINGER,
MEIA.ABBOTT etc., generally speaking the imprecision levels have been lowered.
Switching to these techniques signifies though high capital investment in
machinery and relatively usually more expensive reagents. As RIA methods seem
to have improved reagents and technology (some of these now apply automation),
they can now give sufficiently low imprecision as was seen in the T3 and T4, or {T4
kits. Specifically, in fT4 kits the between-kit CV% in borderline values stayed
emphatically high compared with other hormones. Besides the IRMA methodology
in the TSH kits seemed to be used satisfactorily by the laboratories of our
investigation. Conclusively, until higher capital investment is made by the
governmental analytical laboratories which seem to represent the main core in this
scheme, the introduction of automated and more accurate but surely more

expensive methods is delayed.

NNEPIAHYH:

EONIKOZX EAEIXOX ITOIOTHTAXZ ANOZOANAAYZEQN ITHN EAAAAA KAI
KYIIPO TIA TON IIPOZAIOPIZMO TQN OPMONQN-TOY OYPEOEIAOYX :
EIITAETHXZ EPEYNA

Am6 10 1990 péypr 10 1996 10 epyactipo EAtyyov Howwtnrog Avocoavaiiceany
tov EK.E.Q®E AHMOKPITOXZ exndvnoe éva mpdypoppe Ebvikod EAéyyov
owdmrag AvocoavolicenmV Y10 TOV TPOGILOPITHS TV Opprovav Tov Bupeoeidois:
®upotivn (T4), Eledbepn Ql)po?,ivn (fT4), Tpumdobvpovivn (T3), EAedOepn
Tpuwdobvpovivy (fT3) wor Gvpeotpormiviy (TSH) oe odvoko 60 avorvtikdv
gpyaompiov g EAAddag xou g Kiompov. H dwdwooia mepitdofe Swovopn
ayVOOTOV OpAvV eALYYOV ot avaAvTikG epycothiple To omoie avéhofav va

TPOCOIOPIcOVY To. EMIMEdD TV OVATEPD OPUOVAV HE TG YPNCLUOTOLOVMEVEG
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EUTOPIKEG aVOCOUVOANGELS PovTivag. Ek Tav omoTeAeORETOV 0LTOV aKkoioldnoe

ETNO0 OTOTIOTIKY EMesepyacia.

Ztnv mapovoa avihvon eréyEape ™V SlaoTopd TV THAV KOTE TOV TPOCHOPLoHO
TV Tapamdve GupeoeldikGv oppoviv oe emtheypéva eninedo poAig eKTog TNG
QLOLOAOYIKTG neploxr’];;. Méypt o 1992 n peBodoroyia RIA woreddpfave to
HEYOADTEPO TOGOGTO TMV OVOGOUVUADGEMY TOV OpLOVAV Tov Bvpeoedolds oto
nopov mpdypappe. Meta&d tov 1993 ke 1995 10 mOGOGTS TOV LGOTOMIKGOV
uedddwv yevikotepa €nece kard 10% pe emaréov 10% peimon 1o 1996. Avarvtiké
ot pébodor RIA.DEM, RIA.JOHNSON, RIA.KODAK, RIA.DPC noapovciacoy
apketd younAd cvviekeoth| petafhytomytag (CV%), nepinov mopdpolo pe auvtd
Tov  avtopatomompévev  pefddmv, omwg tov ELISA.BOHERINGER kot
MEIA.ABBOTT xotd v avéivon tov emmédov T3, T4 . opupovav. Tw tov
rmpocdiopiond g TSH, ot IRMA.CIS kouw MEIA.ABBOTT pé6odor édwoav Aiyo
peyarvtepo CV% omd ovtd g ELISA.BOHERINGER. Xtnv T4 avéivon ol
ué0odot RIA.AMERSHAM, RIA.DPC xor MEIA.ABBOTT #5woav vyNAdTEPO
CV% (mepimov 6% péxpt 7%) ocoykpirtkd pe avtdé g ELISA/BOHERINGER
(~2%-3%) y10. g TyLég opov fT4~30pmol/L (vepBupeoetdiicéc).

Amé 1o mopomhve TpokdnTel 6T 1 cvyvn yprion RIA ueGoS_o)»oy{ag Woitepa KoTd,
mv  avéivon tov T3, T4 oppovadv eivar  Swonohoynuév Adye tov
rmapovswalopevov younrod CV%, yeyovog mod amodidel mepiocdtepo axpifieig
Tég exTOG Quoloroyikig meproyfg. Ztyv TSH avéivon ywo tyég ~SmIU/L 7
IRMA.CIS pefodoroyia @dvnke vo vmokabiotd v RIA.DEM pébodo pue
YoupunA6TEPO CV%, TapdLoto Le ouTd g ovtopatoromuévng MEIA/ABBOTT.

Xvpmepacponikd yopniés mpés CV% oe obdyypoveg 160’com;<ég peBodoroyieg
yivovTol amodektéc Aoym tng Behtiopévng teyvoroyiog avncm;idrcov, KaBopoTnTeg
TV TPoTHTOV BoBrovounong oTig avocoaveiiceLg K.X.ﬁ. Em’cng N av&avouevn
¥phon cvtopatonomuévov ne8ddwv eaiveral va ocpe{)»sm} otofepd oty pelmon

T0v CV%.



NATIONAL IMMUNOASSAY QUALITY CONTROL SCHEME (NIQCS) 533

References

1. Ahmed, J, Smetkhurst, P: Ann. Clin. Biochem. 17, 241, 1980.

2. Colian, FP, Dutty, MJ, Dutty, GJ, Farell, RJ, Mckenna TJ: Acta
Endocrinologica, 306, 635, 1983.

3. Georgiou, S, Christofidis, I: Journal of Immunoassay, 17/1, 47, 1996.

4. Dick, M, Watson, F: Med. J. Aust., 115, 1980.

5. Wong, TK, Pekary, AE, Guy Soo Hoo, Bradley, ME, Hershman, JM: Clinical
Chemistry, 38/5, 720, 1992.

6. Spencer, CA, Takendi, M, Kazarosyan, M: Clinical Chemistry, 42/1, 140, 1996.

7. Pillo, A, Zuchelli, GC, Maltono, R, Clerico, A, Jercasi, G, Signorini, C: Clinical
Chemistry, 38/7, 1345, 1992.

8. Albertini, A, Zuchelli, GC, Chiesa, MR, Bolleli, GF: J. of Clinical
Immunoassay, 8/2, 117, 1985.

9. Pillo, A, Zuchelli, GC, Chiesa, MR, Bolleli, GF, Albertini, A: Clinical
Chemistry, 32/1, 171, 1986.

10. Kioukia, NK, Christoﬁdis, 1. Journal of Clinical Ligand Assay, 20/3, Fall issue,
1997.

11. Nelson, JC, Wilcox, BR: Clinical Chemistry, 42/1, 146, 1996.

12. Ordonez-Lianos, J, Rodriguez- Espinoza, J, Gomez-Gerique, JA, Solanj-Barri,
MD, Ruiz-Minguez, MA: Clinical Chemistry, 30, 496, 1984.

13. Amino, N, Nishi, K, Nakatani, K, Mizuta, H, Ischihara, K, Tanizawa, O, Miyai,
K: Clinical Chemistry, 29, 321, 1983.

14. Stochigt, JR, DeGaris, M, Csicsman, J, Barlow; JW, White, EL, Hurley, DM:
Clin. Endocrin.,15,313, 1981.

15. Browning, MCK, Ford, RP, Callaghan, SS, Fraser, CG: Clinical Chemistry, 32,
902, 1986.

16. Mendel, CM, Frost, PH, Cavalleri, RR: J. Clin. Endocr. Metabol., 63, 1394,
1986.

17. Bounaud, JY, Bounaud, MP, Begon, F: Clinical Chemistry, 32/3, 565, 1986.

18. Shishiba, Y, Irie, M, Yamada, H, Kinoshita, F: Clinical Chemistry, 29/8, 1501,
1983.

19. Zuchelli, GC, Pillo, A, Chiesa, MP, Masini, I: Clinical Chemistry, 40/10, 1956,
1994.



Chimika Chronika, New Series, 26, 535-544 (1997)

REACTIVITY OF CYANO PHENYLIODONIUM TRIFLATE
TOWARDS UNSATURATED HYDROCARBONS IN WET
ACETONITRILE

Spyros Nikas, Nestor A. Rodios and Anastasios Varvoglis‘
Laboratory of Organic Chemistry, University of Thessaloniki, Thessaloniki
54006, Greece |
Aristidis Terzis and Catherine P. Raptopoulou

Institute of Materials Science, Nuclear Research Centre Democritos, Aghia

Paraskevi, Athens, Greece

(Received: June 19, 1997 In linal form: March 23. 1998)

Summary

The reaction of 23-dimethyl-13-butadiene with cyano phenyliodonium
triflate in wet acetonitrile afforded a - mixture of E- aﬁd Z-1,4-bis-
acetamido-2,3-dimethyl-2-butene. Other alkenes gave similar adducts
(cyclohexene) or products of further transformation (2,3-dimethyl-2-butene,

2,4,4-trimethyl-2-pentene and 1,1-diphenylethylene).

Key words. Acetamidation, cyano phenyliodonium triflate, addition, 2,3~

dimethyl-1,3-butadiene

Introduction

A wealth of additions to ethylenic double bonds have been performed
through the intermediacy of A’-iodanes of the general formula
PhILL'. Alkenes and related unsaturated hydrocarbons or other substrates

give readily addition products in which the two groups L and L’ are
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normally incorporated into the double bond. In this way, the following
groups have been added directly, using the appropriate iodane: chlorine
(from PhICl,), acetoxy and trifluoroacetoxy (from PhI(OAc), and
PhI(O,CCF;), ) and tosyloxy (from PhI(OH)OTs). Furthermore, several other
groups such as azide, thiocyanate, perchlorate, triflate and alkyl (or
phenylythio were added in the presence of iodanes and a salt or a disulfide.
Two different groups may also be added, whereas addition followed by
rearrangement is also possible, esi)ecially in phenylated alkenes by PhIF,,
PhI(OH)OTs and PhI(O,CCF;),. Generally, in all these reactions the outcome
may be described as addition- of nucleophiles to the double bond which has
undergone an umpolung of reactivity by the iodane through formation of
another intermediate iodane™.

Cyano phenyliodonium triflate (1) is a relatively new iodane, which was
obtained from PhI(O,CCF;), and trimethylsilyl cyanide in the presence of
trimethylsilyl triflate’. It is a stable compound of intermediate character
between that of a covalent iodane and an ionic iodonium salt. The main use
of 1 was for the transfer of the phenyliodonium group to nucleophilic sites,
resulting in the synthesis of several alkenyl and alkynyl iodonium salts™. A

related heterocyclic iodane is an excellent reagent for the cyanation of the

methyl group of MN’—dimethylanilinesw.
Results and Discussion

"We have chosen to test 1 in reactions with 1,3-dienes in which it was
anticipated to show Diels-Alder reactivity, serving as a heterodienophile
from its cyano group, by analogy with CH3SOZCNH. Several dienes, such as
cyclopentadiene, furan, anthracene, etc. reacted indeed with 1 but in such a
complicated manner which did not permit the isolation of possible Diels-~
Alder adducts. However, with 2,3-dimethyl-13-butadiene (2) we have come
across a clean solvent-dependent reaction involving 1,4-addition; this type of
reactivity was subsequently extended to simpler\unsaturated systems, some

of which however reacted in a different way.
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Reaction of 1 2,3-Dimethyl-13-butadiene. Reaction of diene 2 with 1 in wet
acetonitrile afforded a mixture of Z- and E-14-bis-acetamido-2-butenes (3

and 4 respectively) in the ratio 1.2, in a total yield of 71% (Scheme 1).

NHCOMe NHCOMe

MeCN(H,0)
PRICN TFO +I ji I

NHCOMe MeCONH

j I 1) MeCN:

2)H,0
/’\ MeCONH
1) MeCN?

o C
Tfo~ & 2) H,0
PhICN _ nge
5 6
Scheme 1

The formation of these unexpected products may be accounted for by
the following sequence of events. Initially, the allylic carbocation 5 results
from the addition of PhI'CN to one of the double bonds of the substratp.
This then reacts sequentially with acetonitrile and water, furnishing the E-
acetamido phenyliodonium intermediate 6 along with its Z-isomer (not
shown). With more acetonitrile, and then water, these iodanes afford the
final products 3 and 4, respectively No amount of 1,2-adduct could be
detected. This unusual selectivity may be attributed to steric factors in the
intermediate 5.

The spectroscopic characteristics of the products did not permit a
clear distinction between them, despite some slight differences, notably in
their mass spectra. However, an unambiguous assignment for the E- isomer 4

was provided by a single crystal X-ray structure determination (Figure 1).
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Fig. 1 ORTEP view of bisamide 4

Reactions of 1 with other alkenes. An analogous reaction between 1 and
cyclohexenelz, either in equimolecular amounts or with a 10-fold excess of
cyclohexene, resulted in 1,2-bis-acetamidation of the alkene. The }roduct
obtained was the previously known trans—1,2—bis—acétamidocyclohexanels,
which was obtained in 28% yield.

Other alkenes reacted in a different way. The reaction between 1 and
2,3-dimethyl-2-butene (7) afforded two types of addition products, each in
23% yield (Scheme 2), that is amides 8 and 9. Amide 8 was the outcome of a
Ritter reaction since the same compound was obtained in an independent

reaction" between 7 and triflic acid in wet acetomtrlle
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>=< 1., >—<~NHCOMe + >[—<NHCOM6

CN
7 8 9

Scheme 2

Amide 9 had the cyano group from 1 added to the vicinal carbon,
instead of a proton. It is likely that 9 was formed according to the sequence

of events depicted in Scheme 3

@ MeCN/H.O
>_—_< + phIcN Tro© MeCNHO
- TfO
Me Me H
Ph_ (™ : Q
Me \I‘/CN Me MeCN
Me A —PhI Me
» Me —_— @ — 9
MeCONH Me MeCONH Me

Scheme 3

The major product 12 from the reaction between 1 and 2,4,4-trimethyl-
2-pentene (10) was of a still different type (Scheme 4). Indeed, 12 may be
regarded as an elimination product resulting from an initial carbocationic
intermediate analogous to 6 which loses HCN. Two other products were 11,
from a Ritter reaction, and 13, clearly derived from a complex sequence of
events. The identification of these products was based solely on

spectroscopic evidence.

'Bu Me
\,=< — 1 'BuCH,CMe,NHCOMe + ‘BuCH(NHCOMe)C(Me)=CH, +
Me 1 - 12
10 "‘BuCH(OH)C(Me)(NHCOMe)CH,0SO,CF,

13

Scheme 4



540 SPYROS NIKAS, NESTOR A. RODIOS AND ANAST. VARVOGLIS

Finally, when Ll-diphenylethylene was reacted with 1 the known”
rearranged product, PhCOCH,Ph was formed in 70% yield. Since other
iodanes have shown the same reactivity, it is likely that 1 may be not
specific also for the above mentioned additions, with the exception of the

addition leading to the éyanéted product 9.

Experimental

Melting points were determined on a Kofler hot-stage apparatus. IR spectra
were recorded with a Perkin-Elmer 297 spectrometer. 'H-NMR and “c-
NMR spectra, reported in & units, were obtained with a Brucker AM 300 (at
300 and 75.4 MHz respectively) instrument. All NMR spectra were obtained
by using TMS as internal standard in CDCl; or CDCl;+DMSO-d, solutions.
E.I mass spectra were obtained at 70 eV with a VG TS-250 spectrometer.
Elemental analyses were carried out with a C, H, N Perkin-Elmer 240-B
analyser. Column chromatography was carried out on silica gel (Merck 60;
0.063-0.2 mm) eluted with solvent mixtures given in each appropriate

experiment.

Reaction of 1 with 2,3-dimethyl-1,4-butadiene. To a stirred suspension
of iodonium salt1 (379 mg, 1 mmol) in commercial acetonitrile (20 ml), at -
15 ° C, was added , under argon, a solution of diene 2 (82 mg, 1 mmol) in
acetonitrile (20 ml). After stirring at room temperature for 48 h, the solvent
was removed in a rotary evaporator and the residue was chromatographed
on a silica gel column, using as eluant hexane-ethyl acetate-methanol (2:2:1).
The first eluate was iodobenzene and then followed:

(a) Z-N,N"-bis-acetyl-2,3-dimethyl-2-butene~1 4-diamine (3) (22 mg, 11%), mp
169-171 °C (chloroform-hexane); v, (Nujol) 3265, 3065, 1620, 1535, 1280 cm'l;
8y (CDCl,-DMSO-dy) 7.89 (2H, unresolved t, NH), 3.79 (4H, d, J 5.5 Hz, CH,) ,
192 (6H, s, CH,), 1.65 (6H, s, CH,); 8 169.5 (CO), 127.9 (C=C), 40.6 (CH,), 22.0
(COCH,), 16.5 (=CCH,); m/z 199 (M1, 22), 139 (90), 97 (86), 96 (100), 82 (60).
(b) A mixture of 3 and 4 (66mg, 35%), in a ratio (by 'H NMR) ca. 12 and
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(c) E-N,N-bis-acetyl-2,3-dimethyl-2-butene-]4-diamine, 4 (53 mg, 25%), mp
226-227 °C (acetonitrile). Found: C, 60.29; H, 898; N, 14.00. C,oH;sN,0,
requires C, 60.58; H, 9.15; N, 14.13; v, ,,(Nujol) 3260, 3070, 1625, 1545, 1285 cm”
L Sy (CDCi3—DMSO-d6)A7.85 (2H, unresolved t, NH), 3.67 (4H, d, J 5.6 Hz,
CH,), 182 (6H, s, CH,), 1.66 (6H, s, CHy); 6 170.3 (CO), 129.4 (C=C), 42.3 (t, J
138 Hz, CH,), 23.6 (q, J 127 Hz, COCHjy), 174 (q, J 126 Hz, =CCH,); m/z 199
(M1, 46), 198 (M 4), 140 (52), 139 (65), 98 (51), 97 (62), 82 (100).

Crystal Data for 4. CjHgN,O,; triclinic; space group Pl a= 7.52(1), b=
4.85(1), c= 9.63 (2) A; a= 92.63(7)°, B= 112.39(6)°, y= 11342(6)°; V= 289.4(9) A>;
Z= 1, D= 1138 g.cm'a; p= 0.080 mm™; 1019 unique reflections (0- 26~ 50°)
were collected on a Crystal Logic Dual Goniometer diffractometre using
graphite monochromated MoK, radiation; 1019 reflections were used in the
structure refinement. The structure was solved by direct methods using
SHELXS-86" and refined by full-matrix least-squares techniques on F* with
SHELXL-93". The hydrogen atoms of the methyl groups were introduced at
calculated positions as riding on bonded atoms; the rest were located by
difference maps and refined isotropically. All non-H atoms were refined
anisotropically. All computations for the structure refinement were carried
out on a VAX station 3100. Final refinements converged to R(R,)=
0.1201(0.2811), S= 1.023 for I 20()).

Reaction of 1 with 2,3-dimethyl-2-butene (7). Under the same
experimental conditions as above, using 758 mg ( 2 mmol) of 1 and 760 mg (9
mmol) of 7 were obtained, after two chromatographic separations, eluted
with mixtures of methylenchloride-methanol 16:1 and n-hexane-ethyl acetate
5:6 respectively, the known compound 8 (mp 63-64 °C, 1it? mp 65-66 °C), and
3-Acetamido-2.2,3-trimethylbutyronitrile (9) (77 mg, 23%), mp 172-174 °C
(methylene chloride-hexane); Found: C, 64.11; H, 9.41; N, 16.41. CyH;cN,O
requires C, 64.25; H, 9.59; N, 16.65; v,..(Nujol) 3260, 2220, 1650 cm_l; Sy
(CDCl,) 543 (1H, s, NH), 199 (3H, s, COCHjy), 152 (6H, s), 141 (6H, s); &
(CDCl,) 169.9 (CO), 124.1 (CN), 57.8 (HNC), 42.8 (C-CN), 24.9, 23.1, 22.8 (2-CH,,
3-CH; and COCH,); m/z 169 (M+], 25), 111 (57), 100 (100), 58 (99).
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Reaction of 1 with 2,4,4-trimethyl-2-pentene. Under the same

experimental conditions as above (112 mg, 1 mmol of alkene and 379 mg, 1

mmol of 1) the following products were obtained, after chromatographic

separation (n-hexane-ethyl acetate-methanol as eluant):

(@) N—(],],3,3—tetrametb yl)butyl-acetamide (11) (17 mg, 10%), mp 90-92 °C it®
mp 92-94 °C).

(b) N~(itert-Butyl-2-methyl)-2-propenyl-acetamide (12) (29 mg, 17%) as an
oil; 8 (CDCLy) 5.65 (1H, bs, NH), 497 (1H, m) and 4.84-482 (1H, m, =CH,),
423 (14, d, J 9.6 Hz, CH), 2.01 (3H, s, COCHj), 178 (3H, dd, /15 and 10 Hz,
CH,), 0.95 (9H, s, C(CH,),); 5 (CDCly) 169.2 (CO) 143.7 (CHC=), 114.4 (=CH,),
62.1 (CHN), 34.4 (Me;C), 27.1 ((CHj3);0), 23.6, 22.2 (=CCH; and COCH,).

(0) (2-Acetamido-3-hydroxy-24,4-trimethyl)pentyl-trifluoromethyl-
sulfonate (I3) (23 mg, 7%) as an oil; 8y (CDCl;) 6.25 (bs), 5.61 (bs), 425 and
4.18 (2H, two ABd, J12.4 Hz, CH,), 408 (s, 1H, CH), 211 (3H, s, COCH,), 1.72
(3H, s, CHy), 115 (9H, s, C(CHj),); 8¢ (CDC13) 1693 (q, J 7 Hz, CO), 120 (q, J
318 Hz, CF;), 791 (HNC), 779 (d, J 150 Hz, CHOH), 552 (t, J 153 Hz,
CHZOSOZ), 33.2 (Me;C), 25.7 (q, J 125 Hz, (CH5)C), 239 (q, J 133 Hz, CH,CNH),
21.4 (q, 130 Hz, COCH,).

- Iepidnyn

H oavtidpoon tov  2,3-8iuebBvro-13-Povtadleviov  HE  TOV  KLavo
PaVVULOTOSmVIaKS TpLpHopopedavocovApovikd estépa (PhI'CN CF;S0;) ot
éqn;ypo axeToviTpidlo 0dnyel 010 oxnuationd evog niyuatog tov B kol Z-
L4-axetapdo-2,3-diuehuro-2-Bovtevioy.  Awaxketapuidioon tov  Simhod
deopob mapetnphdn eniong pue anhodotepa aAkéVia, OTMG T0 KUKAOEEEVLO,
evd and to alkévie  2,3-Sipebvro-2-Bovtévio kot 2,4,4-tpiucbuio-2-
nevtévio eAipbnoav aviictora Ta un avapevopeva mpoidvta 8 kat 9 Kat
11,12 o 13.



REACTIVITY OF CYANO PHENYLIODONIUM TRIFLATE . 543

References

1. Varvoglis, A.: Hypervalent Iodine in Organic Synthesis, Academic Press,
London (1997).

2. Varvoglis, A: The Chemistry of Polycoordinated Iodine, VCH Publishers,

~ New York (1992). '

3. Varvoglis, A:: Tetrahedron 53, 1179 (1997).

4. Stang, P.J. and Zhdankin, V. V.. J. Am. Chem. Soc. 113, 4571 (1991).

5. Hinkle, R. J,, Poulter, G. T and Stang, P. 1. /. Am. Chem. Soc. 115, 11626
(1993).

6. Stang, P.J, and Ullmann, J. Ang Chem., Int. Ed. Engl. 30, 1469 (1991).

7. Zhdankin, V. V, Scheuller, M. C. and Stang, P. J.: Tetrahedron Lett. 34,
6853 (1993).

8. Hinkle, R. J. and Stang, P. J.. Synathesis 313 (1994).

9. Stang, P.J. and Ullmann, J.: Synthesis 1073 (1991).

10. Zhdankin, V. V., Kuehl, C .J,, Krasutsky, A .P,, Bolz, J. T., Mismash, B,
Woodward, J. K. and Simonsen, A. J.. Tetrahedron Lett. 36, 7975 (1995).

11. Griffiths, G. J. and Previdoli, F. E.: J. Org. Chem. 58, 6129 (1993).

12. S. Nikas, Ph. D. Thesis, University of Thessaloniki, 1966.

13. Siiess, H. and Hesse, M.. Helv. Chim. Acta 62, 1040 (1979).

14. Oh, S. H, Tamura, K. and Sato, T.: Tetrahedron 48, 9687 (1992).

15. Spyroudis, S. and Varvoglis, A: Chimica Chronica, New Series 12, 37
(1983).

16. Nagabhuhushanam, K. and Swaminathan, S Org. Mass Spectrometry 22,
43 (1987).

17. Sheldrick, G. M.: SHELXS-86: Structure Solving Program, University of
Gottingen, Germany (1986).

18. Sheldrick, G. M.: SHELXL-93: Crystal Structure Refinement, University
of Gottingen, Germany (1993). /



Chimika Chronika, New Series, 26, 545-564 (1997}

Binary and Ternary Complexes of L-Arginine with
Lead(ll), Indium(lll) and cadmium(il). A differential
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Abstract- Differential pulse polarographic study of indium(III)-L-
arginine and lead(Il)-L-arginine, —glycme and -L-arginine-glycine; was
carried out in aqueous 0.10 mol.I"" sodium perchlorate at pH 4.2 and 8.0,
respectively. The cadmium (II)-L-arginine system was studied as well
under the same conditions at pH 9.2. The overall stability constants and
the composition of the formed complexes were calculated with the aid of
POLAG-computer programme. It was evident that the reduction of
lead(Il), cadmium(Il), indium(IiI) and their complexes proceeds via
reversible and diffusion-controlled two electrons (three electrons for
indium) waves. The results show that lead(Il) forms a binary complexes
with both L-arginine and glycine and the Pb(II)-L-arginine-glycine
ternary complex was also formed. For cadmium(Il) it was revealed that at
pH 9.2 L-arginine acts as a mixture of two ligands [ArgO.H,] and
[ArgO.H], and a ternary complex was formed. The structures of the
detected complexes were discussed on the ba51s of the dentate sites of the
studled ligands.

- Key words: Voltammetry, complex, stability, cadmium (l1), lead(ll),
indium(Ill), arginine, glycine, ternary.

Introduction

The metal complex of L-arginine is of special interest, because it
contains a functional group of considerable proton affinity and metal
binding propertles() separated from the chelate ring by three carbon

atoms. It is of interest to determine the influence of this structure both in
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the protonated and unprotonated forms on the stability of the metal
chelate rings involving the o-amino moiety, when the remote group is
coordinated or not, to the metal ion. / '

The metal complexes of L-arginine have;,-been the subjects of

@7 Polargraphic measurements have been

several investigations.
employed by Li and Doody(z) to determine the chelate formation
constants of the copper(Il)-arginine complexes. Goncaves and co-
workers have been studied the formation of complexes of Cd(II) and
Pb(Il) with some natural amino acids.®*'” Differential pulse
polarography has been used to investigate the complex formation of
Cd(IT) and Zn(IT) with L-arginine and vitamin B-6 ligands.m) Yamauchi
and Odani have been collected and critically evaluated the stability
constants of the proton and metal complexes of basic o-amino
acids(arginine, lysine and ornithine)."?

Recently, arginine gains a special interest' because of its
importance to determine the structure of RNA-amino acid arginine-rich
peptide complex. The structure demonstrates wayes in which proteins
can recognize the major groove of RNA"Y. The binding structure of bis-
arginine complexes of copper(Il) on highly orienfed DNA fibers have
been investigéted by ESR spectroscopy.(M) Arginine has been used to
study the structure and mobility of the complex formed by sodium
dodecyl sulfat and gelatin. *’

The formation constants of L-arginine chelates of some
-biologically interesting metal ions by various techniques have been
repOrtéd;“s’m The stability constants reported by Pettite"'” have been

determined- from potentiometric titrations. However, quantitative results

on the nature and stability of the protonated forms of the metal chelates
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of L-arginine at a certain pH’s for Cd(II), have not yet been reported in
the literature.

As part of a general programme on complex formation between
metals and amino acids, this investigation is oriented towards
establishing the nature and stability constants of binary and ternary
complexes of arginine with lead(II), cadmium(II) and indium(III). The
overall stability constants and composition of the complexes investigated
have been determined in the non- complexing medium 0.10 mol.l"
sodiﬁm perchlorate using differential pulse polarography with the aid of

POLAG-computer pro gramme(1 5.

EXPERIMENTAL

Lead nitrate, cadmiurn nitrate, indium nitrate and sodium perchlorate
were of AR BDH or Merk grade, while L-arginine and glycine were of
AR Aldrich grade. Fresh 0.10 mol.I" NaClQ,/ aqueous stock solution was
prepared by dissolving sodium perchlorate in carbon dioxide-free
bidistilled water. Fresh L-arginine and L-glycine (2.00 mol.I" ) were
prepared from fresh electrolyte (0.10 mol.l") in the same day that
measurements were taken. The stock standard solutions of cadmium,
indium and lead were prepared from their nitrate salts.

Cyclic and differential pulse polarogramms were obtained with
the - use of the conventional three electrodes cell configuration. An EG &
G PAR model SMDE 303A }rlercury—drop system in the small hanging
drbp mode was used as working electrode in cyclic voltammetry, while,
dropping mercury electrode was used in the defferential pluse
polarography. An Ag/AgNO; (0.10 mol.I" ) electrode in 0.10 mol.l”

NaClO, aqueous solution was utilized as reference electrode. A
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platinum wire (1.0 cm?) was used as auxiliary electrode throughout. All
experiments were done at 25°C and the ionic strength was maintained at
0.1 mol.I" NaClO, . Solutions were purged with pure nitrogen before
running the experiment and an atmosphere of nitrogen was maintained
above the working solution. The mercury-drop system was equipped
with an EG & G PAR model 173 potentiostat / Galvanostat and PAR
model 175 universal programer function generator. The electrochemical ‘
vsystem was interfaced with Amstrad PC 1640D computer with a
mathematical Co-processor. The data were captured, stored and
manipulated. In all experiments 500 data points were routinely captured,
equally spaced in time. Background data were also stored and were
substracted from the experimental data set, minimizing effects such as

double-layer charging currents.

METHOD

It has been noted earlier that the most common method of “evaluating”
stability constants of binary metal- ligand complexes from polarographic
data uses the approach developed by DeFord and Hume"™*” | The

starting equations are:

mM+nL — ML, n=1,2..N m=1,2 (1
mM+nL +PL' > M, L, L';; mnp=0,1,2, ,N(P) 2)
F= explnf/ RT(E) 59~ Eyae)] + In G/ ia) 3)
F= 1+C B+ CLB,y + C "By 4)

where the subscripts s and ¢ refer to the uncomplexed and complexed

metal ions, respectively. E;, is the half wave- potential ; iy is the
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diffusion current; C is the analytical concentration of the ligand and By
is the overall stability constant of the Nth complex. For ternary
complexes (equilibrium 2) the method of Schaap and McMasters®*'*? is
applied directly or with ‘modiﬁcationm). The technique is based on the
assumption that C; >> Cy, where C; is the analytical concentration of

the second ligand. The exact form of eqn.(4) is :

F=1+[L]B+ (LB, + [LI"Px (5)
which is derived from :
F=Cy/[L] (6)

The major problem inherent in the use of the dc polarography are
the difficulty in measuring the correct values of the polarographic current
and half-wave potentials. It was demonstrated that these problems are to
a great extent solved by using the differential pulse polarography(24). It
has been demonstrated earlier that for reversible differential pulse

(18) 15 used to calculate

polarographic data, POLAG computer programme
reliable estimation of composition and overall stability constants 3 for

binary and ternary complexes. POLAG is a non-linear least squares
iterative programme that seeks to minimize U, the sum of squares of

residuals, i.e.

U= Y oo~ Fors )’ ™)

where j is the number of data points, Fg, is given by eqn(3) and
represents the experimental data, Fy, is obtained from eqn(5). Thus for
given values of P, [M], [L]and [L'], F,, depends on the particular
combination of m, n and p and the values of f,,,. Therefore, various

equilibrium models may be fitted to the polarographic data simply by
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changing the input data values of m, n and p together with approximate
initial values of {,,,,,. '

RESULTS AND DISCUSSION

Examination of cyclic voltammograms of the metal ions (lead(Il),
cadmium(Il) and fndium(III)) complexes of the subject amino acids
indicate that the uncomplexed Pb(Il), Cd(II) and In(III) ions are reduced
at E,, = -0.385, -0.585, and -0.510 V vs Ag/Ag’, respectively. The

20

10|

s
ol
-0
-10
0
Fig. (1): Cyclic voltammograms' of . Fig. (2): Differential pulse voltammograms of
2) 5x 10" mol. I Cd (I1). a) 5 x 10 mol. I'Cd (IN).
b)a+2x 107 mol. I arginine b)a+2x 10> mol. I" arginine.

addition of the ligand (arginine or glycine)at the desired pH shifts the CV
wave and the differential pluse polarographic peak to more negative
potentials and the cathodic peak current decreases relative to that of the
labile ion as shown in figures 1 and 2, respectively ( as representative
examples of the investigated systems). This is an indication of complex

formation. All the systems presented here show reversible diffusion-
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controlled reduction (the width of the peak half hight almost equal to
96/n mv).

25

20}

I (nA)

E(mYV)

Fig. (3): Cyclic voltammograms of Cd(II)-arginine at
different scan rates a) 0.05, b) 0.1, C) 0.2 and d) 0.5 mvs™.

The cyclic voltammograms show reversible reduction waves of n
electrons (n=2 for Pb(II) and Cd(II) and n=3 for In(III)). Figure 3 shows
that the anodic and the cathodic peak current potentials, Eap and E"p are
independent on the scan rate used (20-1000 miv/sec.). E"’p-Ecp and E;-E,»
are of 59.1/n+2 mV and 56.5/n+1 mV , respectively and the anodié to
cathodic peak current ratio, i’/ i, approches unity®”. The overall
stability constants By and the composition of the complexes are
evaluated using the differential pulse polarographic data as input for the -
POLAG Programme. To calculate the overall stability constants of the
systems under consideration, all the reasonable stoichiometries (species)
between the metal ion and the ligand, taking into account the
coordination number of the metal and whether the ligand is mono, di or

terdentate, as well as, all the mathematical combinations of these species
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as input sets were examined making use of the programme. Many of
these sets were rejected when the statistical output (o para, the standard
deviation of fit and U the sum of squares of residuals) are large or when
constants have large standard deviation of, o(log ). Furthermore, the
effect of variation in the value of protonation, hydrolysis on the chosen

binary and ternary models were examined.

I) Binary systems
a) Lead(Il) - L-arginine

It is well known that L-arginine, abbreviated Arg O, is potentially

tridentate ligand with three ligating sites. The carboxyl group, -COOH,

(H,Arg ~ H,ArgO, pK,; = 6.1), the protonated amino nitrogen

group, -N'H;, (H,ArgO HArgO, pK,, ‘= 9.36) and the

guanidinium group, -NHC(= N* H,)NH,, (HArgO = ArgO,
pPK; = 11.5)(1) are available for compleXation. However, in solutions of
pH > 11.5, three species for arginine are considered to be the possible
ligands for chelation. They are H,ArgO, HArgO and ArgO. The Lead(II)- -
L-arginine chelates are studied at pH 8.0 by DPP and the voltammetric
data are depicted in Table 1. At pH 8.0 L-arginine behaves as
monodentate and the predominant species at the given pH is [H,ArgO].
The equilibrium concentrations of this species and the others if present
are evaluated from the knowledge of the analytical concentration of L-
arginine, Cyg, pK,, and pK,; values utilizing the following relations.®

F

g0 [T y
[H.4r¢0]- KK, + K, [H]+[HT Con ®
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Ka[H}
HArgO|= a2 xC, 9
[ ] K, K+ K [H]+[Hf ™ ©)
K.K )
A 0 — a2’ a3 C l
[ rg ] KaZKHS +K02[H]+ [‘Ff]2 " " ( 0)

Table (1): Voltammetric data for Pb(Il)-L-arginine system, [Pb2+] =
1x10*mol.I", at I=0.10 molI" NaClO,, 25°C and pH = 8.00.

Cug | [H2Arg0] | [HArgO] | [ArgOl] “E, T,
(m mol) (m mol) (m mol) (m mol) (mv) (LA)
50 48 1.80 0.00 460 21.00
100 96 3.60 0.01 475 22.00
150 144 5.80 0.02 480 21.50
200 192 7.60 0.03 485 24.50
300 240 11.20 0.04 495 23.50
450 288 16.60 0.06 500 22.50

Table 2 comprises some of fhe proposed models. It seems that some of
the two species models are not accepted and execution terminated.
Models C and D are rejected due to high values of ¢ log B. Of the single
species models converged, model A, matches well the formed complex
between lead(I) and the diprotonated arginine [H,ArgO]. The
diprotonated arginine [H,ArgO] acts as a monodentate ligand, in which
the o—amino and quanidinium groups still protonated, ligating lead(II)
through the carboxylate group. Accordingly one can expect that the
proposed formula of the complex would be [Pb(H,ArgO)].
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Table (2): Overall stability constants-of Pb-L-arginine binary complexes
at 1= 0.10 moll” NaClOQ, , 25°C and pH = 8.00. p= [HZArgO], q=
Pb(IT) and r = OH. -

Model Pqr Log B(o) 10° Gpara 10°U

A 110 4.15(0.06) 430 9.40

B 210 4.85(0.13) 4.30 4.36

C 01-1 5.24(0.15) 4.28 7.32
210 -| 4.62(0.09)

D 110 3.99(0.12) 3.79 5.74
210 4.24(0.03)

b) Lead(II)-glycine

The formation of a complex between lead(Il) and -giycine is studied at
pH 8.0 using DPP. The system is shown to be a reversible two electrons
reduction. It is well known that glycinate functions as a bidentate NO .
ligand; Five-membered metal chelates are assumed to be formed.

The statistically accepted models are depicted in Table 3. It can be
seen that the formation of more than one species is rejected (models D
and E). Only binary species of the type [PbL,] and [PbL, ;,OH;], where
=1 , 2 and j=1, 2 can be formed, however, the best model to represent

the formation of a complex between lead(II) and glycine is C.
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Table (3): Overall stability constants of Pb-L-glycine binary complexes
at 1=0.10 mol1" NaClO,, 25°C and pH = 8.00.
p=gly., q=Pb(Il) and r = OH.

Model Pqr Log B(c) 10° ODATA 10°U
A 210 4.88(0.04) 2.70 3.70
B 211 3.12(0.04) 2.70 3.70
C 212 11.12(0.04) 2.20 1.98
D 210 4.55(0.24) | 2.20 1.98

310 4.79(0.06)
E 211 3.21(0.06) 2.20 1.98
310 4.55(0.24)

It is worth while to compare the binary complexes of lead(Il) with
L-arginine and glycine. It is revealed that lead forms more stable complex
with glycine (logf=11.12+0.04) than with L-arginine (logP = 4.15£0.06).
Because of the: presence and protonation of the strongly basic
guanidinium group, L-arginine can function as a Zwetterionic species.“’ &

* The lower stability constant obtained for lead complex formation with

L-arginine is attributed to the inductive effect of guanidinium group.

¢) Indium(III) -L-arginine

Indium complexes of L-arginine are studied by DPP at pH 4.2 in the non-
complexing medium 0.10 mol.I" NaClO,. The statistical data and the

overall stability constants of the system are represented in Table 4.




556 HUSSEIN M. EL-SAGHER

Table (4): Overall stability constants of In-L-arginine binary complexes
at 1=0.10 mol.I" NaClO,, 25°C and pH = 4.20.
p =[H,ArgO], q=In(III)and r = OH.

Model Pqr Log B(c) 10° Spara 10°U
A 01-1 2.01(0.41) 17.00 126.00
B 01-2 6.38(0.49) 21.55 185.00
C 110 2.92(0.27) 11.96 57.23
D 210 13.66(0.18) 7.70 24.02
E 310 2.64(031) 24.11 197.00

Of the different models proposed (Table 4), the only acceptable model is
D from the statistical point of view on one hand and on the other hand
since arginine at such a lower pH value ( < 9.5) will form the
diprotonated‘ species [H,ArgO], the o-—amino and the guanidinium
groups still protonated. If so, the only center available for complexation
might be the carboxylate group. Model E is rejected not only for
statistical outptits, but for the bigger molecule of arginine that hinders the
formation of this species. It is found that models with more than single

species as well as the hydroxo species are not converged.
II- TERNARY SYSTEMS
a) Lead(II)-L-arginine-glycine system

As just stated above that- lead(II) forms binary complexes with both L-
arginine and glycine of varying stability constants. The lead(II)-1-
arginine-glycine ternary system is investigated. This is done by varying

the concentration of glycine, gly., while the concentration of arginine and
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leadI(II) is kept constant at their analytical concentration. The DPP -
technique is used to study the system. The peak potentials are shifted to
more negative upon addition of glycine ( c.f. Table 5). This indicates the
formation of ternary complexes. The overall stability constants are

determined by POLAG computer programme.

Table (5): Voltammetric data for Pb(II)-L-arginine-glycine ternary
system, [Pb*'] = 1x10* mol.l", at1=0.10 mol.I" NaClO,, 25°C and
pH = 8.00.

[H,ArgO] [Gly.] E, 1,
(m mol)’ (m mol) (mv) (nA)
0.00 475 28.00
100 488 27.00
200 500 27.50
300 510 28.00
400 515 29.00
500 520 28.00
700 528 27.50
900 535 | 29.00

* L-arginine is representated as [H,ArgO] and its fixed concentration at 28.8 m mol is

calcuulated from eqn.(9).

Table 6 comprises the most acceptable models, however, all single
| species models are rejected because of high opyta values. An inclusion
of a secolnd species has improved the value of opsrs as well as the
'standard deviation of logP. Model K is preéumably the most likely one to

be considered with respect to all the statistical values. It is clear that lead-
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‘l-argininate-glycinate ternary complex [Pb(H,ArgO)(Gly.)(OH),] is
present together with lead-glycinate binary complex [Pb(gly.)(OH),], as
the two species have perfectly close overall stability constants of

11.69+0.08 and 12.37+0.02, respectively.

Table(6): overall stability constants of Pb(II)-L-arginine-glycine ternary
complexes at I =0.10 mol.I"" NaClO, , 25°C and pH = 8.00.
p =[H,ArgO], q=Gly.,r=Pb(Il) and s = OH

Model Pqrs Log B(o) 10° 6pata 10°U
A 1110 4.93(0.07) 539 14.50
B 111-1 3.05(0.08) 5.39 14.50
C 111-2 11.05(0.06) 5.39 14.50
D 111-1 3.69(0.06) 0.69 0.19
0210 3.63(0.03)

E 111-1 3.300.03) 120 0.56
0310 3.62(0.07)

F 111-1 3.69(0.08) 0.69 0.19
021-1 3.37(0.08)

G 111-1 3.39(0.08) 0.69 0.19

H 111-2 11.69(0.08) 0.69 0.19
0210 3.63(0.03)

I 111-2 11.30(0.04) 1.20 0.58
0310 3.62(0.05) .

J 111-2 11.69(0.08) 069 | 0.19
021-1 4.37(0.03)

K 111-2 11.69(0.08) 0.69 0.19
021-2 .| 12.37(0.03)
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b) Cadmium(Il)-L-arginine ternary system

The structure of L-arginine, Arg'O’, is written H,N-C(=N'H,)-NH-
(CH,)5-CH(NH,)COO ™. Potentiometric titration of arginine indicates
that a étepwise dissociation reaction takes place'’. It is found that
dissociation of the proton from the o.—amino group (-CH(NH,) -COOH)
takes place prior to the dissociation of the proton from the terminal basic
group (-NHC(=N'H,)NH,). Consequently, arginine is potentially
terdentate if the terminal group takes part in chelation. However, it is
found that arginine function as bidentate ligand for metal chelates, in
which the ligating sites are the carboxylate and the a—amino groups. In
solutions of lower pH’s (<9.2), the species (H,ArgO) reasonably exists
and acts as monodentate ligand through the carboxylate group. In the pH
range 9.2 up to < 11.0 the carboxylate and a-amino groups become
available for chelation and the predominant species [ HArgO ], which
acts as bidentate ligand, will be present together with the monodentate
species [H,ArgO].
The cadmium(II)-L-arginine system is studied at pH 9.2 by DPP.
The equilibrium concentrations of the species [H,ArgO ], [HArgO] and
[ArgO.] are evaluated following the same procedure described above
(c.f. Pb(Il)-arginine system) from eqns (8) , (9) and (10) . The studies are
performed at pH = 9.2, at constant concentration of Cd (II) by varying
. the ahalytical concentration of arginine, Cg,, so that [H,ArgO] and
[HArgO.] vary considerably with C,, . The voltammetric data of the
subject system are summarized in Table 7. Examination of these data
* reveals that at such conditions the [H,ArgO] and [HArgO] species are of
considerable concentrations and are thé most likely ligands té be present.

It is also clear that the concentration of [ArgQ.] species is too small to
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be neglected. Again this confirms that L-arginine in such medium can

not behave as a terdentate ligand. Thus, the Cd (II)-L-arginine system has

to be examined as a mixed ligand complex.

Table (7): Voltammetric data for Cd(II)-L-arginine system, [Cd2+] =

5x10*mol.I”, at I=0.10 mol.I" NaClO, , 25°C and pH = 9.20.

Carg [H,ArgO] | [HArgO] | [ArgO.] -E, I,
(mmol) | (mmol) | (mmol) | (mmol) (mv) (nA)
50 29.50 20.30 0.02 660 11.50
100 59.00 40.70 0.03 690 14.50
150 86.00 61.10 0.05 705 16.00
200 118.00 81.60 0.07 715 16.50
250 148.00 102.00 0.09 718 17.50
300 177.00 122.30 0.10 725 18.00
350 207.00 | 14270 | 0.12 728 18.00
400 236.00 163.10 0.14 732 22.00

The calculation of the overall stability constants and the

composition of such a unique ternary system are achieved with the aid of

" POLAG- computer programme, The results are collected in Table 8.

From these results, it may be concluded that, the choices are correct with

errors in the values of overall stability constants within the standard

deviation. Examination of these results in Table 8 reveals that, when only

one species viz, model A, is considered the best statistical fit give results

of high statistical output. Considering model B increases significantly the

standard deviation of log B with the same values of opars, and U as in

model A. -
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Table(8): overall stability constants of Cd(I)-L-arginine ternary
complexes at at I =0.10 mol.I"" NaClO, , 25°C and pH = 9.20.
p =[H,ArgO], q=[HArgO],r=Cd(Il) and s = OH

Model Pgrs Log B(c) 10° ODATA 10°U
A 1110 7.71(0.04) 2.50 3.20
B 111-1 1.49(0.35) 2.50 - 3.20
C* 1110 - - -

111-1 -
D 111-2 10.69(0.04) 2.50 3.20
E* 1110 - - -

* Execution terminated.

Examination ‘of the rest models in Table 8 indicates that the best
model to represent this ternary system is D, which is statistically
accepted in such experimental conditions. Two species models, C and
E, were not converged and execution terminated. As already stated, L- -
arginine has two ligating sites, the carboxylate and the a-amino groups.
The species [Cd(H,ArgO)(HArgO)] implies that [H,ArgO] may act as
monodentate ligand with protonated a-amino and guanidinium groups
and the ligating site presumably being the carboxylate groups. [HArgO]
species may be bidentate ligand with protonated guanidinium group and
offering the carboxylate and «-amino group as ligating sites for

cadmium(H).
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INEPIAHWH

ATAAIKA KAI TPIAATIKA TETPALGENH LYMITAOKA L-API'ININHE
ME MOAYBAO (II) INAIO (I1) KAI KAAMIO (II). ATA®OPIKH ITAAMI-
KH ITOAAPOI'PA®IKH MEAETH

H dwopopixt} mahpxii mohapoyeagury pehétn g tvdro (III)-L-apywvivng, -
yhurivng ol -L-agywivng-yhunivng moaypotorowjfnxe og vdatind dtakipore. v-
reoyhwoLddous vatpitov 0,10 mol I o pH 4.2 vou 8.0, avtuorolywe. To ovotnua
e xaduo (I1)-L-apywvivns pehenibnxe, entong, vnd tig idieg ouvbineg oe pH
9.2. O cuvohréc otabepéc otabedtitag ®al 1) VOTOOT TV CUUTAGRWOY TOU
oynuatiodnroy vrohoylodnrav ue ) forfidsia npoyedunatog POLAG. "Hrav
TEOPavES 6TL 1) avaryaryri Tov pohiBdov (II), xaduiov (IT), wdiov (III) now Twv ou-
UTAGHWOY TOUC TOOXWQEL LETW AVTLOTQETTAV ®aw EAEYXSUEVQY artd T dudyuon
PtV d50 nhextoovinv (Toudv Nhenteoviny yio to ivolo). Ard T aroteréoua-
To paiveton 6t 0 pdhuBdog (I1) oynuatitel dvadird ovpmhona pe tv L-agyivivy
®aw yhurivi vaw 6t oxnuotiofnxe, extong, to toladwd obumio Pb(I1)-L-apyuwi-
vi-yAurivn. Do to vaduro (1) Boébnxe Gt oe pH 9.2 1 L-apywivn hertougyel g
uiyua dvo deoudv cuvaguoyiic [ArgO-H, ] xow [ArgO-H] xal oxnporiCeton toLa-
3116 obumhono. Ot dopés Ty ouumhOxmy TTov aviyvesdnroy ouinrodvtol et tn
Baon Twv novooyLddv BEcemv TV dECUDY CUVAQUOYTS TOU UEAETHONHRAY.
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An application of the Reversed-Flow Gas Chromatographic technique (RF-GC) -
for the characterization of catalysts, and the calculation of many physicochemical
parameters pertaining to heterogeneous reactions, is proposed. A new relevant
mathematical model is derived on the basis of a non-linear experimental adsorption
isotherm. Experimental results are presented concerning the behaviour of four
metal oxides, as catalysts for the reactions of olefin isomerization-polymerization
and hydrogenation-dehydrogenation of hydrocarbons. One oxide has a p-type
conductivity (Cr,0,), two are of a n-type (ZnO and Fe,0,), and one is an
amphoteric conductor (PbO). A comparison is made of the proposed new method
for the characterization of catalysts with the old ones, which have been based either
on a linear adsorption model or on the well known and widely used adsorption
isotherms of Langmuir and BET. The superiority of the new method with its many
advantages is described.

Key words: Reversed-Flow, Catalyst characterization, Physicochemical parameters,
Adsorption isotherms.

Introduction

A thorough understanding of the structural and mechanistic details of a catalyzed
heterogeneous reaction leads, both directly and indirectly, to the development of

new and better catalysts. One of the main objectives in the science of catalysis is the
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study of the nature of adsorption and the number of active sites [I, 2].
Furthermore, dealing with ordinary supported metal catalysts, the estimation of the
support surface uncovered by the active ingredients, as it is 'known, may be
obtained by the difference.between the total surface area, as measured usually by.
the BET method, and the metal surface area measured by chemisorption methods.
This is done e.g. in supported metal oxide catalysts [3]. The number of cases where
chemisorption measurements [4, 5] have been successfully applied to this end has
increased in recent years, e.g., the hydrotreatment of petroleurﬁ feed stocks [6]. The
most detailed investigations designed to study the interaction between the surface
and chemisorbed probe molecules are the pioneer works of Garner and co-workers
[7, 8] in England, who studied the rates and heats of adsorption, and the
conductivity changes occuring with oxides as ZnO and Cr,0O,. Other examples of
selective surface area measurements in two-component oxide systems are provided
by Voltz and Weller [9], and by Maclver and Tobin [10], who used the amount of
oxygen to estimate the specific surface area of chromia in supported catalysts. More
recently, much work upon chemisorption of different (CO,, CO and NO) probes
[11] on metal oxide catalysts, within the framework of the NO+CO removal from
the exhaust gases of car engines, was done by the Ford Motor Co in U.S.A. The
chemisorption of such molecules as pyridihe, ammonia, hydrogen sulfide and
bbrpn trifluoride [12] is specific for certain types of adsorbents, this behaviour
being generally related to the occurrence of specific surface sites (acidic or basic)
which are present in a surface concentration that is not known. Data of this kind
are useful for the identification and estimation of specific types of adsorption sites
[3]. i :
Standard methods for catalytic surface area determination formally exist for
a few supported-metal catalysts. However, there is not a general acceptance of such
methods for supported-metal oxides [3]. There are inherent difficulties in selecting
any method as a standard for surface area measurements, since catalyst
manufacturers throughout the world prepare their materials from different
precursors and in different ways. These differences can cause marked variations in

the procedure required to measure accurately the surface area of metal oxides. No
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doubt, the chemisorption of suitable probe molecules is the method of choice for
such purposes. It is also of great interest to combine the chemisorption
measurements with appropriate surface spectroscopies or other techniques in order
to determine precisely the stoichiometry between the probe and the surface sites. A
remaining question is that of the proportionality between the surface area of the
supported metal oxides and the number of sites responsible for a given reaction.
-The answer to this question is most often positive, but contrary examples exist in
the literature. It is therefore obvious that one should not select a catalyst on the
basis of an invalid test, and that other physicochemical quantities may be required
to be measured for more correct results. Many empirical or semi-empirical
equations have been found to be useful, but have limited applicability; the most
important of these are the Langmuir, Freundlich, Frumkin-Temkin and the
Brunauer-Emmett-Teller (BET) isotherm equations. The Langmuir model is
sometimes a good approximation for adsorption on solids with nearly uniform
surfaces, but it usually fails to provide an accurate representation when the
adsorbent is an inorganic solid of the kinds used as catalysts [14-15]. The
assumption of uniformity of the surface sites is invalid for metal oxides [15]. The
nonuniformity of the surface sites is usually the major reason for the model's
inadequacy. One adsorption isotherm is of great value in determining surface areas
of catalysts, the BET isotherm [14, 16]. In contrast to the Langmuir isotherm, it
accounts for multilayér adsorption and therefore gives a much better representation
of physisorption than the Langmuir isotherm. Even the BET model, however,
which is both well known and the most used one is catalytic works, is inexact and
the surface areas determined by that are to some degree arbitrary.

The above raises the question of what mathematical formulations do a
better job in representing experimental results. In the present paper an answer to
this question is attempted, by the method of Reversed-Flow Gas Chromatography
(RF-GC). Using this method, many phenomena relating to catalytic reactions have
been succesfully studied [17-40]. However, all calculations so far were based on
linear adsorption isotherms [33-35]. Now, a simple determination of direct

experimental isotherms over a wide range of concentrations is possible {40], without
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specifying a priori an isotherm equation. Incorporating this important development
into the mathematical models, non-linear isotherms are automatically taken care of
leading to- the calculation of adsorption, desorption and surface reaction rate
constants under the real experimental isotherm. In this work a valid and adequate
model for both, the chemisorption of probe molecules and the specific surface area
(SSA) studies of a new-catalyst is devélopcd. After a proper modification of the
RF-GC experimental set-up for obtaining conveniently better and realistic results -
from catalytic studies, one can quantitatively and accurately follow the surface
reaction and the desorption of a reversibly adsorpted reactant, together with the
local adsorption parameter pertaining to the isotherm. From this, the real
experimental isotherm can be piotted directly without the need of an a priori

isotherm equation, like the ones mentioned before.

Theoretical

The calculation of the physicochemical parameters adopting the linear model is
based on the theoretical analysis alr’éady,published [34-35] and includes the rate
constants for adsorption (k), desorption (k) and possible first-order surface
reaction (k,), the overall mass transfer coefficient of the gas to the solid surface
(Ky), and the adsorption equilibrium constant (K). A brief description of this
analysis is given here. By plotting the height H of the extra chromatographic peaks
obtained by the reversal of the flow direction of the carrier gas as a function of time
t, measured from the injection of the reactant into the solid bed (cf. Fig. 1), one
obtains the so-called diffusion band. The mathematical analysis of this by means of
a PC programme already published [33] gives the function of time describing

H =f{(t), as the sum of two exponential functions:

HYM = N1+ ZY) exp (l;—zz) N5l ~Z)exp (_X_;l,) )
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where N, is a constant depending on the experimental conditions, X, Y and Z are

defined by the relations

[0 3] Vlkl

TTer TTe, TRt &
X2-v2 _oyk1+ky) Vikik,
Z - 1xv; T | ©
Z=X-2k_y +k2) @
while oy =2D/L? )
Vi (empty)e L%
V{ = 2T+L—]2 (6)

D, being the diffusion coefficient of the analyte in section L,, and V; and Ve
denoting the gaseous volumes of empty sections L, and L,, respectively (cf. Fig. 1)

and € the external porosity of the solid bed.

From the values of the two pre-exponential factors and the two exponential
coefficients of time of Eq. (1), together with a, and V|, one can easily find the
values of the three physicochemical parameters k;, K, and k,, together with K; and

K from the relatidus

V/

Kc3=/€17(si

ke
anq K—k—1 Y o a

where A, is the total surface area of the solid. More details can be found in the
original publication [34].

The non-linear isotherm model is now based on a recent significant
advancement, namely a simple determination of the experimental adsorption
isotherm of a gaseous substance on the surface of a solid, defining a local
adsorption parameter k, of the isotherm, without using an a priori isotherm

equation, like that of Langmuir, BET, et al. The detailed theoretical analysis, the
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experimental set-up, and several sample isotherms so determined are given in the
original publication [40]. Together with the isotherm parameter k,, the method
gives the value of the desorption rate constant k,, of the gas from the surface of the
solid, the rate constant k, of a possible first-order or pseudo-first-order surface
reaction of the adsorbed analyte, and the chromatographic detector calibration
factor g for the pollutant.

In the present work, the experimental arrangement of ref. [33] was used,

repeated in Fig. 1.

30 X— =4 X=tit
inlet of sampling column
carrier gas reference r
injector
diffusion
colqmn
restrictor or.

separation column

Y=Ly hydrocarbon
I _ injector: - .

detector

FIGURE I. Schematic representation of columns and gas connections for characte-

rization of solid catalysts by Reversed-Flow Gas Chromatography.

The mathematical modelling now was considerably different than before,
[40], but the solution of the resulting partial differential equations led again to
mathematical relations for the calculation of the same physicochemical parameters,
namely:

(a) The local adsorption parameter k, (s*) of the gas A and its experimental

isotherm on the surfaces of the solid.
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(b) The rate constant of desorption k, (s ) from the surface.

(c) The rate constant k, of a possible first- or pseudo-first-order surface
reaction.

It is noteworthy that the equations derived here were the same for two
different ways of introducing the gaseous analyte onto the solid bed (cf. Fig. I).

The main lines of the necessary mathematical analysis based on the
arrangement of Fig.. | are given below, by assuming a non-linear adsorption
. isotherm. For this purpose, it is not necessary to determine the isptherm equation.
Only the basic definition of the local adsorption equation is adopted, thus
incorporating the non-linear isotherm in the mathematical calculations. The

non-linearity is automatically taken care of. The above definition is

» a t a
¢t =Fkifyey@dt or ¢ =78 - La)+gokiff oy (D de ®)

depending on whether the pollutant A is injected as an instantaneous pulse (delta
fuction, 6) at z = L, (left-hand side of Eq.(1)) or at y = L, (right-hand side of

Eq.(1)).
The symbols above are

cs equilibrium adsorbed concentration of analyte at time #, mol/g.
m, initially adsorbed concentration of analyte, mol.

a, amount of solid adsorbent per unit length of column bed, g/cm.
y length coordinate along section Lz, cm. ‘

c, gaseous concentration of the analyte in region y, mol/cm®.

a cross sectional area of the void space in region y, cm?.

8(y -L,) Dirac's delta fuction describing the initial condition of the
bed, when the analyte is introduced as an instantaneous
pulse at the point y = L,, cm™.

k, © local adsorption parameter transforming into ¢, the area under

l the curve of the gaseous concentration ¢, in region y vs time at
any later time 7, s
T dummy variable for time.

The mass balance equation in the filled region y of the diffusion column is
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2
e SRR )
where )
D, diffusion coefficient of the analyte in section L,, cm’/s.
k, rate constant of desorption from the bulk solid, s™.
c, concentration of analyte'adsorbed on the solid at time 7, mol/g.

The rate of change of the adsorbed concentration is described by the relation

L =k y(3 - e —hacs. (10)
where k, (s') is the rate constant of a possible first-order or pseudofirst-order
surface reaction of the adsorbed gas.

The initial conditions are
(0,))=78(-L) and ¢(0,))=0 an

where m is the amount (mol) of analyte introduced as a pulse:

In gaseous region z the diffusion equation for the analyte is

92c;
dz2

ocz
ot

=D (12)

where |
z length coordinate along section L,, cm.
¢, gaseous concentration of analyte in z, mol/cm’.

The system of partial differential equations, (9), (10) and (12) is solved by
using double Laplace transforms of all terms with respect to time and length
coordinates, under the initial conditions (11) and c,(z, 0)-= 0, the isotherm equation
(8), and subject to the appropriate boundary conditions at the junctions L,/L, and
x =1" (cf. Fig. 1). The result, by means of certain approximations [38], leads to the

expression
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HYM = 4, exp(B) 1)+ Ay exp(B2t)+ Az exp (B3 1)+ A4exp (Bal) (13)

The physical meaning of the exponential coefficients of time B, B, B, and B, are as

follows:
o(1+V)+k_+ky=—(B1+B2+B3+By)=X (14)

a(1+ V])(k_j +ky)+ooy+kk_y =B|By+BB3+ BBy

+ B3B3+ ByBs+B3Bs=Y ) (15)

(1,1('1.2(](_) +k2)+a2 V}klk_l +k1k_]k2 =
—(B1B3B3+B\B3B4s+B\B3B4+B,B3By)=2Z (16)
aZVlklk—1k2 =B1BzB3B4= |4 (17)

where o, and ¥, are given by Eq. (5) and (6), respectively, and o, = 2D2/L§.

By entering the pairs of H (peak height), 7 (time of reversal) in the DATA
lines of the PC program listed in the Appendix, the exponential coefficients B,, B,
and B, of Eq.(13) are computed. From these, using Egs.(14)-(17), k,, k, and k| can
be calculated.

Instead of using diffusion coefficients in Eq;(5) from other sources, one can

use a steady-state approximation for ¢, in Eq.(10), dc/dz = 0, leading to
k_i(ct - cs) _ kycs =0 (18)
Using this in place of (10), there results
HYM = 45exp(Bs 1)+ Agexp (Bg 1) + A7exp (B7) 19

instead of Eq.(13), with B,, B, and B, having the content:
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oy(1 +Vy)=~(Bs +Bs +B7) =X, : (20)
oo + i‘_’l‘j]’zj = BsB+BsB7 +BeB1 =Y, @n

o Vikik-1ky _ _

otk (BsBsB7)=Zi (22)

Thus, the same experimental pairs H, ¢ can be used on the basis of three
exponential functions of time (19) to give the values of B, B; and B,. From the
seven auxilliary paramefers X,Y,Z W, X, Y, and Z, one can calculate the three
‘main physicochemical parametérs k,, k, and k,, without the use of D, and D,,
assuming only that they are equal. The PC programme in GW BASIC of the
Appendix A has been written for this purpose, giving directly k,, k, and k,.

From these parameters the deposition velocity ¥, of the gaseous analyte on
the surface of the solid, and the reaction probability y with that are calculated by

the simple mathematical formulae

_kiVa(empty)e Ky

Vd As ' k..] +k2 (23)
1_(RgT)”2._1_ 1
T=xM) ViT2 24

where R_ is the ideal gas constant, T' the absolute temperature and M the molar
mass of the gaseous analyte. The values of these two additional parameters, ¥, and
v, are also displayed by running the PC programme of the Appendix.

It is clear from the definition of ¥, by Eq.(23) and the relation of y with it
(Eq.(29)), that both parameters are independent of molecular diffusion, being
related only to the local adsorption isotherm (k,), the desorption rate constant (k)
and the surface reaction rate constant (k).

The calculation of the isotherms is carried out as described elsewhere [40],

using the following equations:
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ayigl A; exp (Bi1)

ocs
25—t — @)
8 aS_Z] A; B; exp(B;j1)
i= :
.« kia '
5 =~pgZ ig} A;exp (B; 1)/B; (26)
3
cg = é 3 Aiexp (B;1) 27)
i=

where 4;.and B, are the pre-exponential factors and the exponential coefficients of
Eq.(19), and g (cm/mol cm™) is the proportionality constant between peak height H
(cm) and gaseous concentration of the analyte ¢, (mol cm™). One can consider ?in

the above equations as a dummy independent variable and calculate, for chosen
arbitrary values of 1, both the differential isotherm dcs/dcg and cg, together
with the corresponding values of c,. Plotting dcs/dcg or ¢ against ¢, for each

chosen 1, independent experimental isotherms are obtained. By entering an initial
time 7, and a final time 7, in the 330 and 340 INPUT lines of the PC programme
given in the Appendix, this calculates and prints dc3ldcg, ¢ and c,, together

with the other parameters mentioned before.

Experimental

Chemicals. All gases used including the carrier gas were obtained from Air Liquide
(Athens, Greece) and had a purity of 99.000-99.999%. The oxides used were
pro-analysi from Merck.

Apparatus. The experimental arrangement has been described elsewhere [34,
35] and is schematically outlined in Fig. 1.

The geometrical characteristics of the cells used in the experiments are given
in Table 1, together with the mass, external porosity and specific surface are of the
solids.

Procedure. After the injection of 1 cm® of each gas at atmospheric pressure

and waiting for the monotonously rising concentration - time curve to appear in the



TABLE 1

Lengths and Volumes of the Cell Used to Obtain the Diffusion Bands, together with the Solid's Amount, External Porosity and specific

Surface Area
Solid L, (cm) L,(cm) Vs (em®) VG (cm?) a, (goem”) € SSAlem? g
Cr,0, 516 2.9 10.15 13.50 4517 0.7252 33400
ZnO 51.2 33 8.65 15.00 3.152 0.3840 17316
Fe, O, 22.0 29 2.12 0.279 0.1000 0.7988 ' 23400
PbO 21.7 3.5 2.09 0.337 04171 | 0.5551 " 300
TABLE 2

Adsorption, Desorption and Surface Reaction Parameters for CH, on Cr,0‘3, at 323.2 K, based on a Linear and Non-Linear Isotherm

Model
k,(lO“s") k,(10%s") k,(10%s") k,(10%s") &, (10°s") k,(107s") K (10™cms™) V(10" cms™) K v (10"
*7 Linear Non-linear Linear Non-linear Linear Non-linear ‘Linear Non-linear  Linear Non-linear
" C,H, 6.76 15.5 2.69 9.99 340 ° 383 1.96 1.32 8.61 1.51
CH, 7.55 14.2‘ 2.38 16.7 2.70 3.85 2.19 0.733 10.8 0.839
C,H, 6.06 9.40 3.04 8.15 2.11 4.29 1.76 [.10 6.82 1.26
C,H; 394 9.02 2,20 6.25 0.16 1.33 1.14 0.428 6.12 0.490
1-CH, 491 2.63 1.08 3.34 2.18 8.05 1.42 [.38 15.5 1.58

9LS
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TABLE 3

Adsorption, Desorption and Surface Reaction Parameters for C.H, on ZnO, at 323.2 K, based on a Linear and Non-Linear Isotherm Model

k,(1075Y) k(104" k,(10*sY) k,(10*s") k,(10°s") k,(10°s") K, (10cms") V,(10%cms?) K y(10™)

Linear Non-linear Linear Non-linear Linear Non-linear Linear Non-linéar Linear Non-linear
CH, 11.8 6.90 3.52 54.3 2.11 9.36 4.40 3.74 243 2.91
C,H, 7.76 7.80 2.85 124 3.70 6.95 295 1.37 202 ° 1.14
TABLE 4

Adsorption, Desorption and Surface Reaction Parameters for C,H, on Fe,0,, at 323.2 K, based on a Linear and Non-Linear Isotherm
Model

K (10*5) Kk, (10%sY) K, (10%s7) k,(10%5") K, (10°5") k,(10%s") K (10%cms?) V,(10%cms™) K y(10)

Linear Non-linear Linear Non-linear Linear Non-linear Linear Non-linear  Linear Non-linear
C,H, 1.56 16.0 3.51 47.8 6.17 21.6 1.64 1.63 1.76 1.27
C,H, 131 0.0182 1.26 397 341 444 ) 138 0.0561 414 0.0454
C.H, 92.0 134 4.99 11.3 3.25 20.3 96.9 2.83 73.2 2.37
C,H, 1.47 0.0094 3.16 521 4.13 560 1.54 0.0448 1.84 0.0444
1-CH;, 264 527 . 294 0.0821 2.67 0.338 2.78 228 3.56 261

SLSATVLVD dI'TOS ¥Od4d dOHLAW NOLLVZIAILOVIVHD MHEHN V

LLS



TABLE 5

Adsorption, Desorptiqn'énd Surface Reaction Parameters for C,H, on PbO, at 323.2 K, based on a Linear and Non-Linear Isotherm Model

—_

k,(ld*s“) K (10%s7) Kk, (10%sY) k,(10%s") k,(10*s") k,(10%s") K (10%cms") ¥,(107cms") K v (10

 Linear Non-linear Linear Non-linear Linear Non-linear Linear Non-linear  Linear Non-linear
CZHZ 0.180 5739: 0.280 0.0322 4.52 28.9 2.12 2448 0.820 1909
C,H, 45.3 .. 10.0 11.9 64.5 3.18 -15.9 . 525 0.845 4.74 0.708
CH, 0.510 . 6.37 | 7.61 352 '3.33 14.9 5.85 0.810 0.080 0.803
1-CH, 1.51 S.11 . 3.59 5.75 2.13 23.6 13.8 2.89 0.45 3.31

SONVS.LVY 'V 'N ANV SOTNOdOZINVIVI 'V ‘NOTNOdOZINVIVAINVENOA d
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detector signal, the chromatographic sampling procedure was started by reversing
the direction of the carrier gas flow for 10 s, which is a shorter time period than the
gas hold-up time in both column sections / and !’ . Examples of sample peaks
created by the flow reversals have been gi\"en elsewhere [38]. First, the diffusion
coefficient of each gas into the carrier gas was determined, by using an empty glass
vessel. Then, by using the same vessel filled with a solid catalyst, the various
physicochemical parameters described in the Theoretical section were determined.
In all experiments, the pressure drop along all columns was negligible. The carrier
gas was nitrogen with a flow rate of 0.44 cm’ s™. Conditioning of each catalyst was
carried .out in situ at 473.2 K for 24 h with nitrogen flowing continuously through

the sampling column at the same flow rate.

Results and Discussion

Some experimental results are now presented in Tables 2-5. They are based on the
linear model, together with the corresponding output for the non-linear one, for
comparison. One sees that the values of some physicochemical parameters are
significantly different and so it is obvious that for an inorganic solid of the kinds
used as catalysts the linear isotherm model is inadequate, due obviously to the
nonuniformity of the surface [14]. The linear model is a first approximation when
dealing with inorganic oxides, either used as catalysts or not, and the
physicochemical parameters so obtained are to some degree arbitrary, while the
new characterization method of catalysts seems more valid.

Two physicochemical parameters characterizing any newly-prepared catalyst
are the adsorption and desorption rate constants, k, and k_, respectively. These
constants can be measured easily and accurately and from their values a safe
criterion of catalyst characterization can be drawn. That is why one can state that
the RF-GC method without an a priori acceptance of an adsorption isotherm
equation is preferable to the Langmuir or the BET one for this purpose. Any new
quantity of a catalyst can be tested through adsorption-desorption rate constants

values before utilization. Besides, the adsorption rate constant k, describes the local
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adsorption isotherm in a dynamic non-equilibrium way, and this, is another safe
criterion, simultaneously determined. Thus, the adsorption equilibrium constant of
the linear model can be replaced by the local adsorption parameter k, of the
non-linear one for catalytic studies. '

The deposition velocity ¥V, (cf. Eq.(23)) based on k, is completely analogous
to the overall mass transfer coefficient of the gas to the solid surfabce, K [35], except
for the correction factor k,/(k, + k,). The important difference between the
parameters k,, K, k, and k, of the previous work [35], intraduced for measurement
of building pollution, and the parameters k,, ¥, k, and kz, defined here for the
characterization of catalysts, is that the first were based on a supposedly linear
adsorption isotherm, while here the true experimental isotherm is employed,
without specifying an a priori isotherm equation like that of Langmuir, B.E.T., etc.
An example of the isotherm determination, as described in the Theoretical section,
is given in Table 6. The surface reaction rate constant k, for the heterogeneous
process between the gas and the solid corresponds also to the real experimental
isotherm, not necessarily linear. Together with the deposition velocity ¥V, of the gas
onto the catalyst, the overall reaction probability y (cf. Eq.(24)) can be determined.

i:rom the Tables 2-5, it is obvious that some values obtained from the
non-linear isotherm model are [-2 orders: of magnitude higher than those
corresponding to the linear model, except of k, and k, which are of the same order
of magnitude in most cases, independently of the model.

All above physicochemical quantities intend to characterize any
newly-prepared catalyst, on the basis of accurately defined physicochemical
concepts. Of course the whole mathematical model uses certain approximations,
but to calculate the extent of the contribution of these approximations to the final
results is dlfﬁcult if not impossible

Comparison of the Chemisorption Methods. The extent of gas adsorption is a
basic quantity required in adsorption studies. Either the equilibrium amount
adsorbed or the rate of adsorption (adsorbed amount vs time) is measured as a
function of temperature and time. The amount adsorbed 'may be calculated from

the variation of the gas pressure in a calibrated volume or from the variation of the
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TABLE 6

Sample Isotherms at 323.2 K for the Adsorption of Ethyne on PbO

Dummy Oc;/0cg < ¢
variable (min) , (cm® g") ' (10" mol g") (10" mol cm‘3).
10 1.55 : 6.116 1.716
15 7.323 5.748 2804
20 48.97 5278 - 3.120
25 -41.17 4.788 3.095
30 2215 4.316 : . 2926
35 -17.86 3.875 2.701
40 -16.10 3.471 2.462
45 215.20 3.104 2.227
50 © 1467 2773 2.005
55. 1434 y 2.476 1.808
60 ' -14.12 2.209 ‘ 1.612
65 -13.97 1.970 1.442
70 -13.86 1.757 1.289
75 1378 1.566 1.150
80 -13.72 1396 1.027
85 -13.68 : 1.244 109158
90 . 1364 | 1.108 0.8166
95 -13.62 0.9876 0.7280

100 -13.60 0.8799 0.6489
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weight of the catalyst sample in a static or continuous-flow apparatus. An
adsorption apparatus may be static when the gas is brought into contact with the
catalyst sample in successive doses, either directly (classical volumetric method) or
through a capillary (flow method). In a dynamic apparatus the gas flows over the
catalyst sample for all the duration of the experiment. All known methods can be
classified in four categories:

1. Volumetric Methods [3]

2. Gravimetric Methods [3]

3. Continuous Flow Method [41, 42]

4. Pulse Flow Method [43, 44].

The Pulse technique, derived frorﬁ the flow technique, is referred in the literature as
the best technique for describing both its mathematical and experimental aspects in

considerable detail. The basic relation in this method is
L/lmV] = K;]

where L is the length of the packed column, 7, is the retention time of the pulse
maximum, v, is the linear gas velocity (velocity that would result if the column were
completely empty), and K, is the adsorption equilibrium constant. K, is directly
proportional to the slope of the adsorption isotherm, and is a true constant only for
those systems with Henrian (linear) adsorption isotherms. |

As mentioned in the Introduction, the linear model is inadequate for the
metal oxides and the major reason of this inadequacy is the nonuniformity of sites
on their surface [14]. Besides, steric and/or ‘ligand effects caused by the absorbate
may come into play and then the inadequacies extend to the Langmuir model
which, though it is a non-linear one it is ivalid for these inorganic substances. The
BET equation is based on the same assumptions made by Langmuir, but with the
presumption that multilayers of adsorbate are allowed to exist on top of the
monolayer. The BET model is still an oversimplification, but it represents many
experimental results very well and is widely used. The BET model is inexact [14]

and the surface areas are to some degree arbitrary but as the BET equation is
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almost universally used, the internal consistency of results obtained in many
laboratories is assured. .

The RF-GC technique [36] has the following advantages in relation to the
above mentioned adsorption isotherms: (1) the diffusion and resistance to mass
transfer are not neglected, (2) the sorption effect in dynamic systems is
non-existent, (3) the pressure gradient is negligible along the solid bed, (4) the

“isotherm can be determined in the presence of a surface reaction of the adsorbate,
and (5) above all, this method does not requires a specification of an a priori
isotherm equation, as it leads directly to a local experimental isotherm. This is very

important when dealing with catalysts.

Conclusion

It is often difficult to reproduce a catalyst preparation exactly and it is well known
that after any catalyst. preparation a physicochemical characterization process must
follow. Thus, the prepared catalysts are generally characterized through the study
of their specific surface areas by means of adsorption-desorption isotherms, from
which the pore size distrubutions can. also be found. Besides the catalyst surface
- acidity, if there is any, can be determined by means of desorption measurements of
some basic probe molecules. These and many other determinations based on
Chemisorption must follow every catalyst preparation, especially when dealing with
metal oxides as supported or unsupported catalysts. Since surface areas vary from
batch to batch, the implication is that before an experimental isotherm is available,
it is hardly possible to make meaningful quantitative comparisons of activities,
acidities etc. of various catalysts. Without the development of such an experimental
isotherm method, quantitative comparisons of activities of high-surface area
catalysts are not feasible.

The present paper attends to solve this problem by giving an answer that
seems to be more correct and accurate than any other one mentioned in the

literature.
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NEA MEOOAOE XAPAKTHPIZMOY ZXITEPEQN KATAAYTON KAI
ZYT'KPIZH ME ITAAAIOTEPEZ

H teyvikry tng agplo-ypopotoypapiog avosTpeEQOPEVNG » ponig (RF-GC)
eQoPUOGHNKE Y@ TOV  YOPAKINPIOHO KOTOALTOV KAl TOV  LIOAOYIoHd
PUSTKOX UKDV TOPAPETPOV ETEPOYEVDY avTidphceav. Xpnoipomonibnke véo
uabnpatikd tpétomwo pue BEon un yPApUIKY TELPARATIKT 16O0EPIO TPOSPOPTIGEDG
Tov avTdpivtog. H pébodog epapudchnke oe téocepa okeidia petdrrov, (Cr,0;,
Zn0O, Fe,0,, PbO) &g KATAAVTOV TOV AVTIBPUCEDY ICOUEPICUOV-TOAVUEPLTHOD
Kal v3poyovACENG-apudpoyovidceng vdpoyovavipakwv. Fivetar cdykpion g
npofewopévng HEBOSOL  YAPAKTNPIOROD TOV KATOAVTOV pE TOAAIOTEPEC
nebddovg, o1 omoieg eiyav otnpiydei eite oe ypappukn 16d0eppo mTpocpoPcenC,
eite ot1g 1000éppovg Langmuir xar BET. Ilepiypdeovtal Ta TAeovekThpata tne

véag pebddov.
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Appendix A

10 REM Non-Linear Regression Analysis of Function:

20 REM H™(1/M)=A1XEXP(B1XT)+SXA2XEXP(B2XT)+P*A3*EXP(B3*T)+X*XA4*EXP(B4x*T)

30 REM H™(1/M)=AS*EXP(BSXT)+S*A6XEXP(B6*T )+P*A7*EXP(B7)

40 REM Calculation of kinetic parameters with non-linear isotherms and
experimental set-up of Chromatographia 41,227(1995),with injection
of one or two gaseous substances, at y=0 or y=L2.

50 REM N2 Minimum number of points of first exponential function

60 REM MAX Square of maximum correlation coefficient

70 REM oPT Final optional choice of variables when OPT=1

80 REM J Number of points of first exponential function

90 REM G Number of points of second exponential function

100 REM F = Number of points of third exponential function

110 REM K,L First and last point of linear regression in subroutine

120 REM SA,SB Standard errors of A and B in each linear regression

130 REM Y(I) Ordinate for each linear regression in the subroutine

140 REM u(r) Variable remaining by removal of the previous one, two or

three exponential ‘functions

150 REM D(I) = Function for calculating the correlation coefficient

160 INPUT “Total number of pairs H,T=";N

170 DIM H(N),T(N),Y(N),U(N),D(N)

180 INPUT "Response factor=";M

190 INPUT “Factor to divide H(I)=";H1

200 INPUT "Temperature in K=";T ’

210 INPUT "Lenth Ll(cm) of Section 'z=";L1

220 INPUT “"Length L2{cm) of Section y=";L2

230 INPUT "Gaseous Volume VGl{(cm"3) of Empty Section Ll1=";VGl

240 INPUT "Gaseous Volume VG2{cm~3) of Empty Section L2=";VG2

250 INPUT "External Porosity of the Solid bed,E=";E

260 INPUT "Cross Sectional Area AY(cm"~2) of Void Space in Region y=";AY

270 INPUT "Amount of Adsorbent per Unit' Length of Bed AS(g/cm)=";AS

280 INPUT “Specific Surface Area of Solid SSA(cm”2/g)=";SSA

290 INPUT "Molar Mass MB(kg/mol) of Analyte B=";MB

300 FOR I=1 TO N

310 READ H(I),T(I)

320 H(I)=H(I)/H1

330 NEXT I

340 N2=INT(N/7+.5)

350 MAX=0:0PT=0

360 REM Calculation of Al and Bl with H,T pairs ranging from N2 to N-2*xN2-3

370 FOR J=N2 TO N-2*N2-3

380 =N-J+1

390 L=N

400 FOR I=K TO L

410 Y(I)=(1/M)*LOG(H(I))

420 NEXT I

430 GOSUB 2380 :REM Subroutine for linear regression analysis
440 Al1=EXP(A)

450 Bl=B

460 SAl=SA

470 SB1=SB

480 IF OPT=1 THEN 520

490 REM Calculation of A2 and B2 with H T pairs ranging from N2 to N-J-N2-3
,and both prefixes -1 or +1

500 FOR S=-1 TO +1 STEP 2

510 ’ FOR G=N2 TO N-J~N2-3

520 K=N-J-G+1

530 L=N-J

540 FOR I=K TO L

550 U(I)=8S*H(I)" (1/M)-S*A1*EXP(31*T(I))
560 Y(I)=LOG(ABS(U(I)))

570 NEXT I

580 GOSUB 2380 :REM Subroutine for linear regression analysis
590 A2=EXP(A)

600 B2=B

610 SA2=SA

620 SB2=SB
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630
640

650
660
670
680
690
700
710
720
730
740
750
760
770
780
790

800
810
820
830
840

850
860
870
880
890
‘900
910
920
930
940
950
960
970

980
990
1000
1010
1020
1030

1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
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IF OPT=1 THEN 670
REM Calculation of A3 and B3 with H,T pairs ranging from N2 to N-J-G-3
and both prefixes -1 or +1
FOR P=-1 TO +1 STEP 2
FOR F=N2 TO N-J-G-3
K=N~J-G-F+1
L=N-J-G
FOR I=K TO L
U(I)=P*x(H(I)" (1/M)-AI*EXP(31*T(I))~S*AZ*EXP(52*T(I)))
Y(I)=LOG(ABS(U(I)))
NEXT I :
GOSUB 2380 :REM Subroutine for linear regression analysis
A3=EXP(A)
B3=B
SA3=SA
SB3=SB
IF OPT=1 THEN 810
REM Calculation of A4 and B4 with H,T pairs ranging from 1 to N-J-G~F,and
both prefixes -1 or +1
FOR X=-1 TO +1 STEP 2
K=1 '
L=N-J-G-F
FOR I=K TO L
U(I)=X*(H(I)"(1/M)-A1*EXP(B1*T(I))-S*A2*EXP(B2*T(I))-P*
A3XEXP(B3*T(I)))
¥(I)=LOG(ABS(U(I)))
NEXT I
~ GOSUB 2380 :REM Subroutine for linear regression analysis
A4=EXP(A)
B4=B
SA4=SA
SB4=SB
IF OPT=1 THEN 1120
C1=0
C2=0
Cc3=0
FOR I=1 TO N
D(I)=H(I)" (1/M)-A1*EXP(31*T(I)) -SXA2XEXP(B2*T(I))-P*A3%
EXP(B3*T(I))-X*A4*EXP(B4*T(I))
C1=C1+D(I)"2
C2=C2+H(I)" (2/M)
C3=C3+H(I)"(1/M)
NEXT I

R=1-C1/(C2-C3"2/N)
IF R>MAX THEN MAX=R:SMAX=S:PMAX=P:XMAX=X:JMAX=J:GMAX=G:
FMAX=F
NEXT X
NEXT F
NEXT P
NEXT G
NEXT s

NEXT J
S=SMAX:P=PMAX:X=XMAX:J=JMAX:G=GMAX:F=FMAX:0PT=1
GOTO 380

LPRINT "Intercept Ln(Al) and its Standard error =";LOG(AlxH1l) "+-"SAl
LPRINT "Slope Bl and its Standard error=z";Bl "+-"SBl
LPRINT .
LPRINT "Intercept Ln(A2) and its Standard error=";LOG(A2*H1) "+-"SA2
LPRINT "Slope B2 and its Standard error=";B2 "+-"SB2
LPRINT ) .
LPRINT "Intercept Ln(A3) and its Standard error=";LOG(A3*H1) "+-"SA3
LPRINT "Slope B3 and its Standard error=";B3 "+-"SB3
LPRINT
LPRINT "Intercept Ln(A4) and its Standard error=" ;LOG(A4*H1l) "+-"SA4
iggiNT "Slope B4.and its Standard error=";B4 "+-"SB4

NT .
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1240 LPRINT "Square of maximum correlation coefficient r~2=";MAX

1250 LPRINT "Optimum values of points for 1st, 2nd , 3rd and 4th exponential
functions, respectively=";JMAX",6"GMAX", "FMAX"and"N-JMAX-GMAX-FMAX

1260 LPRINT "vValues of S,P and X,respectively ="; SMAX",6 "PMAX"and"XMAX

1270 LPRINT

1280 N2=INT(N/6+.5)

1290 MAX=0:0PT=0

1300 REM Calculation of A5 and BS with H,T pairs ranging from N2 to N-N2-3

1310 FOR J=N2 TO N-N2-3

1320 K=N~J+1

1330 L=N

1340 FOR I=K TO L

1350 Y(I)=(1/M)*LOG(H(I))

1360 NEXT I

1370 GOSUB 2380 : REM Subroutine for linear regression analysis

- 1380 AS5=EXP(A)

13%0 B5=B

1400 SA5=SA

1410 SB5=SB . . -

1420 IF OPT=1 THEN 1460 '

1430 REM Calculation of A6 and B6 with H,T pairs ranging from N2 to N-J-3 and
both prefixes -1 and +1

1440 FOR S=-1 TO +1 STEP 2

1450 FOR G=N2 TO N-J-3

1460 K=N-J-G+1

1470 L=N-J

1480 FOR I=K TO L

1490 U(I)=S*H(I)"(1/M)=-S*AS*EXP(B5*T(I))

1500 Y(I)=LOG(ABS(U(I)))

1510 NEXT I -

1520 GOSUB 2380 : REM Subroutine for linear regression analysis .
1530 A6=EXP(A) ’ '
1540 B6=B

1550 SA6=SA

1560 SB6=SB

1570 IF OPT=1 THEN 1600

1580 REM Calculation of A7 and B7 with H,T pairs ranging from 1 to N J-G,
with both prefixes -1 and +1

1590 FOR P=-1 TO +1 STEP 2

1600 K=1

1610 L=N-J-G

1620 FOR I=K TO L o

1630 U(I)=P*(H(I)"(1/M)-AS5*EXP(B5*T(I))- S*AG*EXP(BG*T(I))) R

1640 : Y(I)=LOG(ABS(U(I))) R

1650 NEXT I .

1660 GOSUB 2380 : REM Subroutine for linear regression dnalysis

1670 A7=EXP(A) ’ - '

1680 B7=B

1690 SA7=SA

1700 SB7=SB

1710 - IF OPT=1 THEN 1890

1720 C1=0

1730 c2=0

1740 C3=0

1750 FOR I=1 TO N

1760 D(I)=H(I)" (1/M)—AS*EXP(BS*T(I)) S*AG*EXP(BGrT(I))
~P*A7*EXP(B7*T(I)) -

1770 C1=C1+D(I)"2

1780 C2=C2+H(I)"(2/M) : :

1790 C3=C3+H(I)"(1/M)

1800 NEXT I

1810 R=1-C1/(C2~C3"2/N)

1820 IF R>MAX THEN MAX=R:SMAX=S:PMAX=P:JMAX=J:GMAX=G

1830 NEXT P

1840 NEXT. G

1850 NEXT S
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1860 NEXT J

1870 S=SMAX:P=PMAX:J=JMAX:G=GMAX:0PT= 1

1880 GOTO 1320

1890 LPRINT "Intercept Ln(A5) and its Standard error=";LOG(A5%*H1) "+-"SAS

1900 LPRINT "Slope B5 and its Standard error=";B5 "+-'"SB5

1910 LPRINT "Intercept Ln(A6) and its Standard error=";LOG(A6*H1) "+-"SA6

1920 LPRINT "Slope B6 and its Standard error=";B6 "+-~"

1930 LPRINT "Intercept Ln(A7) and its Standard error=";LOG(A7*H1) "+-"SA7

1940 LPRINT "Slope B7 and its Standard error=";B7 "+-"SB7

1950 LPRINT ) .

1960 LPRINT "Square of maximum correlation coefficient r~2=";MAX

1970 LPRINT "Optimum values of points for 1st, 2nd and 3rd exponential
functions,respectively=";JMAX", "GMAX"and"N-JMAX-GMAX

1980 LPRINT "Values of S and P, respectively =";SMAX"and"PMAX

1990 LPRINT !

2000 DATA 8704,3,21760,5,29440,7,34560,9,37888,11,39680,13,39424,15,39168,17,391

68,19,37376,21,36864,23,35840,25,34816,27,33536,29,32256,31,30976,33,29696,35,28

672,37,27648,39,25600,41,25344,43,25088,45,23296,48,22528,50,21504,52

2010 DATA 20736,54,20096,56,19200,58,18432,60,17664,62,17152,64,16384,66,15744,6

8,14848,70, 14592 72 14080, 74 13312 76 12928 78 12288 80 12160 82 11648 84 11136,

86, 10752 88 10240, 90 9856,92,9600, 94 9216 96 8832 98, 8576 100, 8192 102

2020 DATA 7808 104 7488 106 7232 108 7040, 110 6656 112 6208 117 5984 119,5760,12

1,5440,123, 5280 125 5056 127 4864 129 4736, 131 4544 133 4352 135 4192,137,3968,1

39 3904 141 3712 143 3712, 145 3488 147 3264 149 3264 151 3136 153

2040 DATA

2050 DATA

2060 X=-(B1+B2+B3+B4)/60

2070 Y=(B1*B2+B1*B3+B1*B4+B2*B3+B2*B4+B3%B4)/60"2

2080 Z=-(B1*B2*B3+B1*B2*B4+B1*B3*B4+B2*B3%*B4)/60"3

2090 W=(B1*B2*B3*B4)/607°4

2100 X1=~(B5+B6+B7)/60

2110 Y1=(BS*BG+BS*B7+BG*B7)/60‘2

2120 Z1=-(B5*B6*B7)/60"3

2130 V1 2%VG2*E/VG1+(L2"2/L1"2)

2140 SK(1)=X~X1:SK(2)=W/Z1:SK(3)= (SK(1)+SK(2))/2 REM SK=k_ 1+k2

2150 FOR I=1 TO 3

2160 AV=X-SK(I)

2170 A2V1=AV*V1/(1+V1)

2180 A2=AV/(1+V1)

2190 K1K3=(Y-AV*SK(I)-Z/SK(I)+W/A2V1/SK(I))/(1-A2V1/SK(1))

2200 K1K3=ABS(K1K3)

2210 K2=W/A2V1/K1K3

2220 K3=SK(I)-K2

2230 K1=K1K3/K3

2240 Al11 =(Y-AV*SK(I)-K1K3)/A2 .

2250 Al12=(2-A2V1*K1K3-K1K3*K2)/SK(I)/A2

2260 VD=K1*VG2*E*K2/(SSA*AS*L2*SK(I))

2270 G1=SQR(1.32321%T/MB)/VD%*100+.5

2280 G2=1/G1

2290 LPRINT "k1 in 1/s=";Kl

2300 LPRINT "k_1 in 1/s=";K3

2310 LPRINT "k2 in 1/s=";K2

2320 LPRINT "Deposition velocity in cm/s=";VD

2330 LPRINT "Reaction probability =";G2 -

2340 LPRINT "a2(1+V1l) in 1/s=";AV",a2 in 1/s=";A2",al in 1/s=";Al11",";Al2

2350 LPRINT :

2360 NEXT I

2370 END

2380 REM Linear regression of Y(I) = A + B T(I)

2390 Ss1=0

2400 s2=0

2410 s3=0

2420 S4=0

2430 s5=0

2440 FOR I=K TO L

2450 S1=S1+T(I)
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2460 §2=82+T(I)"2

2470 §3=83+Y(I)

2480 S4=S4+Y(I)"2

2490 S5=85+T(I)*Y(X)

2500 NEXT I

2510 2=L-K+1 :REM Number of points for the linear regression analysis
2520 M1=85-81*S3/2

2530 M2=S2-81°2/2

2540 M3=S4-83"2/zZ

2550 A=(S3-S1*M1/M2)/2

2560 B=M1/M2 .

2570 SYT=SQR(ABS(S4-A*S3-B*S5)/(Z-2))
2580 SA=SYT*SQR(S2/Z/M2) .

2590 SB=SYT/SQR(M2)

2600 RETURN
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Appendix B
10 REM Non-Linear Regression Analysils of Functions:
20 REM H™(1/M)=A1%EXP(B1*T)+S*A2XEXP(B2*T)+PXA3*EXP(B3*T)
30 REM H"(1/M)=R4*EXP(B4*T)+S*ASXEXP(B5*T)
40 REM Calculation of non-linear isotherms with the experimental
- set-up of Chromatographia 41,227(1995), and injection
at z=L1 or y=L2 of single substances
50 REM VARIABLES .
60 REM N2 = Minimum number of points of first exponential function
70 REM MAX = Square ,of maximum correlation coefficient
80 REM OPT = Final optional choice of variables when OPT=1
90 REM J = Number of points of first exponential function
100 REM G = Number of points of second exponential function
110 REM K,L = First and last point for linear regression analysis in
the subroutine
120 REM SA,SB = Standard errors of A and B in each linear regression
130 REM Y(I) = Ordinate for each linear regression in the subroutine
140 REM U(I) = Variable remaining by removal of the previous
exponential functions-
150 REM D(I) = Function for calculating the correlation coefficient
160 INPUT “Total numbers of pairs H,T=";N
170 DIM H(N),T(N),Y(N),U(N),D(N)
180 INPUT "Response factor=";M
190 INPUT “"Factor to divide H(I)-" Hl
200 INPUT "Flow Rate in cm”3/s=";F
210 INPUT "Amount of Analyte injected in mol=";NB
220 INPUT "Initial Time in min for the Calculation of the Isotherm=";T1
230 INPUT "Final Time in min for the Calculation of the Isotherm=";T2
240 FOR I=1 TO N
250 READ H(I),T(I)
260 H(I)=H(I)/H1
270 NEXT I
280 N2=INT(N/6+.5)
290 MAX=0:0PT=0
300 REM Calculation of Al and Bl with H,T pairs ranging from N2 to N-N2-3
310 FOR J=N2 TO N-N2-3
320 K=N-J+1
330 L=N
340 FOR I=K TO L
350 Y(I)=(1/M)*LOG(H(I))
360 NEXT I
370 GOSUB 2070 : REM Subroutine for linear regression analysis
380 Al1=EXP(A)
390 BlsB
400 SA1=SA
410 SB1=SB
420 IF OPT=1 THEN 460
430 REM Calculation of A2 and B2 with H,T pairs ranging from N2 to N-J-3 and
both prefixes -1 and +1
440 FOR S=-1 TO +1 STEP 2
450 FOR G=N2 TO N-J-3
460 K=N-J~G+1
470 L=N-J
480 FOR I=K TO L
490 U(I)=S*H(I)"(1/M)-S*A1*EXP(B1*T(I))
500 Y(I)=LOG(ABS(U(I)))
510 NEXT I
520 GOSUB 2070 : REM Subroutine for linear regression analysis
530 A2=EXP(R) ' ’
540 B2=B
550 SA2=SA
560 SB2=SB
570 IF OPT=1 THEN 600
580 REM Calculation of A3 and B3 with H,T pairs ranging from 1 to N-J-G,
with both prefixes -1 and +1
590 FOR P=-1 TO +1 STEP 2
600 K=1
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610 L=N-J-G

620 FOR I=K TO L

630 U(I)=P*(H(I)"(1/M)-A1*EXP(B1*T(I))-S*A2*EXP(B2*T(I)))

640 Y(I)=LOG(ABS(U(I)))

650 NEXT I

660 GOSUB - 2070 : REM Subroutine for linear regression analysis

670 A3=EXP(A)

680 B3=B

690 SA3=SA.

700 SB3=SB

710 IF OPT=1 THEN 910

720 C1=0

730 c2=0

740 C3=0

750 FOR I=1 TO N

760 D(I)=H(I)"(1/M)-A1*EXP(B1*T(I))~-S*A2*EXP(B2*T(I))
~PXA3*EXP(B3*T(I))}

770 C1=C1+D(I)"2

780 C2=C2+H(I)"(2/M)

790 C3=C3+H(I)"(1/M)

800 NEXT I

810 R=1~C1/(C2-C3"2/N)

820 IF R>MAX THEN MAX=R:SMAX=S:PMAX=P:JMAX=J:GMAX=G

830 PRINT MAX
840 REM When satisfied with the MAX value reached,Ctrl Break and GO TO 1010

850 NEXT P

860 NEXT G
870 NEXT S
880 NEXT J

890 S=SMAX:P=PMAX:J=JMAX:G=GMAX:0PT=1

900 GOTO 320

910 LPRINT "Intercept Ln(Al) and its Standard error=";LOG(A1*H1) "+-"SAl

920 LPRINT "Slope Bl and its Standard error=";Bl "+-"SB1l

930 LPRINT "Intercept Ln(A2) and its Standard error=";LOG(A2*Hl1l) "+-"SA2

940 LPRINT “"Slope B2 and its Standard error=";B2 "+—"SBZ

950 LPRINT "Intercept Ln(A3) and its Standard error=“;LOG(A3*H1) "+-"SA3

960 LPRINT "Slope B3 and its Standard errqr=";B3 "+-"SB3 .

970 LPRINT "Square of maximum correlation coefficient r~2=";MAX

980 LPRINT "Optimum values of points for 1st, 2nd and 3rd exponential
functions,respectively=";JMAX", "GMAX"and"N-JMAX~-GMAX

990 LPRINT "values of S and P, respectively =";SMAX"and"PMAX

1000 LPRINT

1010 B1=B1/60:B2=B2/60:B3=B3/60

1020 Al=A1xH1:A2=S*A2%H1:A3= P*A3*H1

1030 A=A1/B1+A2/B2+A3/B3

1040 G3=-F*A/NB

1050 LPRINT "Calibration Factor of Detector g'in cm per mol/cm~3=";G3

1060 LPRINT

1070 LPRINT TAB(l),"Time(min)"'TAB(17),"dCS/dCR" TAB(35);"CS";TAB(50);"CG"

1080 T1=T1*60:T2=T2*60

1090 FOR T=T1 TO T2 STEP 300

1100 DCS-KI*AY*(Al*EXP(Bl*T)+A2*EXP(B2*T)+A3*EXP(B3*T))/(Al*Bl*EXP(Bl*T)

+A2*B2*EXP(B2*T)+A3*B3*EXP(B3*T) ) /AS

1110 CS=-(K1*AY/AS/G3)*(A1*EXP(B1*T)/B1+A2*EXP(B2*T)/B2+A3*EXP(B3*T)/B3)

1120 CG=(A1XEXP(B1*xT)+A2*EXP(B2*T)+A3*EXP(B3*T))/G3

1130 LPRINT TAB(1); T/60 TAB(15);DCS;TAB(30);CS;TAB(45);CG

1140 NEXT T

2000 DATA

2010 DATA

2020 DATA

2030 DATA

2040 DATA

2050 DATA

2060 END

2070 REM Linear regression of Y(I) = A + B T(I)

2080 S1=0 .
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2090 S2=0
2100 83=0

2110 S54=0

2120 s§5=0

2130 FOR I=K TO L

2140 S1=S1+T(I)

2150 $2=82+T(I)"2

2160 $3=53+Y(I)

2170 S4=S4+Y(I)"2

2180 S5=S5+T(I)*Y(I)

2190 NEXT I

2200 Z=L-K+1 :REM Number of points for the linear regression analysis
2210 M1=S5-S1*53/2

2220 M2=82-81"2/2

2230 M3=54-83"2/Z

2240 A=(S3-S1*M1/M2)/2

2250 B=M1/M2

2260 SYT=SQR(ABS(S4-A*S3-B*S5)/(2-2))
2270 SA=SYT*SQR(S2/Z/M2)

2280 SB=SYT/SQR(M2)

2290 RETURN
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