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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 
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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-dimethy1amino)propyllithium as initiator. The a,w 
dimethylamine triblock copolymers and star homopolymers were formed by 
reacting the m-hctionalized living macromolecular species with the appropriate 
chlorosilanes. In all preparations high vacuum techniques were applied. The 
dimethylamine group was converted to sulfonvitterionic 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- 
hctionalized 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: m-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[l- 
71. 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[8-91. 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 hctionalized polymers[lO-121. 
However, living anionic polymerization has been proven to be the most efficient 
method for synthesizing well defined rnacromolecules[l3,14], since it gives the 
possibility 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-fimctionalized polymers 
having different architectures (linear homopolymers, diblock and triblock 
copolymers and star polymers with different number of hnctional groups). 
Emphasis will be given to the a-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 reaction of the (3-dimethylarnino)propyl 
chloride and Li dispersion according to Stewart et a1.[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[l6], 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 Ms<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 
Ms was decreasing. This behavior can be explained by partial consumption of the 



initiator. This was~verified by the subsequent addition of Is, which produced 
polymers havipg bimodal distribution (figure 1). The lower molecular weight 
peak corresp6*nds to NPI homopolymer, produced by the DMAPLi, which 
remainedphreacted during the polymerization of St. The higher molecular weight 
peak,$ attributed to the NPSt-b-PI block copolymer with the mine group at the 
PS$hain end, produced by the cross-over reaction of NPStLi with Is. Addition of 
T m  to the mixture of St and DMAPLi ([THF]/[Li]>3) gave polymers with close 
agreement between M, and M,, and lower polydispersities. 

Figure 1. SEC chromatograms of (a) NS3B Opurified DMAPLi; 
polymerization in pure benzene) and (b) NS-3B after the addition of isoprene (first 
peak, diblock formed; second peak, homopolyisoprene formed by reaction of 
isoprene with unreacted DMAPLi). The wavelength of the UV detector was set at 
260 nm were only PS absorbs sigdicantly. 

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[l7]. 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: 
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THF 

CH3 OH 
F NIS 

Triblock copolymers, having ditnethylamine groups at both chain ends were 
prepared by coupling the diblock living chains with dimethyldichlorosilane, 
(CH3)2SiCh. 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. 

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

Three and twelve arm PI stars[l8] and three arm star PBd with all ends 
functionalized with dirnethylamine groups[l9] were synthesized by the reaction of 
end-functionalized living polymers with suitable chlorosilanes. As an example the 
reaction scheme for the synthesis of m-dimethylamine three arm star PBd is given 
below: 

(-1 Bd + DMAPLi - ( C H 3 ) 2 N ~  

-3 LiCl 
3 NPBdLi + CH3SiC13 NPBd -Si-NPBd 

I 
NPBd 
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Three arm stars PBd with one or two end-arnine groups were also 
prepared using suitable procedures[l9]. The presence of one or two fur?ctional 
groups is denoted by the symbols IN- and 2N- respectively, whereas the symbol 
3PBd denotes a three arm star PBd. So IN-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 1N3PBd is shown below: 

(-1 L$+) 
Bd + DMAPLi ----W (CH3)2N* 

(-1 
Bd + S-BuLi ---+ S-Bu* 

PBdLi 

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-CVC-Li -10011) in order to prepare the 
methyldichlorosilane-capped PBd. Excess linkiig 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 co-methyldichlorosilane PBd arm. 

The next step involved the synthesis of the unfunctionalized arm, using s- 
BuLi 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 fiactionation 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 unfimctionalized 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-hctionalized living arm. All these procedures were monitored by SEC. 

In the case of shamples with low arm molecular weight (m<104), 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 m-fimctionalized polymers of different 
architectures 

Sample M,x~o-~ IV&,X~O-~ I=M,.,/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 3 0 

NSISN-l 7.63 7.02 1.05 3 6 
NISIN-1 6.98 6.27 1.05 27 

IN-3PBd30 1 1.1 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, Wand 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: 

The reaction takes place in dilute THF solutions (2-3 wlv %) at 70 'C for several 
days using an excess of the sultone over the amine groups (sultonelamine = 1011). 
For the PBd samples inert atmosphere was used. Under these conditions this post- 
polymerization reaction is free of side reactions (crossliuking, degradation etc.) as 
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was versed by SEC. Similar peaks with the corresponding mine-capped 
polymers were observed in CHC13 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]. 

l l l l l ~ ~ ~ ~ l l l i  

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 
PPY 

Figure 2. 'H-NMR spectra of samples MS-5 (top) and ZwIS-5 (bottom) in 
CDClj. 
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Dilute Solution and Bulk Properties 

Homopolymers. 

The dilute solution properties of a-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 fiom these studiess can be 
summarized in the following: 
a. The diiethylarnine-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 •’tom 
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 k~ 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<Mw<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<Mw<4650). The peaks can be indexed on a two 
dimensional hexagonal iattice 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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a s(A-9 
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 (a) 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-hctionalized 
polyisoprenes was also investigated[27]. The mine-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 &equencies. 

107, 

Figure 5. Comparison of dynamic moduli for a four-arm polyisoprene star and a 
monofunctional zwitterion polyisoprene in the melt state at 2S•‹C . Data for the 
star (&=4.4 X 104) are shown by the solid lines; the points are data for a sample 
with&=4.61 X 104. 

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. 

m-Functionalized Block Copolymers of Styrene and Isoprene. 

The association behavior of end-functionalized diblock and triblock 
copolymers of isoprene and styrene was studied in CC4, which is a nonpolar good 
solvent for both blocks[17,28]. The aggregation numbers, NW are almost the same 
whether the zwitterion group is linked at the PI or the PS chain end. Their value 
depends strongly on the Mw of the base polymer. NW decreases with increasing 
molecular weight of the precursor polymer, W. The variation of NW with Ivb for 
the case of ZwPI in cyclohexane[l8] and CCb[l7], PS in CCb(27) di- and triblock 
copolymers in CC&[l7] 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 CC&. The aromatic rings, due to their high polarizability cause 
some kind of solvation, thus leading to reduced NW values. The aggregation 
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numbers are almost the same for the monofimctional and dihctional samples of 
the same molecular weight. This is rather surprising, since the di ic t ional  
polymers form gels at concentrations lower than c,, ( ~ ~ ~ ~ 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. 

"'1 

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

DLS was used to study the hydrodynamic properties of the end-fhctionalized 
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. D,, are lower, the RH values higher and the 
polydispersity values are higher leading to the conclusion that aggregates are 
polydisperse. The kD 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 perforn~ed to complement the DLS 
data. The [U] values for the zwitterionic samples are considerably higher than 
those for the arnine-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 difimctional 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 
isore&active with CC&. 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 A2 values are 
increasing and the k~ 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 conclusion that the 
association process is an equilibrium one. 

SAXS, rheology and dielectric spectroscopy were used to study the statics 
and dynamics of the end-fimctionalized block copolyrner[29,30]. SAXS profiles 
fkom 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 &om 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], c) 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. 

Figure 7. SAXS profiles for two mfimctionaliied .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. 

Figure 8. Comparison of the SAXS profiles for the dimethylamino- and 
zwitterion-substituted m-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 pattern in 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 rnicrodomain 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 schem&ically 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, fi-om the PI to the PS chain-end 
it is possible to change the phase diagram of block copolymers[30]. 

The conclusions derived fiom 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 rnicrodomain structure is 
stable up to high temperatures. 
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Figure 9 .  Schematic illustration of the microstructures in mfimctionalized S1 
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 verlfy 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 fiom 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 dEerential 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 m-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 NW, 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 kD values were obtained for the . 

amine-capped polymers as expected having in mind the negative A2 values. For the 
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zwitterionic samples the k D  values were positive meaning that the equilibrium is 
shifted in favor of the micelles. 

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

The R., and RH values are identical within experimental error for the amine 
polymers but for the zwitterionic polymers RH 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 &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 rnicelles (figure 10(c)). 
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Figure 10. KdA& vs concentration plots given for (a) sample NSI-4F and (b) 
sample ZwSI-4F in n-decane at 25OC. (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. 



SYNTHESIS AND SELF-ASSEMBLY O F  MODEL 

3-Arm Star Polybutadienes with End-Functional Groups. 

The mine-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 Werent series of polymers the 
aggregation number decreases with increasing number of fhctional 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 

Figure 11. Weight-average aggregation number, NW vs base molecular weight 
(Mw)N of the star polymers: Zw-1N-3PBd (M), Zw-2N-3PBd (O), and Zw- 
3N-3PBd ( A ). The data for linear polybutadienes are also given (+). 

The multifimctional samples, especially the trifkktional 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 fiom 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 m-fimctionalized PBd, meaning that the star 
structure prevents the association due to the steric hindrance caused by the 
unfunctionalized arms. 

The hydrodynamic behavior of the finctionalized stars was studied by DLS 
and viscometry[35]. The increased values of polydispersity (p,/r2>0.2) indicate 
that the aggregates produced by the zwitterionic samples are polydisperse in 
agreement with the MO and LALLS results. Low k D  values were observed in most 
cases as a consequence of the decreased second virial coefficients. 
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The strongly negative kD 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 compared to their precursors. This behavior can be seen as 
evidence of intramolecular association in very dilute solutions. For the case of 
dihctional 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 fkom DLS 
measurements, NDLS. The results show that the aggregates formed fkom the 
monofunctional samples behave hydrodynamically as star polymers with 
functionality equal to 2Nw. It seems that the two unfimctionalized arms anchored 
at the periphery of the aggregates are responsible for the overall size of the 
rnicelles. 

The conclusions drawn by DLS are verified by viscometry for the amine- 
capped polymers. The zwitterionic trifunctional samples have lower intrinsic 
viscosities than their precursors but the k~ 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 LmLS and DLS data. 

Comparative examination of RV and RH values show that R,<G 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 NW there is good agreement between R, and RH. It seems that the 
increased steric repulsions introduced by the unfimctionalized arms lead to the 
formation of not so strong associates as in the case of linear polymers. 

The adsorption behavior of hctionalized 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 fkee chains able to be 
adsorbed on silicon wafers. On the other hand association is not promoted by 
toluene but the re&active 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 mglml fiom 
DLS measurements and the dnldc values (0.050 mVg at 589.4 nrn at 20.0 'C) 
provide enough contrast for accurate measurements. 

Characteristic adsorption isotherms are given in figure 12 for the linear o- 
hctionalized polymers and in figure l3 for the m-hctionalized stars, whereas 
various parameters of the adsorption behaviour of the samples are reported in . 
Table 11. 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 6=D,,te,/D,e, of the 
interchain distance (Dlnt) 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 (D,,,,) is much lower 
thm unity. This indicates that the adsorped chains are stretched adopting a brush- 
like conformation. 

concentration (mg/ml) 

Figure 12. Adsorption isotherms for three linear end-functionalized PBds fiom 
cyclohexane-toluene (50150) mixture at 20•‹C. 

Figure 13. Adsorption isotherms for five 3-armed star PBds with dEerent number 
of functionalized arms fiom cyclohexane-toluene (50150) mixture at 20•‹C. 

In the case of the zwitterionic stars the adsorped amount increases with increasing 
number of hctionalized arms. The grafting density o, defined as FAN,&&, 
where A is the adsorped amount, NA 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 11. Various adsorption parameters of mfhctionalized linear (L) and mono- 
(IN)-, Di-(2N)-, and tri-(3N)-w-functionalized polybutadienes. 

(mg/n?) (chains/nm2) (nm) (nq 
ZW-L-PBdl2 2.47+0.01 0.125 2.8 10.5 0.27 

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 D,,teI values obtained for stars with two and three polar 
groups. 

Figure 13. Schematic representation of the possible conformational states of the 
adsorbed end-hnctionalized stars and linear molecules. DdTerent 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 dif•’erent conformations adopted by the stars. 
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Summary 
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.I. 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 

rocene) were first 

and properties of vinyl-n5-dicy~lopentadien~liron (vinylfer- 

described by Arimoto and Haven [l] and vinylferrocene ho- 

* Present address: T.E.I. of Piraeus, 122 41 Athens, Greece 
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mopolymers and copolymers with olefinic compounds [2-61, 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. Vinylferrocene is an electron rich monomer and does not obey 

normal vinyl-polymerization kinetics. lntramolecular electron transfer termination 

of a polymer chain radical has been reported [g] and this is the reason why it is 

unique in comparison with other vinyl-monomers. 

The presence of the ferrocene 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.I. 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 

Vinylferrocene (VF) was copolymerized free-radically with styrene (S), and 

methyl methacryiate (MM) in degassed benzene solutions, with the use of 2 2 -  

azobisisobutyronitrile (AIBN) as the initiator. Copolyrnerization reactions were 

performed at three different initial VF/cornonomer weight ratios of 5/95, 10190 

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 [l01 and will be given in a forthcoming pa- 

per. The number-average molecular weights (m,) determined by membrane os- 
- 

mometry and the polydispersity (M JM,) values are summarized in Table I. 

The content of vinylferrocene as a function of absorbance was determined in 

the region of 440nm [8, 111 and is shown in Table 1 for the different samples of 

copolymers used in this study. 
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Table I. Al5N - Initiated Copolymerization of VF with Styrene and with Methyl Methacrylate 

at 60 OC in Benzene Solutiona 
- 
M,.,/M~~ mn.l o - ~  VF in copolymer, Polymer % w/w 

S/AC,~ 1.61 18.3 - 

MMVFIBI5 1.67 92.2 19.70 
a 0.1% wlw AlBN (series A); 0.01% wlw AlBN (series B) 

Obta~ned from size exclusion chromatography measurements 
C Prepared at 50 'C 

Poly(styrene) 
Poly(methy1 methacrylate) 

Glass Transition Temperature 

The glass transition temperature (T,) was determined by differential scanning 

calorimetry. Transition temperatures at heating rates of 5, 10, 20 and (in one 

case) 40 ~ m i n - '  were obtained. The measurements were performed on a Du 

Pont 990 DSc differential calorimeter. lndium was 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,,,). The dye obeyed the Beer-Lambert 

law up to a concentration of 0.05 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 pm to 1000 pm 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'l Sarnaron - Blau GSL 400 dye (C.I. Disperse Blue 165) 

1 g.~-' 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 11. 
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Table 11. Glass Transition Temperatures at Differenf Heating Rates 

G l a s s  T r a n s i t i o n  T e m p e r a t u r e ,  K 

Polymer T, a 5b 1 Ob 2ob 
SIA 363.3 364.2 365.0 366.7 
SVFlA15 370.6 371.7 372.5 374.7 
SVFlB5 372.2 372.9 373.7 375.0 
SVFIB10 372.6 373.6 374.6 376.7 
M MVFIA5 388.8 389.1 389.4 390.0 
M MVFIA10 390.1 390.7 391.2 392.5 
MM19 394.6 395.3 396.2 397.8 
MMVFIB15 397.4 398.1 399.1 400.6 
a Determined by extrapolat~on to a heat~ng rate of 0 Kmin-' 

Heatmg 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 111. 

The DSc and compositional analysis results show that, within any given se- 

ries of polymers, the Tg increases steadily as the percentage of vinylferrocene 

incorporated in polymers is raised, with the exception of MMVF/ A15. In the case 

of this polymer a Tg 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 [12-151 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 

MMVFlA15 and probably with MMVFlB15, which also has a relatively low glass 

transition temperature. Taken altogether [l01 the viscosity, solubility and polydis- 

persity data for these polymers show that they may be branched [16]. This is not 

unexpected, 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 
I 

Figure 1. Plot of absorbance as a function of wavelength for C./. Disperse Blue 165 

in water 

a, 
2 
m e 
$5' 
a 
m 

0.000 

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) : 

- 
I I 

Exhaustion = 100 c, - c, 
c i 

(1) 

400 5 00 6 00 70 0 800 
wavelength, nm 

where Ci is the initial concentration of dye in the dye-liquor at the commence- 

ment of dyeing (Ci=5 according to the above dyeing recipe) and Cf 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 concentrations 

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 

a, 
0 
C 
m 
f! 
8 
L2 
m 

0.00 0.04 0.02 0.03 0.04 0.05 0.06 

concentration, 

Figure 2. Calibration line for 6.1. Disperse Blue 165 between absorbance and dye 

concentration 

The absorbanws of dilute suspensions at 673 nm and the final dye concen- 

trations together with the exhaustions of the dye-liquors are recorded in Table 111. 

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 plasticire the polymer, bringing down the Tg. Here it must be 

noted that the influence of temperature on diffusion of dye is represented by the 

well-known Williams-Landel-Ferry equation 1191 which applies 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 (390.2 K). 
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Table 111. Exhausfion of Dyebaths Obtained from Polymers wifh Different Glass Transition 
Temperatures 

Polymer Tg, K Absorbance cf,g.l-' Exhaustion, % 

SIA 363.3 0.50 2.83 43.4 
SVFlA5 368.6 0.54 3.06 38.8 
SVFIAI 0 370.0 0.52 2.94 41.2 
SVFIAI 5 370.6 0.50 2.83 43.4 
SIB 370.8 0.39 2.18 56.4 
SVFIB5 372.2 0.53 3.00 40.0 
SVFlB l 0 372.6 0.46 2.59 48.2 
SVFIBI 5 372.9 0.40 2.24 55.2 
MMIA 388.6 0.52 2.94 41.2 
MMVFIA5 388.8 0.58 3.30 34.0 
MMVFJAIO 390.1 0.55 3.12 37.6 
MMVFlA15 378.4 0.53 3.00 40.0 
MMlB 394.6 0.46 2.59 48.2 
MMVFIB5 395.4 0.53 3.00 40.0 
MMVFIBIO 397.1 0.52 2.94 41.2 
MMVFlB15 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 111 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 polymers used for these results are dyeable with non-ionic dyes such as 

C.!. Disperse Blue 165 employed in the dyeing experiments and the uptake of 

the disperse dye varies from polymer to polymer 

Relationship Between Tg and Exhaustion of  Dyebath 

Table 111 indicates that the exhaustion of the dyebath for each homopolymer is 

higher compared to that for its copolymers (equal in the case of SVFIA15). 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 111, 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 cjstals 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 dyeing system 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 Tg 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(methy1 methacrylate) chains reduces the exhaus- 

tion, but as the Tg is increased in the copolymers of higher vinylferrocene con- 

tents the exhaustion of the dyebath increases, approaching the value determined 

for the hopopolymers. 
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~<avrAqoq TOU hou~pou pacpqq H ~vowpa~waq  TTE~I(SDOTEPWV popiwv 

.~~vuAocp~ppo~&viou BTU CWp?T~hUpEpfi E~XE U S  ano~ iA&(~pa au<rl(Sq TqS 

&ppo~paaia< uahcb6ou< p&~a-rr~waEw< aMa Kal T ~ S  aTroppocpqar~~ TOU 

XPW~UTOS, ~T~~UVOTUTU h0yw p&kUoq< TQS K~UOTUMIKOT~TU< T U V  TT0hup~pC.b~ 

KUTU TqV c(~<T)(sT) Tq< ? T E ~ I E K T I K O T ~ T ~ <  TOU< (SE ~ I V U ~ O ( P E ~ ~ O K ~ V I O .  
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KINETIC SPECTROPHOTOMETRIC STUDY OF THE OXIDATION 

REACTION O F  N-ACETYLNEURAMINIC ACID BY PERIODATE. 

(Received: April 18, 1997 In final form: September 30,1997) 

Maria -Helen E. Spyridaki and Panayotis A. Siskos* 

Laboratory of Analytical Chemistry, Department of Chemistry, University of Athens, 

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 6.0,9 = 25 OC, is proposed: NANA+IOi+--+ 

k 
[NANA.IOi], [NANA.IOi] --+products, u = kK [NANA].[IO~-1. Values for the 
reaction rate constant, k, and the equilibrium constant, K, were found to be k = 0.239 f 
0.01 1 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 
kcallmol, was calculated fiom Arrhenius plots, which corresponds to a temperature 
variation of about 3% per "C. 

Key Words: N-acetylneuraminic acid, periodate oxidation, kinetics 
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Introduction 

MARIA-HELEN E. SPYRIDAKI AND PANAYIOTIS A. SISKOS 

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- 

galactose, 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 [l]. N-acetylneuraminic acid 

(NANA, 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-2-nonulopos-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 

P I .  

H - & - ~ ~  

d 
H C-OH 

l 

Figure 1. Structure of NAJA 
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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 [ l  l]. 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 [l21 using the 

Technicon Autoanalyzer 11, adapted to a microassay using microtiter plate reader [l31 

and improved 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 [IS]. 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 oxidation reaction of NANq there is 

very limited kinetic and mechanistic information [l7,18] 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 [ 141 



MARIA-HELEN E. SPYRIDAKI AND PANAYIOTIS A. SISKOS 

In the present work, the reaction of NANA by periodate was studied 

spectrophotometrically by monitoring the decrease of absorbance at 244 nrn, due to the 

consumption of periodate. To the best of our knowledge, 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, 0 = 25 "C: NANA + I 0 i  +--+ w A . I O L ] ,  BANA.104 

k 
---+products, u = kATJVANA][I04-], where the reaction rate constant, k = 0.239 + 
0.01 1 S-', and the equilibium constant, K = 0.100 + 0.005 M'. The activation energy, E,, 

was found to be 4.0 rt 0.2 kcal/mol. 

Experimental 

Apparatus 

The mtasuring and recording system was a double beam spectrophotometer, Hitachi 

model U2000, with 2 nm slit width arld 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, unless 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 rnM 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 

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

skck sohtions by di!.ation with :he appropiate SuKer soliition and distiilcd *ater, i-ejpe- 
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ctively. 

Buffer solutions: The buffers used were NaqP04.2H20 0.100 M-CH3COOH 

0.100 M adjusted with NaOH solution for pH 3.2-7.5 and NaH2P04.2H20 0.100 M tbr 

pH 6.0. 

NazS04 solutions 0.100, 0.500 and 1.00 M were also prepared with buffer 

solution pH 6.0. 

Measurement Procedure 

Set the instrument far 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 m1 of NANA working solution with 2.00 m1 paraperiodic acid working 

solution into the sample cell and press promptly the button "start". Record the reaction 

curve for 5 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 + 10; 

were done a t  222 nm, the absorption rna<n?um of periodate. The results were no sstisfa- 
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ctory for several reasons Firstly, there was interference by coexisting acetates in used 

buffers. Secondly, the high molar absorptivity of 10; ( E ~ ~ ~ , , , , ,  = 10065 M-'cm-') has 

restricted the use of periodate concentrations larger than 0 100 mM in the reaction 

mixture, in order to maintain absorbance 5 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, (~24~- = 3700 w1 cm-') (Figure 2) NANA solutions, buffer solutions of 

NaII2P04 2H20-CH-COOH and iodate, product of the periodate reduction, do not 
2 

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 nrn 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 rnM of NANA and 0 250 mM of paraperiodic 

acid in buffer solutions NaH2P04 0.100 M-CH3COOH 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 

IOi predominates in equilibrium with the HJ0; species (equation 1) and small 

va+ztions of pH have a neg!igi?Ae effcc: on the reaction rate. 
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Figure 2 Typical reaction rate curve of absorbance-time signal [NANA] = 0 875 rnM- 

[IOi] = 0 250 rnM, pH 6 0 NaH2P04 2H20 buffer 0 100 M, 8 = 25 'C 

Effect of Temperature on the Reaction Rate 

At pH 6.0 and over the temperature range of 12 0-34 5 "C ( h e  different 

temperatures), data were produced in order ro create Arrhenius plots. according to the 
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equation: Ink = InA - (E;JR)(lIT) ( 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 

Figure 3 Effect of pH buffer values (NaHzP04.3Hz0, 0 100 M-CH;C'OOH 0 100 M) on 

the initial reaction rate WANA] = 1 02 rnM, [IOJ'] = 0 250 mM, 0 = 25 'C 
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From the equation ln(dA/dt),,t = (1 . S  1M.45) - (2.03kO. 13) (1000IT) (3), activation 
' 

energy was found to be 4 0 f 0 2 kcaVmol 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]. 

~irietic 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 

t11,23], 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 mechani~rn 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 Na2S04 at 

pH 6.0. This provides evidence that the rate-determining step takes place between 

species that at least one should be uncharged: this is attributable to the fact that 

formation of the cyclic intermediate 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 firther 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 IOi] ----, products (5) 

where [NANA 1 0 4  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. 1241 and if NANA is present in large excess over a constant 

concentration of periodate at pH 6 0, the following equation is proposed: 

-d[IOd]ldt = - (kK[NANA][IOJ'])/(l+K[NANA]) (4)  

where [NANA] is the concentration of the uncoordinated NANA. 

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

dln[IOi]/dt = -(kK[NANA])/(l+KCNANA]) (7) 

From Beer's law for I 0 i  species, equation (8) is obtained 

A = &.b. [IOi] a 1nA = ln(~.b) + ln[IO;] (8) 

Differentiating equation (8) with respect to time and combining with equation (7), 

equation (9) is obtained, where Q is an experimentally determinable quantity. 

dlnAIdt = -(kK[NANA])/(l+K[NANA]) = Q (9) 

Rearranging equation (9), 

-1/Q = ( l k )  + (l/kK) (l/[NANA]) (10) 

Thus, by a plot of 1/Q vs l/wANA], 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 01 l S", n = 6) are given in Table I Because of the low value 

of K the term KPANA] is omitted from the denoAinator in the equation (9) and there is 

a good approach to an overall reaction according to the following reaction scheme 
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k ' 
I o r  + N A N A ~  ro3- + products 

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 + IOi  +--+ plANA.IOi], [NANA.IOi] -+products. [IOi] = 0.0454 mM, 

pH 6.0, 25 OC. 

[NANA], rnM 0.456 0.545 0.636 0.726 0.816 0.906 

-dlnA/dt (=-Q"') 0.0109 0.0 142 0.01 82 0.0191 0.0202 0.0223 

" Mean values of triplicate runs 
b Regression equation: 1/Q = -4.19+41.8(1/pANAI), 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 (1 2) 

-d[IOi]/dt = k' [IO~-]~[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 

u = -d[IOi]/dt = k,,b[I04-Ia (13) 

where k,,b is. kob = k ~ ~ A N A ] '  (14) 

Under these conditions, the initial slope, ANAt, 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-i-onic acid) by periodate at pH 6.0 

PaHZPO4.2H20, C). 100 M). Periodate is In larger excess over NAYA concentrztioii. 
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concentration. Equation (13) can be tranformed to 

logumt = log I - d ~ / d t  I = log + a log [IO~-],~ (15) 

Table I1 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 

periodate, a mean value for a was found to be 1.19 f 0.04, n = 5, using linear regression 

for equation (1 5). 

On the other hand, equation (14) could also be applied for the determination of 

the reaction order with respect to NANA. Table I11 presents the lcinetic results for the 

determination of the reactipn order, b, by using the Guggenheirn method for pseudo-first- 

order reaction. In this way, k,, can be determined fiom the recorded reaction curves by 

plotting In [A,-A,+J vs. time (Figtire 5). A, and q+, are the absorbances at times t and t+z 

respectively. t is a constant interval that is taken approximately half the time during 

which the reaction is followed. So, a series of ko, values was obtained for different 

NANA concentrations.. The reaction order, b, can be obtained by plotting log ko, vs. log 

BANA], as it follows from equation (12). 

Table 11. Kinetic results of the oxidation reaction of NANA with 10; for the 

determination of the reaction order with respect to periodate using the initial-rate method. 

PANA] = 2 . 5 0 . w  optimum pH 6.0, 0 = 25 "C. 

[Tor], mM 0 128 0 203 0 250 0.292 0.340 

" Mean values of triplicate runs 
b Regression equation log I -dA/dt I ,,t = 42 62M 14)+(1 .19~ .0~)  log [IOi], n = 5, r = 

0 999 
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~ ~ ' ~ ~ 4 ~ ~ c ' " " ~ " " ~  l 

0 10  20 3 0  40 6 0  6 0  
Time (S) 

Figure 5. First-order plots for a reaction mixtures of NANA +;- IOi.[IOJ = 0.0454 mM, 

pH = 6.0, 9 = 25 "C and W A ]  = 0.545 (a), 0.636 (b), 0.8 16 (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 III. Kinetic results of the -oxidation reaction of NANA with 10; for the 

determination of the reaction order with respect to NANA using Guggenheim method. 

[I04-] = 0.0454 mM, optimum pH 6.0, B = 25 'C. 

[NANA], mM 0.456 0.545 0.636 0.726 0.816 0.906 

" Mean values of triplicate runs 
b Regression equation: log kobs= - (l .47*0.20) + (0.98M.06) I O ~  [NANA], n = 6, r = 

0 991 



KINETIC SPECTROPHOTOMETRIC STUDY OF THE OXIDATION REACTION 455 

In conclusion, we present the first systematic kinetic investigation of the 

oxidation reaction of NANA by periodate. The kinetic study was carried out successfblly 

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 = 

~IQIANA].[IO~-], where k = 0.239 f 0.011 S-' and K = 0.100 + 0.005 M'. The 

activation energy was found to be 4.0 f 0.2 kcallmol. 
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KWHTIKH @AEMATO@SZTOMETPIXH MEAETH TEE ANTIAPAZHZ 

. OZEIASZEEQZ TOY N-AKETYAONEYPAMTNIKOY OEEOZ ME YIEPISZAIKA. 

Ta  otahtlca o@a, pta oatpk xapayhywv zou veupaptvt~od o@o~,  ammhvzat mp&o~ 

o z o u ~  l p t ~ o i ) ~  o p y a v ~ p o 6 ~  Kat Ppimovzat ouvrit3o~ wopkva m o  zehtKC, k p o  q~ 

oaqaptdlq a h u d a ~  zwv yhv~mpwzeivhv Kat zov yhu~ohmt6iwv. Z q v  zapoha  

epyaaia, xapouota<ezat yta x p h q  cpoph q ~tvqztdl  cpaopazocpozopezptmj pelkq q~ 

avz i6paq~  0@16hoaw~ zou ~uptozepou napayhyou zwv d t ~ h v  oE,iov, zou N- 

a~ezuhovevpaptvt~od o t , & ~ ~  (NANA) p& u x ~ p t o 6 t ~ 6 ,  ozo p j ~ o q  Idpazo~ axoppocpqq~ 

zov uxspto6t~hv tomwv, oza 244 nm, m p a ~ o h o u 0 ~ v z a ~  q v  za&qza ~azampocptj< 

k 
[ N A N A . I O ~ ] ~ x p o i o m a ,  wh q ouvohmj z a m z a  awt6paom~ &at: IJ = kK 

w A ] . [ I O 4 - 1 ,  oxou k, q maeepa zaX5qza~ G t a m a q ~  zou m p d h ~ o u  [NANA.IOi], 

k = 0.239 L- 0.01 1 S" Kat K q ozaeep& woppoxia~ q q  paztopov zou oupxhC,~ou, K = 

0.100 f 0.005 M'. H z a h  a v d p a q ~  COS x p o ~  zo NANA #at za mep106t~a Pp&eq~e pe 

q pofi0eta q~ pat3060u Guggenheim Kat q~ pet3660v apnKil< z a m z a ~ ,  

~pqcnpoxothvza~ q p&6060 eha&zov ze~payhvov. H wkpyeta wepyoxoiqqs, E, = 

4.0 2 0.2 kcalhol, uzonohoyioq~e azo za Gtaypappaza Arrhenius Kat avnmot~ei  oe 

pezapohil 0eppo~paoiaS xepinou 3% ava "C. 
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SUMMARY 

We studied the conductance and electrostriction of supported bilayer lipid 

membranes (S-BLM) in dependence on the hnd 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 Electrostrictlon 

and membrane capacitance of S-BLM depended on the hnd of support onto which s- 

BLM has been formed s-BLM formed on PPY layers were characterized by lower 

compressibdity and less expressed dependence of electrostnction parameters upon 

appl~cation of external dc voltage This ewdence that S-BLM on PPY layers are more 

smooth and as a result more homogeneous than those formed on metal support 

Membrane stabtl~ty characterized by breakdown voltage also depended on the land of 

support S-BLM formed on PPY layers were characterized by about 2 tune higher 

breakdown voltage than that farmed on metal support 

Key words: lipid bilayers, polypyrrole, metal support, ammonia, conductance, electrostriction 
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Abbreviations and Terminology 

A 

ac 

BLM 

S-BLM 

C 

CS 

COX 

d 

dc 

E0 

El 

f 

F1 

I 

I0 

I1 

I3 

P 

PPY 

SD 

U 

area of the membrane 

dternating current 

bilayer lipid membrane 

supported b~layer lipid membrane 

decmcal capacitance 

speclfic elecmcal capacitance 

crude ox bran fracoon 

thickness of the hydrophobic part of the membrane 

duect current 

amplitude of ac voltage 

Young modulus of elastmty 

frequency 

flow injection method 

amplitude of dc current 

amplitude of the background dc current 

amplitude of the first harmonic of ac current 

amplmded of the third harmonic of ac current 

electrostnct~on pressure 

polypyrrole 

standard dewation 

ampl~tude of dc voltage 
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CONDUCTANCE AND ELECTROSTRICTION OF LIPID BILAYER 

Introduction 

Bilayzr lipld membranes supported on the metal surface (S-BLM) have been 

shown as extremely stable and useful for constructlon of b~osensors, e g for glucose 

detecbon 11,2], xanthlne [3] or as a su~table system for development of unmunosensors 

[4] Apphcapon of S-BLM 1s most powerfbl m the case, when red-ox reactton takes 

place on the S-BLM electrode modlfied by enzyme (e g oxldatlon of glucose by 

glucose oxldase), l e when detected output of reachon represents the current of 

electrons However, for detecbon of Ions (e g m the case of using S-BLM system as 

Ion selectwe electrode, or enzymatlc electrode wth ion output) thls system in 
p -  

configuration, when dc current represents the detected signal, 1s less sensiuve Ions, in 

pnnaple, can flow through the membranes, but theu hrther movement is stopped at 

bllayer-metal zterface Thls gap can be get over usmg multllayer system conslstmg of 

BLM, conductmg polymer and metal The system consistmg of conductmg polymer - 
polypyrrole (PPY) - and metal has been already successllly used for constructlon of 

biosensor (e g for determination of concentration of ammonla 151) 

Polypyrrole 1s one of the most wdely studied conducting polymers because of 

its h~gh electrrcd conductivity, usefbl stability in the conductmg form, mnterestmg 

electrochemcd properties, and its relatlve ease of synthesis on chemcal way [6] as 

well as by anod~c electropolymenzatlon method [7] on varrous conductmg substrates 

from elther non-aqueous [S] or aqueous [9] solution contamng the monomer and a 

supporting electrolyte The PPY properties such as electroactlwty, morphology and 

conductmty are Influenced by electropolymer~zat~on cond~tions e g the electrolyte 

solution (anion species. [l01 and solvent [ l  l]), temperature [E], 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 $2 linkages, however, it was also 

proposed that, at least in certain polymerization conditions, PPY with a macrocyclic 

(e.g. fbllerene-like [15]) structure is formed. 
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Conducting PPY with cation radical sites (polarons [16], bipolarons [l71 or 

mixed contribution of both [IS]) can be charged and dwharged reversibly with 

incorporation and expulsion of small anions maintaining electroneutrality [19]. 

However, when large imnoblle anions are incorporated during electropolymerization, 

electroneutrality during this so called "redox switching" is preserved by movement of 

electrolyte 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 

electrochernically non-conductive but ionically conductive and ion-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] or curfent 

[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 fblly known, however, it was broadly discussed [26]. 

In spite of usefblness 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 provide the optimal 

condition of enzymatic activity. For example the enzyme electrode contaming 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 biiayer containing 

lecithin and polypyrrole (PPY) has been reported by Kotowski and Tien [28]. They 

showed that free standmg BLM contmng PPY are more stable than those wthout 

PPY, however the presence of PPY did not influence  the^ resistance 

In thls paper we report the study of new membrane system contrunmg hpld 

bilayer, PPY layer and metal surface of the &p of fieshly cut Teflon coated stamless 

steel wre  We compared the conductivity and electrostnc&on of several systems and 
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have shown that lipid bilayer can be formed on PPY layer polymemed on metal 

surface as well as that system provides sufficient sensitivity for detechon 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 1391. 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 was 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 bsrate 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 - 
Gbbs border (toms), 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 contaming 0.1 M pyrrole (Sigma). Then, in 

order to form polypyrrole layer the dc voltage U = +0.8 V hzs been applied to the wire 

through saturated calomel electrode (SCE) served as reference (positive terminal was 

on the wire). ARer 3 min of the application of the voltage the thin PPY layer has been 

formed due to the polymerization reaction.   he 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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hpld soluhon for a short m e  (1 mm) and subsequently mto the electrolyte The self 

assembled process of bdayer llpld membrane formabon then took place andopally as 

m the case of metal surface S-BLM were formed from crude ox bran fraction (COX), 

prepared accordmg to Folch et al [30] Lip~d soluhon contamed n-decme butanol 

(8 1, V/V) m concentration of 20 mg hplds per 1 m1 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) [3 1,321. 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 EL andmembrane 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 

L) and membrane capacltance (C) 133-351. To measure the values of El and C 

according to the above methods, an ac voltage E=Eosin2xR wth  an amplitude of E. 

and frequency f is applied to the lippld bilayer The membrane is compressed due to 

electrostnchon, and t h ~ s  is reflected m its thickness Accordmg to H~anik and 

Passechnlk [33], t h ~ s  results m the generation of a component of the membrane current 

with frequency 3f and amplitude 13, m addmon to the first harmomc (wth frequency f 

and amphtude 11) I1 and l3 can be used to calculate the electrical capacltance C of a 

membrane and the modulus of elasbcity m the dlrectlon normal to the membrane 

surface, El=-pl(Ad/d), where Adld is the relative change in membrane thickness and p 

1s the pressure induced by the electrosmc~on voltage @=CsEo2/2d) Cs=C/A 1s the 
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specific BLM capacitance per unit area and A is the membrane area. In terms of the 

measured quantities 

C=I, 12.nfEo (1) 

EL=3 CsEo21, /4d13 (2) 

This means that to obtain the parameters EL and C it is sufficient to measure the 

amphtudes I1 and I3 The values of the above parameters can be obtruned usmg 

standard electronic equipment includmg resonance ampl~fiers [33] In the present 

work, an dternatmg voltage wth  ampl~tude Q 4 0  mV and frequency elkHz was 

apphed to the membranes For calcda~ons the EL of S-BLM we used C,=4~10-~ FIm2 

and d = 4 6 nm (average values of C, and d accordmg to [29]) C, and d represent 

values for "final state" of S-BLM 

Measurements were c m e d  out under the control of an IBM PCIAT 286 

computer All expenments were done at room temperature (T=20•‹ C) 

3. Results and Discussion 

In the first sets of expenments we have stuhed the conductance of S-BLM 

formed on metal andtor PPY substrate as well as conhuctance of PPY layer on metal 

support (wthout bilayer) m dependence on concentration of ammonla We appl~ed to 

the misensor the potentd of +O 3 V (vs SCE) This potenhal has been shown as the 

opt~mal for the anodic polaruation of the worlung plat~num electrode with PPY layer 

[S] Fig 1 shows the dependence of the changes of dc current. I-h (Io 1s the current at 

zero concentraDon of ammoma) on the concentratlon of ammoma for five S-BLM 

formed on metal support We can see that changes of dc current for both membranes 

are similar and very low sensit~ve to the concentratlon of ammonla (the mammal 

changes were about -+S0 pA). In contrast to S-BLM on metal support, dc currefit for S- 

BLM formed on PPY layer adjacent to the metal surface Increased following add~t~on 
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of ammonia into the electrolyte (Fig. 2). For comparison at the Fig. 3 is also shown the 

plor of the changes of dc current (1-1,) 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 increased, however from c=0.1 rnM 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 [S]. Using the flow injection 

method @I) 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 

linear response up to 0.1 mM concentration of ammonia and the saturation takes place 

at higher concentrations. In this respect, the resultspresented in Fig. 3 are similar to 

that presented in [S]. 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. Irreversibqity of reaction is less 

expressed in F1 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 molzcules of ammonia are electncally neutral 

and can penetrate across the membrane to the PPY. The concentration of 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-BLMJPPY systems following addition of 

ammonia. Principal effect of S-BLM consists in the barrier of the membrane against 

penetrahon 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 platlnum electrode, several possible reacbons were proposed for anodic 

process (Fig 4, scheme 1,2 [S]) In our case the scheme 1 is more appropnate for 

explanahon of increasing anodic current with increasmg concentrahon of ammonla. 

Th~s modified scheme is presented as scheme 3 on Fig 4 We can assume that due to 
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none or negligble concentration of OH- In the s-BLM/PPY interface the anodic 

reaction consists in bmdmg of with PPY and in production of two electrons and 

two protons per one molecule of ammonia Electrons are mowng toward anode, while 

protons are mowng to the electrolyte through the structural defects in the membrane 

3.2. Study of membrane eiectrosirictioiz 

In order to check how macroscopic parameters of supported membranes 

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

perpendicular to the membrane place El and membrane electrical capacitance C. 

Fig. 5 (a) shows the typical example of lunetic of El (curve 1) and C (curve 2) 

following apphcation to s-BLM an ac voltage with small amplitude mV). We 

can see that both values reached the steady state. after - 30-50 mh. The values cf E, 

for these membranes were (238f 1.32)x106 Pa (n=5, +SD) and C=(109+81) pF (n=5, 

kSD). 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 CS=4x10-3 F/m2. This evidences about considerable Plateau-Gbbs border 

wad a number of inhomogeneities in these membranes filled with hydrocarbon solvent 

[35]. Simdar~hetics and values of El were obtained also for s-BLM formed from 

crude ox bran fiacuon on PPY layers adjacent to metal support (Fig 5b) These s- 

BLM were, however, formed faster and the steady state values of El and C have been 

reached after - 15 mm The values of El for these membranes were (2 6 6 a  9)x106 Pa 

(n=5, +SD), however the average capacitance reached considerably hgher values 

C=(6503290) pF (n=5, f SD) This evidences, that s-BLM formed on PPY layers are 

more homogeneous and are charactemed by lower Plateau-Gbbs area 

A complicated dependence of electromechanical parameters of s-BLM on 

externally applled dc voltage has been found in prevlous s-tud~es [34,35] Th~s 

phenomenon holds also for s-BLM formed on metal support studied m this work Fig 

6 a,b shows the dependence of EL (a) and C (b) on dc voltage applied to the s-BLM 
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formed in 50 mM borate buffer (pH 9.4) on metal support with rate 500 mvlmin 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 El and C on dc voltage as well as 

hysteresis of these parameters has been discussed in detaS earlier [34]. We have shown 

that shape of the dependence of these parameters on dc voltage can be connected with 

solvent redistribution in rather inhomogeneous S-BLM. In such a membrane solvent 

plays certzin striicturalized 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 md thus to a decrease of EL, whereas in BLM El 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 El (Fig 7 a,b) Moreover the decrease of 

capacitance with voltage correspond to decrease of E, slmllarly hke m planar free 

standmg BLM This phenomenon can be due to smoother surface of PPY adjacent to 

metal m companson with metal surface 1361 (see schematic representatlon of the s- 

BLM structure at Figs 6 and 7) and as a consequence the electrostnction 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 explam better stability of these 

membranes upon breakdown by dc voltage. While amplitude of breakdown voltage for 

S-BLM on metal support was U = (1077k178) mV (n=3, +SD) for S-BLM formed on 

PPY layer this value was higher than 2 V. 

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

allowing d:tecbon of ammonia with detection hmlt lower than 50 @l In contrast to 

electrodes w~th PPY layers but wlthout hp~d bilayer, the new developed system 
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Fig. 6. Dependence of elasticity modulus E l  (a) and membrane capacitance C (b) on magnitude 
of dcvoltage 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 E l  (a) and membrane capacitance C (b) on magnitude 
of dcvoltage cyclically applied on S-BLM formed on PPY layer adjacent to metal support. Scan 
rate 500 mV/min, direc~:on of voltage is showed by arrows. Electrolyte side was positive. A 
schematic representation of the structure of bilayer. 
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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, pull ul an 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 salting 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. 
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INTRODUCTION 

when t h e y  b i n d  t o  b iopo lymers  i m p o r t a n t  i n  human n u t r i t i o n .  Foods w i t h  

f l a v o u r  have been produced and consumed f o r  thousands o f  y e a r s  and t h e  

has been i n  c o n s t a n t  i n c r e a s e  i n  r e c e n t  decades. 

Main reasons  f o r  such a  t r e n d  i s  t h e  i n c r e a s e  i n  use o f  p rocessed  foods  

demand f l a v o u r ,  t h e  i n t r o d u c t i o n  o f  new raw m a t e r i a l s  and t h e  p r o d u c t  

f o o d  s u b s t i t u t e s  on t h e  market .  

Aroma compounds a r e  v e r y  s i g n i f i c a n t  i n  t h e  f o o d  i n d u s t r y  p a r t i c u l a r l y  

added 

ir use 

wh ich  

i o n  o f  

B i n d i n g  o f  v o l a t i l e  aroma compounds t o  p r o t e i n s  and p o l y s a c c h a r i d e s  i s  

p r o b a b l y  ach ieved  w i t h  t h e  a i d  o f  hydrogen bonds. 

The b i n d i n g  o f  aroma compounds by b iopo lymers  may i n v o l v e  one o r  more 

b i n d i n g  s i t e s  o f  t h o s e  occuri-ng i n  t h e  polymer.  

The s o r p t i o n  o f  aroma v01 a t i l e s  on t h e  b iopo lymer  i s  based on t h e  l a w  o f  mass 

a c t i o n  (one b i n d i n g  s i t e ) ' .  

[BA1 
K = - - - - - - - = [BA] = KC, [B] 

C,[BI 
Where K= a  s i n g l e  b i n d i n g  c o n s t a n t  

C f =  c o n c e n t r a t i o n  o f  f r e e  aroma compound 

[B] = " o f  b i  opo l  ymer 

[ B A ] =  " o f  aroma - b i  opol  ymer complex 

The average number o f  aroma mo lecu les  bound t o  a  b iopo lymer  i s  g i v e n  by  t h e  

s p e c i f i c  b i n d i n g  c a p a c i t y  ( r ) .  

[ BA1 K  C,[BI KC, 

( [B l+ [BAI )  ([Bl+K[B]C,) 1 +KC, 
When s e v e r a l  b i n d i n g  s i t e s  (n)  a r e  i n v o l v e d  equal  i n  b i n d i n g  c a p a c i t y  and 

independent  o f  each o t h e r  

nKC, 
t h e n  r = - - - - - - - - - - -  = nk  = K' o v e r a l l  b i n d i n g  c o n s t a n t  

l+KCf 

The b i n d i n g  r e g i o n s  may be l o c a t e d  i n  t h e  i n n e r  space o f  t h e  

macromolecule as i n  t h e  case o f  s t a r c h  which can t r a p  t h e  v o l a t i l e s  i n s i d e  i t s  

he1 i c a l  s t r u c t u r e  a f t e r  g e l a t i n i z a t i o n .  There can a1 so be b i n d i n g  r e g i o n s  

l o c a t e d  i n  t h e  o u t e r  s u r f a c e  of t h e  h e l i x .  However w i t h i n  t h e  h e l i x  t h e  
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trapped aroma compound can not fu l  f i l l  an a c t i v e  r o l e  a s  an aroma c o n s t i t u e n t .  

In p ro te ins  t h e r e  i s  a  l a r g e  number of binding groups ( o r  s i t e s )  involved 

in  aroma binding.  The g r e a t e r  binding a f f i n i t y  indicated  by higher binding 

cons tan t s  (K ' )  with aldehydes l i k e  butanal o r  benzaldehyde impl ies  r e a c t i o n s  

with f r e e  amino o r  SH-groups., while compounds such a s  di-methylpyrazine and 

b u t y r i c  ac id  a r e  p r a c t i c a l l y  unable t o  bind2. 

MATERIALS AND METHODS 

The r e l e a s e  of f i v e  v o l a t i l e  compounds from aqueous so lu t ion  conta in ing 

biogolymers was s tud ied .  The v o l a t i l e s  were: 

1) Diacetyl  

2) Pentanol 

3 )  Hexanal 

4 )  2 ,5  - Dimethyl Pyrazine 

5) Benzal dehyde A 

The biopolymers s tudied were t h r e e  polysacharides,  namely: po ta to  s t a r c h ,  

pu l lu l an ,  and dextran (avg. MW 250.000), along with two p r o t e i n s ,  namely: 

bovine serum a1 bumin (BSA) and casein .  

The methods used were t r a d i t i o n a l  headspace ana lys i s  using Tenax t r app ing  

followed by GC-MS and a  new on l i n e  MS technique namely: Atmospheric Presure  

Chemical Ion iza t ion ,  (APCI) t h a t  a1 lows a- novel approach t o  headspace 

analysis3v4. 

Tenax t rapping i s  a  method which e f f e c t i v e l y  sepa ra te s  t h e  v o l a t i l e  

compounds of i n t e r e s t  from a i r  and, t o  a  g r e a t  ex ten t ,  from water.  The 

v o l a t i l e s  can subsequently be desorbed and chromatographed, thereby allowing 

t h e  i d e n t i f i c a t i o n  and quan t i f i ca t ion  of compounds p resen t .  A P C I  i  S a  

technique where compounds can be ionised in  a i r  conta in ing water vapour a t  

atmospheric pressure .  Ions a re  subsequently co l l ec ted  i n t o  t h e  high vacuum 

region of t h e  analyser  which allows e a s i e r  in t e r fac ing .  This technique i s  

designed f o r  ana lys i s  of aqueous samples. I t  adds a  proton ( i n  p o s i t i v e  

i o n i s a t i o n  mode) t o  t h e  compound of i n t e r e s t  and does not normally induce 
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fragmentation 4 - 5 - 6 r 7 , 8 .  

ANALYTICAL PROCEDURE 

The so lu t ion  of v01 a t i l e s  was prepared by adding 7 5 0 ~ 1  of an aqueous 

so lu t ion  (conta in ing 150 p1 of dimethyl pyrazine,  1 0 ~ 1  hexanal,  90 v1 

d i a c e t y l ,  130 p1 pentanol and 2 0 ~ 1  benzaldehyde per 100 m1 H,O) t o  100 m1 of  

water i n  a  1 1  f l a s k .  The amounts of t h e  v o l a t i l e s  were chosen so  t h a t  t h e  

concentra t ion of t h e  compounds in the  headspace would be rough1 y  equal based 

on t h e i r  p a r t i t i o n  c o e f f i c i e n t s .  

The v o l a t i l e s  were allowed t o  e q u i l i b r a t e  f o r  5 min before samples were 

taken.  

In both methods of analyses ,  Tenax t rapping and APCI, t h e  headspace of 

aqueous s o l u t i o n s  ( con t ro l )  was compared t o  t h a t  of t h e  so lu t ion  conta in ing 

t h e  biopolymers. In t h e  case  of Tenax t rapping s t a rch  was t h e  on1 y  biopolymer. 

A. Tenax  Trapping 

F i f t y  m1 of head space (HS) were co l l ec ted  each time i n t o  a  tenax t r a p  

using a  vacuum pump. Compounds were desorbed from t r a p s  and cryofocused on 

column ( N ,  cold t r a p ) .  GC ana lys i s  was performed using a  temperature programme 

with i n i t i a l  temperature 30•‹C and then 8•‹C per min ramp up t o  150•‹C. The 

column, BP-l, was 25m X 0.22 mm I.D. 

B. APCI  

Afte r  e q u i l i b r a t i o n  of the  v o l a t i l e s  the  head space was sampled i n t o  t h e  

MS (flow r a t e  25 ml/min). The ions monitored corresponded t o  t h e  molecular 

ion plus  a  proton (MH'), except f o r  pentanol which l o s t  water during 

i o n i s a t i o n  (MH'-H,O monitored).  

The s ignal  produced by the  v o l a t i l e s  in the  headspace was cons tan t ,  

i nd ica t ing  t h a t  the  d i l u t i o n  of the  headspace as a  r e s u l t  of continuous sample 

removal was i n s u f f i c i e n t  t o  cause a  s i g n i f i c a n t  d i s rup t ion  of t h e  a i r /wa te r  

equi l ibr ium.  

Blanks of s o l u t i o n s  of each of the  biopolymers were run t o  confirm t h a t  

these  were not a s soc ia t ed  with ions of a  s imi l a r  mass t o  the  ions  of i n t e r e s t .  

RESULTS AND DISCUSSION 

Table I and Figures 1 and 2  show average values and s tandard  e r r o r  from 

t h r e e  rep1 i c a t e s  of v o l a t i l e  compounds released in t h e  headspace of 
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water  and 1% (w/v) a q ~ e a u ~ s o l u t i o n s  of s t a r c h  measured by Tenax t r a p p i n g .  The 

r e s u l t s  a r e  a1 so  expressed  a s  normal ized  va lues  re1  a t i v e  t o  pentanol  . 
TABLE I :  Comparison o f  t h e  peak a r e a s  o f  v o l a t i l e s  p r e sen t  i n  t h e  headspace 

o f  water  and 1% (w/v) aqueous s o l u t i o n  of  s t a r c h .  (Tenax t r a p p i n g ) .  

Compound 

- - - - - - - - - - - - -  

Di a c e t y l  

Pent an01 

Hexanal 

2 , 4  Dimethyl 

py ra z ine  

Benzal dexyde 

water  S t a r ch  % Binding 

A V .  a r ea  A V .  a r ea  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

241t87 (44 t3 )  241t72 (49 t12)  0.00 ( -9 .88)  

537t167 (1OOtO) 495t210 (1OOtO) 7.79 (0 .00)  

503t211 (91+15) 412t192 (82 t9 )  18.09 (9 .00)  

Numbers i n  b r acke t s  a r e  normal i  sed re1 a t i v e l y  t o  pentanol  

Table  I 1  and F igures  3 & 4 show t h e  average va lues  and s t anda rd  e r r o r  from 

t h r e e  r e p l i c a t e s  of  v o l a t i l e s  r e l e a sed  (peak h e i g h t s )  i n  t h e  headspace of  

s o l u t i o n s  of  p01 y saccha r ide s  by t h e  APCI method. 

TABLE 11: Mean va lue s  of  v o l a t i l e  peak he igh t s  i n  t h e  headspace of  s o l u t i o n s  

of  po ly s accha r ide s .  (APCI method). 

Compound Control S t a r ch  Dextran- Pull  ul an 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 ,4  Dimethyl pyraz ine  1 4 . 4 t l . l a  15 .4 t0 .7  15 .5 t1 .8  17 .5 t0 .1a  

Benzal dehyde 60.8+1.9 64 .2 t0 .4  65.9+7.0 66 .5+2.8  

Hexanal 43.7+0.5b 48 .3 t1 .6b  43 .7 t3 .7  44.2+4.1 

Di a c e t y l  

Pentanol 

Means bear ing  t h e  same s u p e r s c r i p t s  a r e  s i g n i f  

1 9 . 3 t 1  

55 .7 t7  
- - - - - - - - - 

i c a n t l y  d f f e r e n t  ( ~ ~ 0 . 0 5 )  
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There was a s i g n i f i c a n t  s a l t i n g  out e f f e c t  (negat ive  binding) in  t h e  case  

of pu l lu l an  with 2,4 dimethylpyrazine and in the  case  of s t a r c h  f o r  hexanal 

I n t e r e s t i n g l y  enough t h i s  l a t t e r  e f f e c t  was not v e r i f i e d  with tenax t rapping 

where t h e r e  were no rea l  d i f f e rences  detec ted  i n  s t a rch  f o r  binding with any 
of t h e  v o l a t i l e s  t e s t e d  'probably due t o  t h e  g r e a t  v a r i a b i l i t y  in  t h e  r e s u l t s .  

I t  should be kept in  mind t h a t  s t a rch  binds the  v o l a t i l e s  only a f t e r  

g e l a t i n i z a t i o n  by t rapping them in i t s  he l i ca l  s t r u c t u r e  ( B e l i t z  and Grosch, 

1985). 

Table I11 and Figures 5 & 6 show t h e  average and standard e r r o r  from t h r e e  

r e p l i c a t e  runs of v o l a t i l e s  released (peak heights)  in  the  headspace of 

p ro te in  s o l u t i o n s  by the  APCI method. 

TABLE 111: Mean values of v o l a t i l e  peak heights  in  the  headspace of p ro te in  

s o l u t i o n s .  

Compound Control BSA Casein 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2,4  Dimethyl pyrazine 13.3t1.0a 12.4t1.1 6 .5 t2 .5a  

Benzal dehyde 57.6t1.1b 34.3t3.1b 48.6t5.gb 

Hexanal 40.8t1.9 O.Ot0.0 40.4t3 .9  

D i  acetyl  15.3t0.6' 9 .1 t0 .7C 13.1t1 .8  

Pentanol 67.0t14.6 54.8t12.8 49.1t5.6 

Means bearing t h e  same superc r ip t s  a re  s i g n i f i c a n t e l y  d i f f e r e n t  

a :  p<0.01 

b: p<0.01 ( f o r  BSA) p<0.05 ( f o r  case in)  

c :  p<O.OOl 

The BSA so lu t ion  was the  only so lu t ion  t o  produce a s i g n i f i c a n t  

contaminating ion.  The ion produced (m/z 100.8) made i t  impossible t o  observe 

t h e  i n t e r a c t i o n  of hexanal with BSA. The presence of t h i s  ion may have been 

due t o  hexanal i t s e l f  s ince  BSA preparation i s  of ten  associa ted  with l i p i d ,  

and i t  might have contained hexanal in the  i n i t i a l  s t a t e .  

There was a s i g n i f i c a n t  binding e f f e c t  of d iacetyl  (p<0.001) and 



BINDING OF AROMA VOLATILES TO BIOPOLYMERS 481 

benzaldehyde (pt0.01) t o  BSA and o f  2.4 d imethy l  py raz ine  (pt0.01) and 

benzaldehyde (p<0.05) t o  casein.  

CONCLUSIONS 

There was no evidence f o r  any p o s i t i v e  b i n d i n g  o f  v o l a t i v e s  t o  

po lysacchar ides  i n  s o l u t i o n  as compared t o  b lanks  i n  aqueous s o l u t i o n s  w i t h  

a l l  t h e  v o l a t i l e s  t es ted .  

P r o t e i n s  appear t o  have s t ronge r  a f f i n i t i e s  f o r  aroma v o l a t i l e s  compared 

t o  po lysacchar ides  probab ly  due t o  more b ind ing  s i t e s  and hydrophobic 

i n t e r a c t i o n s  which r e s u l t  i n  aroma b ind ing .  
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IT~V epyaoia a u ~ r j  p ~ A e ~ r j 0 q ~ ~  q 6Eop~uoq 61aqopov ~ T ~ T I K ~ V  oopqpbv E V ~ U E W V  

U& U ~ ~ T I K ~  61aAupa~a nou n e p l ~ i x o v  p a ~ p o p o p l a ~ ~ q  E V W U E I ~  onwq ~ O ~ U U ~ K X C J ~ ~ T E ~  

Ka 1 npw~sl 'veq. Eav p ~ p ~ ~ p a q  Xpqo l pone l jeqK& V E ~ O  v& T I i 6 1 E$ IlTqT I K E ~  EVWUE I 

Kal oe i o q  o u y ~ ~ v ~ p W o e ~ q .  H aneAu0Epwotj ~ o u q  o ~ q v  u n s p ~ s i p e v q  aEpla qaoq Kal 

~ a ~ a  ouvEnsla q 6Eup~uof i  T O U ~  ano p a ~ p o p o p l a ~ E q  E V W U E I ~  s i v a l  p ~ y a h q q  oqpaoiaq 

y l a  T I C  p l o p q x a v i ~ q  ~ p o q i p w v  Aoyw ~ q q  61apKbq autavopsvqq ~ a o q q  y l a  npooeq~q  

6 I aqopwv apwpaT I KWV I 6 i wq oTa p s ~ a n o  l qpEva ~ p o q  I pa. 

0 1  pE0060 I nou xpqol pono I r j 0 q ~ a v  r j ~ a v  q avahuoq p& ~q xp joq  nayi6aq Tenax 

Kal o u v ~ x e ~ a  avahuoq p& a E p ~ a  xpwpa~oypaqia Kal qaopa~oypaq ia  pa<q$. Enioqq 

~ p q a l p o n o l j 0 q ~ e  p l a  vEa T E X V I K ~  nou o v o p a < s ~ a l  x q p ~ ~ o q  I O V I U ~ O ~  a ~ p o o q a ~ p ~ ~ q q  

n isoqq (APCI). 0 1  v a ~ p o p o p ~ a ~ E q  EVWUEIS nou p e A s ~ r j 0 q ~ a v  r j ~ a v  ~ p e i q  

~ o ~ u u ~ K x ~ ~ ~ T E ~ ,  6qA. apuh0, I ~ o u ~ A o u ~ ~ v ~ ,  Kal ~ E ~ T P ~ V Q  KCll 6 ~ 0  ~ P W T E ' I ' V E ~ ,  

aA$oupi vq opou BOO& I 6Wv (BSA) Ka I ~ a < & ' i v q .  

01 ~ T ~ T I K E ~  apLIpaTlK&q E V W U E I ~  nOU ~ p l l ~ l p ~ f l ~ l f i e t l ~ a ~  ~ T C I V :  ~ ~ C ~ K E T U ~ ~ O ,  

nsv~avoAq,  ~SavaAq, 2,5 6 I -p~0uA-nupa< i v q  KO I p&v<aA6&u6q. 

E ~ q v  n ~ p i n ~ w o q  ~ w v  n o A u o a ~ ~ a p l ~ Q v  6 ~ v  unrjpE& ~ E T I K ~ ~  6 E o ~ ~ u o q  p& ~ a p i a  an0 

T I C  ~ T ~ T I K E ~  a p w p a ~ l ~ ~ q  o u o i ~ q  nou p ~ A e ~ r j 0 q ~ a v  E V ~  pe ~ E P I K E ~  ano a u ~ E q  

n a p a ~ q p j 8 q ~ o v  qa l v o p ~ v a  apvqT I ~ t j q  6Eop~uoqq ( s a l t i n g  ou t  e f f e c t s ) .  AUTO ouvEf3q 

o ~ q v  n a p i n ~ w o q  ~ q q  nouAAouAavqq PE TO 2,4 61 -p&BuA-nupati vq Ka I o ~ q v  nsp i  n ~ w q  

TOU apuAou p& T ~ V  ~EavaAq.  
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IT I S n p w ~ & ' i v & <  !l BSA I <E u ~ ~ C I V T  I KO €n  i 6paaq 6 E a p ~ u a q q  p €  r o  6 l ~ K E T U A  I o 

Kal  T ~ V  fi&v<aA6&u6q. Eniaqq q ~ a < & ' i v q  6&op&ua&   qv 61-p&8uA-nupa< ivq  Ka l   qv 

p ~ v ( a X 6 ~ u 6 q .  

r e v l ~ a  0 1  n p w ~ ~ ' i v ~ q  eprpavi<ouv I U X U P O T E P ~  ~ a a q  6 E a p ~ u a q q  a p w p a ~ 1 ~ 0 v  

n ~ q ~  I ~ l j v  EVWUEWV a €  a.uy~p I aq PE TOUS noAuaa~xap  i TES, n I eavov Aoyw T O U  
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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) 

1600 

Diacetyl Pentanol Dimethyl Benzaldehyde 
pyr=.ine 

Compound 

FIG.2. Comparison of peak heights (normalised relative to pentanol) of 

cohpounds in the headpspace of pure water or 1% starch solution 

(determined by Tenax trapping). 
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p y r e e  
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FIG.3. Peak height  f o r  v o l a t i l e s  compounds i n  headspace o f  0.5% 

polysaccharide solut ions.  
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F IG.4 .  Percentage binding o f  v o l a t i l e s  by 0.5% polysaccharide so lu t ions  
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F I G . 5 .  Peak height for vo lat i l e  compounds in headspace of  0 .5% protein 
solutions.  
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FIG.6; Percentage binding of  vo lat i l e s  by 0.5% protein solutions 

Not 
detennincd 

I>irnetlwl pyrazine Benzaldehyde 1 lexa~~al Dincetyl Pentanol 

C0lll~1011111l 



Chimika Chronika, New Seiies, 26, 487-494 (1997) 

STUDY OF PHYSICAL AND MECHANICAL PROPERTIES OF COTTON FIBRES 

AFTER LOOSE DYEING IN ABSENCE AND PRESENCE OF SOFTENING 

LUBRICATING AGENTS 

A. KEHAYOGLOU*, E. TSATSARONI, S. PEGIADOU 

I. ELEFTHERIADIS 

- KOEMTZOPOULOU, 

Laboratory of Organic Chemical Technology, Department of Chemistry, Aristotle University of 

Thessaloniki, Greece. 

U. PANAGIOTALIDIS 

Formerly of Hellenic Cotton Board, Textile Technology Research Center, 542 49 Thessaloniki, 

Greece. 

(Received: March 6, 1996 In final form: December 23,1997) 

Summary 

Physical (micronaire, fibre length, 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 in 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 

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 cotton 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 physical (rnicronaire, 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 of Israel cotton 

fibres was made on the basis that this shows advantages, regarding the length distribution uniformity 

of the fibres and the maturity of the cotton 3 .  

Two bath liquor ratios 20: 1 and 7: 1 were used t o  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 

Materrals: 

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 

Determrnatlon of physlcal and mechanzcal propertzes: 

The samples were conditioned before the measurements at 20 * 2 OC 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) 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 

S F C = 3 9 4 + 1  3(FB25%)-46(FB50%) (1) 

where FB2 % and FB50 % 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 coefficients % were calculated 

Dyelng: 

Cotton treatments and dyeings were carried out in a Rotadyer apparatus (John Jefieys 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, inserted 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 dyelng 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 NaC1, after 40 min 3 

% o w f Na2C03, after 30 min 3 % o W f NaOH and the dyeing was carried on for 60 mm (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 

S~rrface ter7sror1 coeficrents of the rr~ltral dye Irqrrors: 

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 phys~cal 

(micronaire, fibre length, length uniformity, number of neps / g, size of neps and % short fibre 

content) and mechanical properties (tensile strength and % elongat~on- 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 I1 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 sofiening 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 % 0.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 % 0.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, 11). 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 11) 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 Levegal 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 

~nitial 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 I: M.V., S.D. 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 

Initial 

cotton 

Dyed 

cotton 

Dyed in 

presence 

3%Aviva1 

Dyed in 

presence 

3 % Sa- 
pamine 

Statistical 

parameters 

M.V. 

S.D 

C.V. % 

M.V. 

S.D. 

C.V. % 

M.V. 

S.D. 

C.V. % 

M.V. 

S.D. 

C.V. % 

Levegal, are given in Table I11 

Fibre 

Length 

(mm, 

2.5 %) 

34.4 

0.832 

2.4 

34.1 

0.746 

2.2 

34.5 

0.587 

1.7 

34.2 

0.672 

2.0 

Fibre 

length 

(mm, 

2.5 %) 

16.64 

16.20 

16.60 

16.20 

length 

unifor- 

mity 

Size of 

neps 

(mm) 

Short 

fibres 

:ontent 

% 

7.53 

9.21 

7.89 

9.34 

Tensile 

trength 

1 1 8 -  

g / tex) 

% 

elonga- 

tion at 

break 

8.3 

0.347 

4.2 

8.5 

0.255 

3.0 

8.8 

0.369 

4.2 

8.5 

0.235 

2.7 

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 111 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 ID). 



Table 11: 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 

Sample 

Dyed 

cotton 

Dyed in pre- 

sence of 

2 % Avivan 

Dyed in pre- 

sence of 

5 % Avivan 

Dyed in pre- 

sence of 

2 % Levegal 

Dyed in pre- 

sence of 

5 % Levegal 

Statistical 

parameters 

M.V. 

S.D 

C.V. % 

M.V. 

S.D. 

C.V. % 

M.V. 

S.D. 

C.V. % 

M.V. 

S.D. 

C.V. % 

M.V. 

S.D. 

C.V. % 

Fibre 

length 

(mm,2.5 %) 

% length 

uniformity 

46.3 

1.130 

2.4 

45.8 

0.813 

1.8 

46.0 

1.783 

3.9 

46.3 

2.583 

5.6 

48.1 

2.213 

4.6 

Tensile 

strength 

( 1 1 8 "  

g / tex) 

% 

elongation 

at break 

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 111: 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 

Dyeing liquor (a) 

" " plus Avivan (b) 

'L C' 

" " plus Levegal (C) 

L' 'L 

Zoncentration of Auxiliary 

Xl0.w.f. 

2 (2.85 g / lt) 

5 (7.13 g /  lt) 

2 (2.85 g / lt) 

5 (7.13 g / lt) 

Surface Tension 

jyn / cm, 40 'C 

1: 7: 1 0.w.f , containing 3.57 g / It dye, 57.14 g / It sodium chloride, 4.28 g / It sodium carbonate 

and 4.28 g / It 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 

Mshkzq cpuat~hv Kat p q ~ a v t ~ h v  tStozfizmv PapPa~sphv tvch PappCvmv axouoia Kat 

xapouoia paha~zt~oi) l hmavzt~oi) pkoou. 

Czqv spyaoia xpoo6topiozq~av ot cpuot~& (micronaire, pq~oq zqq ivac,, opotopopcpia 

pq~ouc,, aplep6< Kat pkyseo< nep, x&ptsmt~6zqza os ~ovzk< he<) Kat pqxavt~kc, t6t6zqz&c, 

(clvzo~fi ozov &cp&h~uopS) Kat extpfi~uvoq ozo oqpeio Opaboqc,) zou PapPa~to6 xptv Kat 

pc76 zq Pacpq c& 600 6tacpop&zt~& ox6ost< houzpo0. 

H xapouoh p a h a ~ ~ t ~ h v  - htxavzt~hv py8omv m< Poqeqzt~hv Pacpq~ oe 6t6cpope~ 

ouy~svzphost< ozq 6t6p~sta zq< pacpfi~ six& m< axozkhsopa zqv shCLZzmoq zqq ivac,. 



494 

Aknowledgments 

A. KEHAYOGLOU, et al. 

This work was financially supported by a project in the STRIDE HELLAS (20 / 1991) 

programme in cooperation with K. DOUDOS S. A. (Spinning Mills, Thessaloniki). Thanks are also 

expressed to Dr. H. Panagiotalidis (Hellenic Cotton Board, Textile Technology Research Center 

54249 Thessaloniki, Greece) for technical assistance. 

References 

G Clarke, "A practical introduction to fibre and tow coloration", The Society of Dyers and 

Colourists, Bradford, 1982 

L Neuhaus, H Deusen, "Some thoughts about requirements of cotton for new spinning 

technologies such as OE rotor spinning, friction spinning and air jet spinning", Bremen 

Symposium Proceedings, 1984 

S Peles, "Quality controls in cotton production in its relation to the cotton processing 

industry", Bremen Symposium Proceedings, 1984 

ASTM - 4604 - 86, Measurement of Cotton Fibres by High Volume Instrument, 1986 

SPINLAB Fibrograph Manual, Knoxwille, USA 

K Bacher, J S D C ,  108,479 (1992) 

A M Lidyard, A Woodcock, P Noone, J S D C ,  108, 501 (1992) 



Chimika Chronika, New Series, 26, 495-512 (1997) 

THE MECHANISMS OF BILAYER FORMATION ON SUPPORTS 

AND BIOSENSOR MEMBRANE ELASTICITY CHANGE ACCOMPANYING SUBSTRATUM 

BINDING 

V.I. PASSECHNIK, S.A.IVANOV 

Scientific Research Center "Eldis", Institute o f 

Radioengineering and Electronics RAS, Starosadsky per. 8, 

101000,  Moscow, RUSSIA. 

(Received: January 22, 1996 In final form: December 23,1997) 

SUMMARY 

Highly stable supported bilayer membranes with incorporated 

protein molecules are a good model for biosensors. The role of 

the material of the support and support geometry are 

investigated. The changes of bilayer elasticity due to 

substratum binding to the macromolecule are studied. These 

changes 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 lipid membrane is a widely spread model of 

biological membranes [l]. 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 

[2,31. 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 [41. 

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 considered. 

In order to use sl-BLM as the sensitive biosensors 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, the second one is the analyses of 

possible 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 

- 2 
density of about 108 cm , they induce the formation of basic or 

acid centers. 

3-step mechanism of bilayer formation could have been as 

follows. 

1. Lipid molecules from bulk phase of 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 metal surface diffuse 

laterally to the active centers and bind irreversibly with them. 

A chemosorption takes place. 

3. Lipid molecules diffusing along the metal surface form at 

first a monolayer and then a bilayer around 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 assembled 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 

2 -1 of about 5*10-' cm *c , i.e. like that of conventional BLM. 

Mosaic structure of sl-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 

- 2 pCm*cm , 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 their 

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 sl-BLM conductivity as 

well. A theory of sl-BLM stability should yet be elaborated. A 

principal distinction of sl-BLM from conventional one is as 

follows: the bilayer is chemically attached to support in some 

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 sl-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 to be also 

determined, to the great extent, by the surface defects of metal 

support. Fox example, the small value of the transversal modulus 

is determined for the support with the numerous defects (say, 

cut wire), the value of the modulus value increases for the 

smooth support. The most dangerous situation for application of 

sl-BLM as biosensors 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 

incorporated into the membrane would be lost. 

Some basic physical properties of sl-BLM, unlike 

conventional BLMS, seem to be determined by the defects of the 

support structure. 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 und?sturbed. 

To satisfy these contradictory requirements it is 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 to be the centers of lipid chemosorption (Figure 1, b). 

In order to obtain the surface with minimum of the defects the 

Ak sputtering should be used. In 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 the defects by which' the bilayer was 

attached to the support as well as due to the defecks generated 

by the incorporated receptor macromolecules. This modification 

should depend upon the concentration of the receptors 

incorporated into the bilayer. After the 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 accompanied by the change 

in the macromolecule structure as well as in structure of the 

distortion zones. Respectively, the compliance of the whole 

bilayer will be changed. 

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

l. we neglect the influence of the points of bilayer 

attachment to the sup,port 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 the 

results obtained. 

The reaction of binding of the substratum S with the 

receptor can be described by the traditional kinetic scheme 

where simbol No denotes free receptor macromolecules in the 

membrane, their amount being No, simbol N1 denotes receptor - 

substratum complexes in the membrane, their amount is NI. The 

condition No + N1 = N is valid, where N is the total amount of 

receptor macromolecules in the memb~ane. kl, k2 are rate 

constants of the corresponding reactions, the value K=k2/kl 

being the equilibrium constant. 

The change in concentration of receptor - 

substratum complex versus time is described by the equation 

dNl/dt=klc No-k2N ( 2 )  

where c is the substratum concentration in the solution. 

In equilibrium state the amounts of free receptor 

macromolecules as well as the of the receptor - substratum 
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complex macromolecules are as follows 

N~=N/(~+c/K), N~=N(c/K)/(~+c/K) ( 3  

Some types of structures coexist in the membrane 

simultaneously: free bilayer and the distortions of various 

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 c 

where Mb is the compliance of the pure bilayer, symbol i denotes 

the type of the distortion ( i=O, l, 2, . . .  ) ;  S is the membrane 

area, Si(c) is the membrane area occupied by the distortions of 

the i - th type; M1 is the compliance of these pieces of the 

membrane. It is worthwhile to introduce the area si= S1/N1 

generated by one receptor macromolecule in the. i-th state, as 

well as the bilayer area per one r~iacromolecule = S/N. 

We consider the dependence of the membrane compliance on 

substratum concentration in the simplest case when two types of 

distortions are located in the bilayer: for i=O one has the 

distortion zones around free receptor macromolecules, for i=O 

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 

o f  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 = Mb[l - (so/U)(No/N) - (sl/@)(N1/N)l + Mo(so/@)(No/N) + 

+ Ml(sl/o)(N1/N) (5 

Taking into consideration the condition (N,/N)+(N~/N)=I one 

can derive from (5) 

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/a and sl/a. To derive the 

corresponding formulae the scheme of the bilayer subdivision 

into square pieces is presented in Figures 2, a,b. The receptor 

macromolecules (0) are located in the centers of the quadrats, 

2 2 2 
the areas S , , sl and U are as follows so=a , S =b and U=d . 

1 

The plane of parameters so/@ M sl/@ is presented in Figure 2 ,  c. 

If a small amount N of receptor macromolecules are located 

2 
in the membrane, the area 0 =d =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 lines for receptor - 

substratum complex do not overlap (scheme a), for definiteness 

the condition so>sl 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 

l. so/oSl and sl/oSl. 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. S /&l and V(so/a)S2. The distortion zones of 
0 

free receptors intercept each other, however distortion zones 

generated by receptor - substratum complex do not intercept. The 

second limitation as it can be shown from (Figure 2, b) is the 

sequence of the geometry condition b/2sd-a/2. 

3. sl/o2l Y(sl/a)+ l/(so/a)s2. 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/2sd-b/2. 

4. v v ) +  V(so/o)>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 concentration c 

should be modified. In these regions the distortion zones only 

of one type propagate 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 nearby located zones, so the 

definiteness takes 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 the neighboring 

macromolecules, which are in different states and "try" to 

generate the distortion zone of their own type. Special study 

should be conducted to determine which types of structure 

distortions will be generated in this case (some new type of 

distortion can also take place). That is why we were obliged to 

confine the discussion to the regions 2 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 this region M2(c) is as follows 

M2(c)=Mo+ (M1-MO) (sl/@) (N1/N) ( 7 )  

Because S /@<l thi.s formula is valid for all values of NI/N. 
1 

Region 3. The the corresponding relationship for compliance 

in this region M3(c) 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 incorporated free receptors to be positive. 

In Figures 3, a-b the dependencies of the compliance of the 

whole membrane, i.e. the values M(c), M2(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(O) = M,(~-S~/O + MO so/o ( 9 )  

It is the weighted sum of the compliance Mb of unmodified region 

of the lipid bilayer and that of MD 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=Mo and increases till saturation like the curve 1, 

the values of the compliance obeying the condition M(c)<Ml(c). 

The 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 concentration where the first condition in 

formula (9) for N1/N is fulfilled the behavior of the curve is 

somewhat changed and it turns into curve M2(c) (formula (7)). 

For higher concentration where second condition takes place the 

curve 3 goes to the 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 MO<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 of the compliance change 

can be reversed (Figure 3, c, the row of values Mo>~b>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 main 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 substratum 

concentration is very simple. We assume that receptor molecules 

are located in strictly definite order in lipid 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 biosensor 

parameters on its characteristics. As it follows from our model 

there is the optimum number of the receptor molecules in the 

membranes. Since every receptor macr~omolecule generates the 

distortion zone around itself the increase in their quantity 

should increase the measured values of the compliance change 

AM. However 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 3 in the scheme Figure 2 ,  c and curves 3 in 

Figure 3 ) ,  or to the exit to the region of parameters , where 
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the dependence of compliance 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 constant K. In the region of parameters 1 and 2 

the half of compliance change takes place at the value c=K. 

The analysis of the formulae ( 6  - 8) shows that the sign 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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Fig: 1 
Figure 1. A scheme of the membrane domains onto the support. -- 
a. A possible scheme of S-BLH 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 lipid chemosorption; c. Sohemetic 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 

Fig. 2 a,b 

borders 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 

loc*tion of overlapping zones generated by four neighboring 

macromolecules 1 - 4 .  The symbols X show the pieces, which are 

affected by all four macromolecules. The overlap of the zones is 

shown only for the membrane pieces between the macromolecules 

c. The plane of parameters sO/U and sl/o ( c ) .  

. . 
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Fig. 2c 

b ./K Fig. 3b 

I c/n Fig. 3a 

1 
I 

2 3 4 

c c/w Fig. 3c 

Fig. 3. The dependence of membrane compliance M(c), M2(c), M3(c) for regions 1-3 respectively on relative 
substratum concentration c/Kfor various parameters Mb, MO, M1, 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 Mb, that of the bilayer 
modified by free receptor molecules MO, and that of bilayer modified by receptor-substratum complex M1 on the 
compliance of the whole membrane. The compliancies are expressed in arbitrary units. The following 
parameters were used -region 1: sdo=0.5, sl/o=0.5; region 2: sdo=1.5, sl/o=0.5; region 3: sdo=0.5, sl/o=1.5. 
The values of compliancies Mb, MO, M1 are shown by horizontal lines a. A relation between the compliancies is 
Mb<MO<Ml, for calculation we used: Mb: MO: M1=0.75:1. 75:3.6. b. A relation between the compliancies is 
Mo<Mb<M1, for calculation we used: MO: Mb: M1=0.4: 0.75: 3.6. c. The sign inversion of membrane compliance 
for relation between compliancies as follows MO>Mb>Ml. The ratio between the compliancies is MO: Mb: 
M1=3.6: 1.75: 0.75. 
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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(II1)-oxalate) M=Nb or Ta , 
ii) in the isolation mechanisms of the complexes of M(II1) 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 dfferenced 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 (111) 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, 
(',2,3,4) namely 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 thls species 
was formed as an intermediate product, it would be highly unstable, and 
would undergo disproporation reaction: 2 Mo(IV) -9 Mo(II1) + Mo(V). 
Later, Ardon and pernick5 prepared a stable aqua ion of Molybdenum (IV) 
in aqueous solution: [M0202 (H20)g] 4+. The most striking property of the 
ion is its remarkable stability to air oxidation. In acid concentration greater 
than lM, the concentration of Mo(1V) decreases very slowly upon expo- 
sure to the atmosphere. The second unexpected property is the resistance 
of the ion to disproportionation. 

A solution ofMo(IV) prepared by the method of Ardon and Pernjck 
( 5 )  was absorbed by a Dowex 5 0  WX2 cation-exchange column and was 
eluted with O.5M oxalic acid. CsCl was added to the eluate and upon slow 
evaporation of this red-purple solution, red-purple crystals of 
C S ~ [ M O ~ O ~ ( C ~ O ~ ) ~  (H20)3] . 4 H20 . ?4 &C204 (I) 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(1V) isolated from an aqueous solu- 
tion of MoOV). 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 
[ M O ~ Q ~ ] ~ +  core present in crystalline samples is retained in solution. 

Note that early transition metals have a pronounced tendency to 
form hghly stable trinuclear clusters('). A. Bino discovered that a novel 
niobium sulfate compound was in fact a bi-0x0-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 Nb2Ck(THT)3 (THT=tetrahydrothiophene) dissolved in THF 
at 0 "C was treated with concentrated aqueous HCl (with 0 2  rigorously 
excluded), a green solution occurred which was then passed through a 
cation exchange co1-m, where a green band was formed. The green 
cation is of the type [ ~ b 3 0 ~ ( H ~ 0 ) 9 ] ~ '  (11), with low-valent niobium. 

Addition of K2C2O4 to I1 affords crystals of the eight coordinate 
complex & w(C204)4] ' .  3 H20. ("I It is useful, to emphasize on the sta- 
bilization of the. monomer complex Nb(IV) fiom aqueous solution oxo- 
trinuclear core@) with addition of oxalite ligand. 
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A structurally similar green cation (11) with charge (+4) has been 
detected in the solution formed by reducing NbCls in concentrated HC1, 
using Cd as the reductant. ( l 2 '  

Trinuclear tantalum clusters of the types Ta3X13 and Ta3X17 (X - 
have been isolated and identified from non-aqueous solutions; (13z'4' how- 
ever, no analogous 0x0-clusters have been reported in aqueous solutions. 

Tetra-oxalate tantalate (111) has been prepared in aqueous solution, 
and its diamagnetic pentatribenzylammonium salt has been isolated. (l5) 

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(II1) and Ta(II1). 

Experimenlal section 
All operations were carried out under argon atmosphere using stan- 

dard inert atmosphere techniques . 
Svnthesis of K2 Cd w(CZ04)1 (HC204)1 . 3 HzO(la). 
In a Vycor ciucible, 1 g (3.76 mmol) of NbzOs was fused with 10 g 

of KHS04. 4 g (32.25 mmol) of ammonium oxalate and 2 ml of concen- 
trated H2S04 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 0 2 ,  with 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 fonned, 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 

K2 Cd INb(C204)3 (HC204)I . 3 H20 (1 a) 

Calc: Nb: 13.4 Cd: 16.29 C: 13.91 H: 1.044 K: 11.3 
Found: Nb: 13.4 Cd:16.45 C:14.10 H:1.15 K:10.95) 

IR v ( ~ ~ r ) c r n - '  1740- 1660 v,,,,(COz) 1450- 1400 v,,~(CO~) 
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Svnthesis of Kg_ Cd FNb7JC2Qh4_, 2 H20(l b) 
1 g (3.76 rnmol) of Nb20 was fused with 10 g of KHS04. 4 g (3 1.7 

rnmol) 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 cadrmum. 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: Kg Cd m2(C204)7] . 2 H20 (lb) 

Calc: Nb: 16.18 Cd: 9.75 C: 14.63 H: 0.34 K: 20.43 
Found: Nb: 16.11 Cd: 10.03 C: 14.95 H: 0.6 K: 20.12 

IR v(~I3r)cm-' 1680-1 580 v,,(C02) 1450-1400 vm(C02) 

Fre~aration of [ l B z t m  Ta(CLOg)4] . 4  H20 CBz = Benql) (2) 
Preparation of the complex penta-tribenzylammonium tetra-oxalato- 

tantalate(II1) 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 
m205. 

OxaIate were measured by decomposing the complex with ammo- 
nia, acidifiing and titration with 0,l N KMn04. 

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 0x0- 
late too, Niobium (111) is estimated by difference. 
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Physical measurements 
UV and visible spectra were obtained with Zeiss spectrophotometer 

and Cary - 17. IR spectra with a Perkin E h e r  337. ESR spectra were re- 
corded at 298K using a Varian E-4 spectrometer. 

Results and Discirssion 
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 whlch 
leads to the formation of complexes (la), (lb), and (2). 

The different tendencies for reduction exhibited by the systems 
Nb(V)-Nb(II1) and Ta(V)-Ta(II1) 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-%(V) and oxalato-Ta(V) corn- 
plexes in aqueous solutions reported is a polarographic one. (l7) 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 ( l  a)-and (lb) fiom their aqueous 
reduced solutions. The oxalato-Ta(II1) complex is highly soluble in H20  
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- 
zylarnine. 

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 (la) 
and (Ib) are brown, while (2) is yellow-green. The presence of tribenzy- 
Iamine 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 Complexes ( l  a) and (Ib) 
are soluble in polar solvents; however, their different solubilities are attrib- 
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uted to their different structures. Compound (lb), which is a dimer, is less 
soluble than (la), which is a monomer. 

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

(1) Pentagonal bipyramid Djh symmetry 
(2) Monocapped trigonal prism C2v symmetry and 
(3) Monocapped octahedro C ~ V  symmetry. 

Figure 2 shows 'd7-orbital energy levers. The geometries that may be as- 
sumed by seven coordinate molecules have been discussed ('89'9,20) con- 
cluding that the energetics of the various polyhedra are very similar upon 
consideration of ligand - ligand repulsions. 

Fig. 2 . 'd'-orbital s~litting diagram for seven coordination qeometries 

a. 6' ,2,a hybrids b.d,, hybrids 

Our results are in agreement with bibliographical data on seven- 
coordinated complexes of a d2 metal ion with either Djh bentagonal 
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bipyrarnid) or Cj, (monocapped octahedron) symmetry. The idea of a 
monocapped triangular prism (C2v) is ruled out, given that complexes 
formed by metal ions with d2 electronic configuration are diamagneticf2' J2) 

(Fig.2). Information obtained fiom ESR spectra (Fig.1) is consistent with 
a high symmetry (Dsh) for (lb) [gl = g,, = 2.0431; a slight disturbance in 
the symmetry of (la) was observed [g,, = 2.2; gl = 2.041, due to the pres- 
ence of the monodentate hydrogen oxalate ion, i.e. (HC204)-. ( l6 )  

The complex formed by Ta(II1) 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 
d2 are d i amagne t i~ (*~>~~ ,~~) .  

As far as electronic spectra are concerned (see Fig. 3), the pattern of 
the oxalato-Ta(II1) species spectrum is entirely different than that of ox- 
alato-Nb(III), but identical to the spectra obtained fiom dodecahedral ox- 
alato-MO complexes, in which the metal ion's electronic configuration is 
also d2. (26.27) The absorptivity of the bands exhibited at 32790 cm" and 
26880 cm-', is 260 M-'cm" 460 ~-lcrn' ' ,  respectively; this supports the 
notion of a non-centrosymmetric dodecahedra1 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(II1) exhibits peaks at 27780 cm-', 22700 cm", and 
20830 cm-', which is in agreement with bibliographic reports. 'lg) These 
bands are shifted in comparison to those observed in the electronic spec- 
trum of the d2-seven-coordinated complex v(cN)~~-, whose symmetry is 
D s ~ .  This shift is anticipated, due to the difference in the main quantum 
numbers of the d orbitals(28). On the other hand the majority of complexes 
of the form M(unidentate) (bidentate)3 have the Pentagonal Bipyramid ge- 
ometry with the unidentate ligand in an axial position(29). 

The similarity seen in the spectra of compounds (la) and (lb), com- . 

bined with the fact that for paramagnetic dimeric 7-coordinated complexes 
only one type of symmetry (i.e. DSh) yields similar IR spectra, as well as 
with ESR spectra, lead us to the conclusion that the most probable sym- 
metry for compounds ( l  a) and (l  b) is D5h. 

In conclusion, it appears that compounds (la) and (Ib) are seven- 
coordinated complexes with DSh symmetry, while compound (2) is eight- 
coordinated, with DZd symmetry or lower, which accounts fully for the 
differences observed. 



AQUEOUS CHEMISTRY OF NIOBIUM AND TANTALIUM 

Fig. 3. Electronic spectra of aqueous solutions formed by reduction of complexes. 

3a. Nb(II1) - oxalate I) immediately after reduction (-x-x-X-) 11) after 1 hour (---) 
111) after 24 hours (......) 

3b Ta(1II) - oxalate immediately after reduction 

We thank Prof. D.Katakis for helpful discussions 
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Summary 

A National Immunoassay Quality Control Scheme was performed for seven 

years among 60 laboratories in Greece and Cyprus. Imprecision levels were 

estimated for standard commercial kits used in the analysis for the thyroid 

hormones T4, m4, T3, f f 3  and TSH. It is estimated that IUA or IRMA 

methods/kits are still used by the 55% of the laboratories of this scheme, while 

a slightly increasingmumber 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 kits, as on T3 and T4 estimation, or in IRMA kits during TSH 

estimation seem to control also the between-kit CV% (overall kit CVOh). 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 •’ree 

thyroxine (R4) and other thyroid related hormones, are both crucial for the 

differential diagnosis of the thyroid diseases. Hyperthyraid 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 

bindiig of f l 4  to Thyroid Binding Globulin (TBG) or to other sera proteins 

(1,2,3,4). In the non-thyroidal illness total T4, fiee 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 methods1 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 methodkit 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 nationall 

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 the 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 Eational munoassay Quality Control Scheme WQCS) for thyroid related 

hormones was organised by the Imrnunoassay Quality Control Laboratory in 

DEMOKRITOS. Details on the mode of operation of the National -1mmunoassay 
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Quality Control Scheme (NIQCS) have been given already (1 0). 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 

examined hormones were estimated with in house FUA T3, T4 and TSH and with 

f l 4  kit of Amersham. The approximate levels were T3~3nmol/L, T4~50nmol/L, 

T S W  5mIUL and ff4~30pmol/L. Pooled sera had been checked for contamination 

by hepatitis B surface antigen and HIV antigen. 

The participant laboratories were asked to send their estimations on relative 

hormones and the necessary data i.e. kit name, methodology, hormone level based 

on common 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 2 SD twice) was extracted 

each year for all la'boratory data and all methods/kits per hormone level. A within- 

kit mean (consensus mean trimmed by 2 2SD twice) was derived for data of single 

methodkit every yearly cycle per hormone level. The overall imprecision was 

estimated respectively by means of correlation variation percentage (CV%) 

described as (SDIconsensus mean)x100 for the particular hormone levels. Applying 

the between-kit mean or the within-kit mean in the above equation, the between-kzt 

CV% (overall kit CV%) and the within-kit CY% 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% to 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 o f  laboratories classified in the scheme in relation to 

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

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

and RIADEM. Selecting 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%. 

rn 
-S-. 

40- 

E Graph 1 
S! -m- RIA.DEM. 
X 
rn 30 - -V-- RIAKODAK 
m 0 ELISA.BOH. 

25- 

20- T4 :50nmol/L - .--. , --. 
, - d 1 5 -  . . 

-_  -_ 
5 -  v 5 7 

Yearly distribution cycles 

Graph 1 : Relationship of between-kit (overall kit CV%) and within-kit CV% to yearly distribution 
cycles using T4 mean data 5OnmollL. 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=Enzvmun test T4. BOHERINGER-MANNHEIM. 
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Table 2: Hormones and relative reference range. The reference range was broadly based on 

manufackrers data for the used kits. 

Hormone 

In the kits for free T4 hormone estimation (see Graph 2) CV% was calculated for 

mean fT4 values z30pmol/L. Although both selected kits for fT4 estimation 

RIA.AMERSHAM and RIA.DPC showed a lowering effect in their within-kit CV% 

from 1993 onwards down to about 7% and 6% respectively, it seems that the 

increasing within-kit CV% up to 16% of MEIAABBOTT assisted to keep between- 

kit CV% (overall kit CV%) level at nearly 20% throughout those years. The 

ELISA.BOHERINGER kit seemed to keep within-kit CV% at a low close range, 

between 2% and 4%. 

m 50- 

m -  RIA DPC 
-V- RIA AMERSH z 35- -0- ELlSA BOH 

m - 

free T4 3 3OpmolIL , 20- 
"- ~---g 

- - - - - O \ o ~ o  
- o s , s , . , . , 4 , r , r , 7  

S 1991 1992 1993 1994 1995 1996 1997 

Yearly distribution cycles 

Graph 2: Relation of between-kit (overall kit CV%) and within-kit CV% to the yearly 
distribution cycles in data of free T4 - 3OpmoVL. Each point (CV%) accounts for 
at least 10 mean ff4measurernents. RIA.DPC=Coat-a-Count,DPC, RIA.AMERSHAM= 
Amerlex MAb*,AMERSHAM, ELISA.BOHERINGER=Enzymun test f f4, BOHERINGER 
MANNHEIM. MEIAABBOTT=IMX tT4, ABBOTT. 

Graph 3 allows comparison of the imprecision levels between the RIADEM, 

RIA.JOHNSON, ELISA.BOHERTNGER and MEIA.ABBOTT kits for total T3 

hormone estimation on values g3nmolL. 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%) fiom about 

20% in 1991 down to nearly 10% in 1996. 

An -, 

Graph 3: Relationship of between-kit (overall kit CV%) and within-kit CV% with the yearly distribution 
cycles on measurement of data for T3 :3nmollL. Each point (CV%) represents at least 10 mean T3 values. 
RIA.DEM=TJ-solid phase RIA, DEMOKRITOS, RIA.JOHNSON=Amerlex-MT3, JOHN. & JOHNS 
CL.DIAGN.,MEiA.ABBOlT= IMX TT3, ABBOT, ELISA.BOHERINGER=Enzymun test TT3, 
BOHERINGER-MANNHEIM. 
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In Graph 4 there is an exponential like drop in the between-kit CV% 

Graph3 
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-v- RiA JOHNS 
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(overall kit CV%) fiom about 30% in 1991 to 6.5% in 1996 for mean TSH 

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

- T3 : 3nmollL 
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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 - 5miUlL I.R.P. 801558 sera measurements. Each point (CV%) represents 
at least 10 mean TSH measurements. IRMA.CIS= ELSAP-TSH, CIS, MEIA.ABBOT= 
IMX-Ultrasens. hTSH II. ABBOT, ELISA.BOHERINGER=Enzymun test-TSH, BOHERINGER 
-MANNHEIM. RIA.DEM= RIA TSH. DEMOKRITOS. 
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MEIAABBOTT, 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 f f4  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 f f 4  measurement with T4 analogues do not always ensure 

exclusion of the variance factor (12,13,14). TSH imprecision curves are seen to 

erode characteristically in their low and high ends of the reference range (1 1). By 

another intra-site search within-kit CV% was suggested to stay below 6% and 8% 

for T4 and fT4 kits 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, proteinllipid 

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 (1 1,16). 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 fmdings 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 fbrther 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.BOHERWGER and MEIA.ABBOTT automated methods (see Graph 3). 

Characteristically in total T3 kits for values ~3nmoVL the within-kit CV% 

approached that of EL1SA.BOHERINGER by 1996 (Graph 3). 

In fT4 measurements the RIAAMERSHAM, the RIADPC kits exhibited similar 

within-kit CV% for fiee T4 high-normal levels ~30pmolIL (Graph 2). The 

ELISA.BOHERINGER as an automated methodkit 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% (8-16%) 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.5mIUL) 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 fiom TSH measurement being possibly 

substituted by the IRMA methodology in kits (data not shown). IRMA.CIS in TSH 

gave competitively low within-kit CV% with the automated MEIAABBOTT kit. 

However, automated methods introduced in T3 and T4 estimation, as for example 

with the ELISA.BOHERINGER kit they exhibited low kit imprecision, but not very 

far lower than that of the RIA kits. In the fT4 estimation though, the 

ELISABOHERINGER (also automated technique) within-kit CV% was 

emphatically lower than in the other two RW 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. ~nterest in~li  the within-kit CV% of MEIA.ABBOTT was 

unusually high in the f f4  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 isotopic methods according to the present scheme. With the 

increasing use of advanced automated methods such as ELISA.BOHEKINGER, 

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 fT4 

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. 

EONIKOZ EAErXOZ IIOIOTHTAZ ANOZOANAAYZEQN ZTHN EAAAAA KAI 

KYIIPO TIA TON IIPOZAIOPJZMO TQN OPMONQN TOY OYPEOEIAOYE : 

EIITAETHZ EPEYNA 

Ax6 TO 1990 pC~pt zo 1996 TO spyaodpo EGy~ou I I o d q z a ~  Avoooavd6oswv 

zou E.K.E.@.E AHMOKPITOC smrovqcrs h a  xpoypaypa E8vt~o6 EEyxou 

n o t o q z a ~  Avoooavd6o~wv yta zov xpoo6toptop6 zwv opyovhv zou OupsoetS065: 

Oupo@vq (T4), Eh%spq Oupotivq (ff4), TpnwGoOupovivq (T3), EhE60spq 

TpnwGoOupovivq (ff3) Kat Ovpsozpo.nivq (TSH) a s  dvoho 60 avakun~hv 

spyaoqpiov q EhM6a~ Kat q q  K6npou. H 6 taSt~aoh nspGhclps 61uvopj 

ayvhozwv ophv ~Eyxou 0s a v d u z t ~ &  spyuonipta za onoia avihapav va 

npoo6topioouv za snins6a zwv avwzkpw opyovhv ys nq ~pqotyoxoto6ywa~ 
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spnopt~6q avoooavaMoey pouzivaq. EK TWV a n o ~ s h s o p ~ ~ w v  auzhv C I K O ~ ~ O ~ ) ~ ~ ~ C  

szilota ozmtozttfi ~ns&pyaoia. 

Czqv napo6oa avhhuoq sMy&tp& q v  Gtaonoph zwv ~ t p h v  ~ a z h  zov npoo6toptopo 

zwv napctnhw 8~p&0&l6tKh~ oppovhv os sx&yp6va sninsGa pohtq E K T O ~  zqq 

cpuotohoytGq nsPtoX&. M i ~ p t  TO 1992 q ps8060hoyia EUA KUTE~CL~PUVE TO 

psyahvzspo n0000z6 zwv avoooavah6oewv zwv oppovhv zou 8vpsoet606~ oro 

napbv np6ypappu. MszaS6 zou 1993  at 1995 zo nooooao zwv toozont~hv 

p~866wv ysvt~6zepa inso& ~ a z h  10% p& ~ntz?&ov 10% psiwoq zo 1996. Avahuzt~h 

ot p68060t RIADEM, RKJOHNSON, RIA.KODAK, RIA.DPC xapouoiaoav 

a p ~ s z &  p p q M  ouv~skorf i  pszaf3hq~o~qzaq (CV%), nepinou napopoto p a u ~ o  

zov avzoparonotqpivav p&066wv, onw< zwv ELISA.BOHEMh!GER  at 

MEIA.ABBOTT ~ a z a  q v  avhhvoq zwv sntniGwv T3, T4 oppovhv. r t a  rov 

npooGtoptop6 q q  TSH, ot IRMACIS  at MEIAABBOTT pi8oGot 2k0oav hiyo 

psyaMeepo CV% an6 auz6 q q  ELISA.BOHERINGER. Czqv fT4 avahuoq ot 

pi0060t RIA.AMERSHAM, RL4.DPC  at MEIA.ABBOTT iGwow uyrqhbrepo 

CV% (n~pixou 6% p i ~ p t  7%) my~p~IK61 ps mzo q q  ELISAIBOHERINGER 

(-2%-3%) yta ztq ztpiq opod ff4=30pmol/L (ux&p8up&os~6t~k,). 

An6 za napanavo npodnzst ozt q ov~vfl xpfioq RIA p~0060hoyiaq t6taizspa ~ a z h  

zqv avhhuoq zwv T3, T4 oppovhv ~ i v a t  Gt~atohoyqpivq hoyw zou 

napouotajopsvou ~apqhod CV%, yeyovoq no6 ano6i6st nspmoo~spo a~ptljsiq 

ztpiq EKZOS quotohoyt~fiq nspto~qq. C q v  TSH avuhuoq yur ztpiq z5rnrU/L q 

IRMACIS pc0oGohoyia qdlVq~s va uno~a0to~61 zqv IUA.DEM pi8060 PE 

~apqMzspo CV%, napopoto ps a u ~ o  zqq auzopazoxoqpiv~ MEIAIABBOTT. 

xpfioq auzopuzonotqpiv~v ps006wv cpaivszat va ocpsihszat oza0sph o q v  psiaoq 

rou CV%. 
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Summary 

The reaction of 2,3-dimethyl-1,3-butadiene with cyano phenyliodonium 

triflate in wet acetonitrile afforded a mixture of E- and 2-1,4-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,l-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 a3-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 PhIC12), acetoxy and trifluoroacetoxy (from P ~ I ( O A C ) ~  and 

PhI(02CCF3)2 ) and tosyloxy (from PhI(0H)OTs). Furthermore, several other 

groups such as azide, thiocyanate, perchlorate, triflate and alkyl (or 

pheny1)thio 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, especially in phenylated alkenes by PhIF2, 

PhI(0H)OTs and PhI(02CCF3)2. 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 i~danel-~.  

Cyano phenyliodonium triflate (1) is a relatively new iodane, which was 

obtained from PhI(02CCF3)2 and trimethylsilyl cyanide in the presence of 

trimethylsilyl triflate4. 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 iodoniurn salts5-'. A 

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

methyl group of ~ ~ ' - d i m e t h ~ l a n i l i n e s ~ ~ .  

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 CPI,SO,CN~'. 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-1,3-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 12,3-BimethyZ-~3-butadiene. Reaction of diene 2 with 1 in wet 

acetonitrile afforded a mixture of 2- and E-1,4-bis-acetamido-2-butenes (3 

and 4 respectively) in the ratio 12, in a total yield of 71% (Scheme 1). 

NHCOMe NHCOMe 

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 P~I'CN to one of the double bonds of the substrate. 

This then reacts sequentially with acetonitrile and water, furnishing the E- 

acetamido phenyliodoniurn intermediate 6 along with its 2-isomer (not 

shown). With more acetonitrile, and then water, these iodanes afford the 

final products 3 and 4, respectively No amount of 1,Zadduct 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 

cyclohexene12, either in equimolecular amounts or with a 10-fold excess of 

cyclohexene, resulted in 1,2-bis-acetamidation of the alkene. The product 
13 obtained was the previously known trans-1,2-bis-acetamidocyclohexane , 

which was obtained in 28% yield. 

Other alkenes reacted in a different way. The reaction between 1 and 

23-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 

reaction14 between 7 and triflic acid in wet acetonitrile. 
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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 

"'H"" 
0 O MeCN/H20 

+ P h I C N T f O  

Me Me 
- TfOH 

Me ph\,53c~ 
-PhI 

MewMe __C 9 
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. 

Scheme 4 
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Finally, when 1,l-diphenylethylene was reacted with 1 the known15 

rearranged product, PhCOCH2Ph 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 cyanated product 9. 

Experimental 

Melting points were determined on a Kofler hot-stage apparatus. IR spectra 
1 were recorded with a Perkin-Elmer 297 spectrometer. H-NMR and 13c- 

NMR spectra, reported in 6 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 CDC13 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  I with 2,3-dimethyl-I,4-butadiene. To a stirred suspension 

of iodonium salt 1 (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 (221). 

The first eluate was iodobenzene and then followed: 

(a) Z-&N'-bis-acetyl-23-dimefhyl-2-butene-Cdiamine (3) (22 mg, 11%), mp 

169-171 "C (chloroform-hexane); v,,,(Nujol) 3265, 3065, 1620, 1535, 1280 cm-'; 

6, (CDC13-DMSO-d,) 7.89 (2H, unresolved t, NH), 3.79 (4H, d, J5.5 Hz, CH2) , 

1.92 (6H, S, CH3), 1.65 (6H, S, CH,); 6, 169.5 (CO), 127.9 (C=C), 40.6 (CH,), 22.0 

(COCH,), 16.5 (=CCH3); m/z 199 ( H 1 ,  22), 139 (go), 97 (86), 96 (loo), 82 (60). 

(b) A mixture of 3 and 4 (66rng, 35%), in a ratio (by 'H NMR) ca. 1:2 and 
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(C) E-flN'-bi~-acetyl-Z,3-dimethyl-Z-butene-4-diamine, 4 (53 mg, 25%), mp 

226-227 "C (acetonitrile). Found: C, 60.29; H, 8.98; N, 14.00. Cl0Hl8N2O2 

requires C, 60.58; H, 9.15; N, 14.13; v,,,(Nujol) 3260, 3070, 1625, 1545, 1285 cm- 

*; 6, (CDC1,-DMSO-dd 7.85 (2H, unresolved t, NH), 3.67 (4H, d, J 5.6 NZ, 

CH2), 1.82 (6H, S, CH3), 1.66 (6H, S, CH,); 6, 170.3 (CO), 129.4 (C=C), 42.3 (t, J 

138 Hz, CH,), 23.6 (q, J 127 Hz, COCH,), 17.4 (q, J 126 Hz, =CCH,); m/z 199 

(it4i-1, 46), 198 ( M  4), 140 (52), 139 (65), 98 (51), 97 (62), 82 (100). 

Crystal Data for 4. Cl0Hl8N2O2; triclinic; space group PI; a= 7.52(1), b= 

4.85(1), c= 9.63 (2) A; a= 92.63(7)', P= 112.39(6)', y= 113.42(6)'; V= 289.4(9) A,; 

Z= 1; DC= 1.138 gcrn-,; p= 0.080 mm-'; 1019 unique reflections (0- 20- 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(%)= 

0.1201(0.2811), S= 1.023 for I 2o(I). 

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:l and n-hexane-ethyl asetate 

5 6  respectively, the known compound 8 (mp 63-64 "C, lig3 mp 65-66 "C), and 

3-Acetamido-223-trimethylbutyronitrile (9) (77 mg, 23%), mp 172-174 "C 

(methylene chloride-hexane); Found: C, 64.11; H, 9.41; N, 16.41. C9H16N20 

requires C, 64.25; H, 9.59; N, 16.65; v,,(Nujol) 3260, 2220, 1650 cm1; 6, 

(CDCl,) 5.43 (lH, S, NH), 1.99 (3H, S, COCH,), 1.52 (6H, S), 1.41 (6H, S); 6, 

(CDCl,) 169.9 (CO), 124.1 (CN), 57.8 (HNC), 42.8 (C-CN), 24.9, 23.1, 22.8 (%CH3, 

3-CH, and COCH,); m/z 169 (it4i-1, 25), 111 (57), 100 (loo), 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 mm01 of alkene and 379 mg, 1 

mm01 of 1) the following products were obtained, after chromatographic 

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

(a) N-(1,443-tetramethyl)butyl-acetamide (11) (17 mg, 10%), mp 90-92 'C (lig5 

rnp 92-94 'C). 

(b) N-(l-tert-Butyl-2-methyl)-2-propenyl-acemde (12) (29 mg, 17%) as an 

oil; aH (CDCl,) 5.65 (lH, bs, NH), 4.97 (lH, m) and 4.84-4.82 (lH, m, =CH2), 

4.23 (lH, d, J 9.6 Hz, CH), 2.01 (3H, S, COCH,), 1.78 (3H, dd, J1.5 and 1.0 Hz, 

CH3), 0.95 (9H, S, C(CH3),); 6, (CDCl,) 169.2 (CO) 143.7 (CHC=), 114.4 (=CH2), 

62.1 (CHN), 34.4 (Me,C), 27.1 ((CH3),C), 23.6, 22.2 (=CCH, and COCH3). 

(C) (2-Acetamido-3-hydr0xy-Z,4,4-trimethyl)pentyZ-trif~u0r0methyl- 

sulfonate fl3) (23 mg, 7%) as an oil; 6H (CDCl,) 6.25 (bs), 5.61 (bs), 4.25 and 

4.18 (2H, two ABd, J12.4 Hz, CH2), 4.08 (S, lH, CH), 2:11 (3% S, COCH,), 1.72 

(3H, S, CH3), 1.15 (9H, S, C(CH3),); 6, (CDCI,) 169.3 (q, J 7 Hz, CO), 120 (q, J 

318 Hz, CF3), 79.1 (HNC), 77.9 (d, J 150 Hz, CHOH), 55.2 (t, J 153 Hz, 

CH20S02), 33.2 (Me3C), 25.7 (q, J 125 Hz, (CH3)C), 23.9 (q, J 133 Hz, CH3CNH), 

21.4 (q, 130 Hz, COCH3). 

lwfi W 7  

H avzi6paoq zou 2,3-6~p~8uho-1,3-J3ouza~tsviou p& zov uvavo 

cpatvuhoi'o6ovtauo ~p~cp0opop~0avooouh~ovuc6 soz6pa (P~I+CN CF3SO;) os  

6cp;ypo auszovtzpih~o obqysi ozo o ~ q p a z ~ o p o  &vbq piypazoq zov E- K a t  2- 

1,4-au&zap~60-2,3-6~p&8uho-2-[30uz&viv A1auszapt6iooq zou Stnhob 

6sopo6 napsz~pfl8q sxioqq p& axhobozspa ahu6vta, onoq zo uuuho~<~vto ,  

an6 za  ahu6v1a 2,3-8~p&0uh0-2-~0uz~vto uat 2,4,4-zptp~8uho-2- 

nsvs6vto shflcpeqoav avziozoqa za pq avap~v6psva npoi'ovza 8 uat 9 uat 

11,12 uat 13. 
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Abstract- Differential pulse polarographic study of indium(II1)-L- 
arginine and lead(I1)-L-arginine, -glycine and -L-arginine-glycine; was 
carried out in aqueous 0.10 mol.1-' sodium perchlorate at pH 4.2 and 8.0, 
respectively. The cadmium (11)-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(II), cadmium(11), indium(1II) and their complexes proceeds via 
reversible and diffusion-controlled two electrons (three electrons for 
indium) waves. The results show that lead(I1) forms a binary complexes 
with both L-arginine and glycine and the Pb(I1)-L-arginine-glycine 
ternary complex was also formed. For cadmium(I1) it was revealed that at 
pH 9.2 L-arginine acts as a mixture of two ligands [ArgO.HJ and 
[ArgO.H], and a ternary complex was formed. The structures of the 
detected complexes were discussed on the basis of the dentate sites of the 
studied ligands. 

Key words: Voltammetry, complex, stability, cadmium (II), lead(ll), 
indium(lll), 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 properties('), 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 a-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 

several in~es t i~a t ions . (~-~)  Polargraphic measurements have been 

employed by Li and ~ o o d ~ ( ~ )  to determine the chelate formation 

constants of the copper(I1)-arginine complexes. Goncaves and co- 

workers have been studied the formation of complexes of Cd(I1) and 
(8-10) Pb(I1) with some natural amino acids. Differential pulse 

polarography has been used to investigate the complex formation of 

Cd(I1) and Zn(I1) with L-arginine and vitamin B-6 ligands.(ll) Yamauchi 

and Odani have been collected and critically evaluated the stability 

constants of the proton and metal complexes of basic a-amino 

acids(arginine, lysine and ornithine).(I2) 

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"?). The binding structure of bis- 

arginine complexes of copper(I1) on highly oriented DNA fibers have 

been investigated by ESR spectroscopy.('4) Arginine has been used to 

study the structure and mobility of the complex formed by sodium 

dodecyl sulfat and gelatin. (15)  

The formation constants of L-arginine chelates of some 

biologically interesting metal ions by various techniques have been 

reported. ( I 6 ' l 7 '  The stability constants reported by pettite(I7) 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(I1) and indium(II1). The 

overall stability constants and composition of the complexes investigated 

have been determined in the non- complexing medium 0.10 mol.le' 

sodium perchlorate using differential pulse polarography with the aid of 

POLAG-computer programme(' 'l. 

EXPERIMENTAL 

Lead nitrate, cadmium 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.fl NaClO,/ aqueous stock solution was 

prepared by dissolving sodium perchlorate in carbon dioxide-free 

bidistilled water. Fresh L-arginine and L-glycine (2.00 mol.1-' )were 

prepared from fresh electrolyte (0.10 mol.1-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 &ercury-drop system in the small hanging 

drop mode was used as working electrode in cyclic voltammetry, while, 

dropping mercury electrode was used in the defferential pluse 

polarography. An Ag/AgN03 (0.10 mol.1-' ) electrode in 0.10 mol.1-' 

NaC10, aqueous solution was utilized as reference electrode. A 
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platinum wire (1.0 cm2) was used as auxiliary electrode throughout. All 

experiments were done at 25OC and the ionic strength was maintained at 

0.1 mol.1-' NaC104 . 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 

system 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 fiom polarographic 

data uses the approach developed by DeFord and ~ u m e " ~ ' ~ ~ )  . The 

starting equations are: 

where the subscripts S and c refer to the uncomplexed and complexed 

metal ions, respectively. is the half wave- potential ; id is the 
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difhsion current; CL is the analytical concentration of the ligand and P, 
is the overall stability constant of the Nth complex. For ternary 

complexes (equilibrium 2) the method of Schaap and ~ c ~ a s t e r s ( ~ " ~ ~ )  is 

applied directly or with m~dification'~~). The technique is based on the 

assumption that C, >> CM, where CL is the analytical concentration of 

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

F = l '[Llpl+ 1 ~ 1 ~ ~ 2  + l L I n P N  ( 9  

which is derived from : 

F = CM/ [L] (61 

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 

polarographic data, POLAG computer programme(18) is used to calculate 

reliable estimation of composition and overall stability constants P, 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. 

(Fcalc. - Fobs l2 

where j is the number of data points, Fobs is given by eqn(3) and 

represents the experimental data, F,,,, is obtained hom eqn(5). Thus for 

given values of P,,,, [M], [L] and [L'], FCa1, depends on the particular 

combination of m, n and p and the values of Pmnp. 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 Pm,,. 
RESULTS AND DISCUSSION 

Examination of cyclic voltammograms of the metal ions (lead(II), 

cadmium(I1) and hdium(111)) complexes of the subject amino acids 

indicate that the uncomplexed Pb(II), Cd(I1) and In(II1) ions are reduced 

at E,, = -0.385, -0.585, and -0.5 10 V vs Ag/Ag+, respectively. The 

Fig. (1): Cyclic voltammograms of 

a) 5 X 10- mol. I-' Cd (11). 

b) a + 2 X 10.~ mol. 1.' arginine 

Fig. (2): Differential pulse voltammograms of 

a) 5 x 1om4 mol. 1 k d  (11). 

b) a + 2 X 10-* mol. 1.' arginine. 

addition of the ligand (arginine or g1ycine)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 

96/11 mv). 

~ i g .  (3): Cyclic voltammograms of Cd(I1)-arginine at 

different scan rates a) 0.05, b) 0.1, C) 0.2 and d) 0.5 m ~ i ' .  

The cyclic voltammograms show reversible reduction waves of n 

electrons (n=2 for Pb(I1) and Cd(l1) and n=3 for In(II1)). Figure 3 shows 

that the anodic and the cathodic peak current potentials, Eap and ECp are 

independent on the scan rate used (20- 1000 mvlsec.). Eap-ECp and Ep-Ep,2 

are of 59.1/n+2 mV and 56.5/n+1 mV , respectively and the anodic to 

cathodic peak current ratio, iap/ iC,, approches unity(25). The overall 

stability constants pN 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 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 P). Furthermore, the 

effect of variation in the value of protonation, hydrolysis on the chosen 

binary and ternary models were examined. 

I) Binary systems 

It is well known that L-arginine, abbreviated ,4rg+0-, is potentially 

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

L 

(H2Arg 
7 H,ArgO, pKa, = 6. l), the protonated amino nitrogen 

L 

group, -N+H~, (H2Arg0 HArgO, pK, .= 9.36) and the 

guanidinium group, - M C ( =  N' H2)NH2, (HArgO - 
pKa3 = 11 S)'') are available for complexation. However, in solutions of 

pH > 1 1 S ,  three species for arginine are considered to be the possible 

ligands for chelation. They are H2Arg0, HArgO and ArgO. The Lead(I1)- 

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, C,,, pKa2 and pKa3 values utilizing the following relations.(26) 

A 
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Table (1): Voltammetric data for Pb(I1)-L-arginine system, [pb2'] = 

lx10-~mol.l-' , at I = 0.10 mol.1-l NaClO, ,25OC and pH = 8.00. 

C, 

(mmol) 

50 

100 

150 

200 

3 00 

450 

Table 2 comprises some of the 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 o log P. Of the single 

species models converged, model A, matches well the formed complex 

between lead(I1) and the diprotonated arginine [H2ArgO]. The 

diprotonated arginine [H2ArgO] acts as a monodentate ligand, in which 

the a-amino and quanidinium groups still protonated, ligating lead(I1) 

through the carboxylate group. Accordingly one can expect that the 

proposed formula of the complex would be [Pb(H2ArgO)]. 

B2ArgOI 

(mmol) 

48 

96 

144 

195 

240 

288 

[HArgOl 

(m mol) 

1 .so 

3.60 

5.80 

7.60 

1 1.20 

16.60 

CArgO.1 

(m mol) 

0.00 

0.01 

0.02 

0.03 

0.04 

0.06 
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Table (2): Overall stability constants of Pb-L-arginine binary complexes 

at I = 0.10 mol.1-' NaC10, ,25OC and pH = 8.00. p = [H,ArgO], q = 

Pb(I1) and r = OH. - 

Model 

The formation of a complex between lead(I1) and -glycine 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+,,OHj], where 

n= l ,  2 and j= l ,  2 can be formed, however, the best model to represent 

the formation of a complex between lead(I1) and glycine is C. 
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Table (3): Overall stability constants of Pb-L-glycine binary complexes 

at I = 0.10 mol.1" NaC104, 25OC and pH = 8.00. 

p = g;ly., q = Pb(I1) and r = OH. 

Model 

It is worth while to compare the binary complexes of lead(I1) with 

L-arginine and glycine. It is revealed that lead forms more stable complex 

with glycine (logP= 1 1.12k0.04) than with L-arginine (logp = 4.15k 0.06). 

Because of the presence and protonation of the strongly basic 

guanidinium group, L-arginine can function as a Zwetterionic species.(', 2, 

" The lower stability constant obtained for lead complex formation with 

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

Indium complexes of L-arginine are studied by DPP at pH 4.2 in the non- 

cornplexing medium 0.10 mol.1-' NaC104. The statistical data and the 

overall stability constants of the system are represented in Table 4. 
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Table (4): Overall stability constants of In-L-arginine binary complexes 

at I = 0.10 mol.1-' NaC10, ,25OC and pH = 4.20. 

p = [H,ArgO], q = In(II1) and r = OH. 

Model 1 Pqr 

Of the different models proposed (Table 4), the only acceptable model is 

D fiom 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 [H2ArgO], the a-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 outputs, 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. 

11- TERNARY SYSTEMS 

a) Lead(I1)-L-arginine-glycine system 

As just stated above that lead(I1) forms binary complexes with both L- 

arginine and glycine of varying stability constants. The lead(1I)-l- 

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(I1) 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(I1)-L-arginine-glycine ternary 

system, [pb2+] = 1x10'~ mol.1-I , at 1 = 0.10 rnol.1-' NaC104 , 25OC and 

- 
[ G ~ Y  .l 

(m mol) 

0.00 

100 

200 

300 

400 

500 

700 

900 

* L-arginine is representated as [H2ArgO] and its fixed concentration at 28.8 m m01 is 

calcuulated from eqn.(9). 

Table 6 comprises the most acceptable models, however, all single 

species models are rejected because of high oDATA values. An inclusion 

of a second species has improved the value of oDA, as well as the 

standard deviation of logp. Model K is presumably 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 [P~(H,AI-~O)(G~~.)(OH)~] is 

present together with lead-glycinate binary complex [Pb(gly.)(OH),], as 

the two species have perfectly close overall stability constants of 

11.69k0.08 and 12.37f 0.02, respectively. 

Table(6): overall stability constants of Pb(I1)-L-arginine-glycine ternary 

complexes at I = 0.10 mol.1-' NaC104 ,25OC and pH = 8.00. 

p = [H,ArgO], q = Gly. , r = Pb(I1) and S = OH 

Model Pqrs 

11 10 

111-1 

11 1-2 

11 1-1 
02 10 

11 1-1 
0310 

11 1-1 
021-1 

11 1-1 

1 1 1-2 
0210 

1 1 1-2 
0310 

111-2 
021-1 

1 1  1-2 
02 1-2 
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b) Cadmium(I1)-L-arginine ternary system 

The structure of L-arginine, A ~ ~ + o - ,  is written H,N-c(=N+H,)-NH- 

(cH,),-cH(NH,)coo-(~~). Potentiometric titration of arginine indicates 

that a stepwise dissociation reaction takes place(1). It is found that 

dissociation of the proton from the cc-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 < 1 1.0 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 [H2ArgO]. 

The cadmium(I1)-L-arginine system is studied at pH 9.2 by DPP. 

The equilibrium concentrations of the species [H2Arg0 1, [HArgO] and 

[ArgO.] are evaluated following the same procedure described above 

(c.f. Pb(1I)-arginine system) from eqns (8) , (9) and (10) . The studies are 

performed at pH = 9.2, at constant concentration of Cd (11) by varying 

the analytical concentration of arginine, Carg., so that [H,ArgO] and 

[HArgO.] vary considerably with C,,, . The voltammetric data of the 

subject system are summarized in Table 7. Examination ofthese data 

reveals that at such conditions the [H?ArgO] and [HArgO] species are of 

considerable concentrations and are the most likely ligands to be present. 

It is also clear that the concentration of [ArgO.] 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 (11)-L-arginine system has 

to be examined as a mixed ligand complex. 

Table (7): Voltammetric data for Cd(I1)-L-arginine system, [cd2+] = 

5x10-~mol.l-' , at I = 0.10 mol.1-I NaC10, , 2 5 ' ~  and pH = 9.20. 

car, 

(m mol) 

5 0 

100 

1 SO 

200 

250 

300 

350 

400 

[H,ArgOI 

(m mol) 

The calculation 

[HArgOI 

(m mol) 

20.30 

40.70 

61.10 

8 1.60 

102.00 

122.30 

142.70 

163.10 

[ArgO.l 

(m mol) 

0.02 

0.03 

0.05 

0.07 

0.09 

0.10 

0.12 

0.14 

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 P with the same values of G,,,,, and U as in 

model A. 
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Table(8): overall stability constants of Cd(I1)-L-arginine ternary 

complexes at at 1 = 0.10 mol.1-' NaC104 , 2 5 ' ~  and pH = 9.20. 

p = [H2ArgO], q = [HArgO] , r = Cd(I1) and S = OH 

Model Pqrs 

1110 

11 1-1 

1110 
11 1-1 

11 1-2 

11 10 - * 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(H2ArgO)(HArg0)] implies that [H2ArgO] 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 a-amino group as ligating sites for 

cadmium(I1). 



562 HUSSEIN M. EL-SAGHER 

AIAAIKA KAI TPIAAIKA TETPACOENH EYMlIAOKA L-APFININHC 
ME MOAYBAO (11) INAIO (11) KAI KAAMIO (11). AIAQOPIKH UAAMI- 
KH nOAAPOTPA@IKH MEAETH 
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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,03), two are of a n-type (ZnO and Fe,03), 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 [ l ,  21. 

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 petroleum 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, 81 in England, who studied the rates and heats of adsorption, and the 

conductivity changes occuring with oxides as ZnO and Cr,O,. Other examples of 

selective surface area measurements in two-component oxide systems are provided 

by Voltz and Weller [9], and by Maclver and Tobin [IO], 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 

[l l] 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 pyridine, ammonia, hydrogen sulfide and 

boron trifluoride [l21 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 

[131. 

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 [14-151. 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, 161. In contrast to the Langmuir isotherm, it 

accounts for multilayer 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 [17-401. However, all calculations so far were based on 

linear adsorption isotherms [33-351. 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 p o b e  molecules and the specific surface area 

(SSA) studies of a new-catalyst is developed. 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 plotted 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 already.published [34-351 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 

(K,), 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. l), 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: 

= ~3 (l + 5) exp (-*'I) + N~ (l - 5) exp (-?l) 
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where N, is a constant depending on the experimental conditions, X, Y and Z are 

defined by the relations 

while 

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

and E 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. (l), 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 relatihls 

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. I .  

XfO X X=L1 X& 

four-port 
valve 

- 
detector 

FIGURE l .  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. 1 are given below, by assuming a non-linear adsorption 

isotherm. For this purpose, it is not necessary to determine the isotherm 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 

depending on whether the pollutant A is injected as an instantaneous pulse (delta 

fuction, 6) at z = L, (left-hand side of Eq.(l)) or at y = L, (right-hand side of 

Eq4) ) .  
The symbols above are 

equilibrium adsorbed concentration of analyte at time t ,  moltg. 
initially adsorbed concentration of analyte, mol. 
amount of solid adsorbent per unit length of column bed, g/cm. 

length coordinate along section L,, cm. 
gaseous concentration of the analyte in region y, mol/cm3. 
cross sectional area of the void space in region y, cm2. 
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-'. 
local adsorption parameter transforming into c, the area under 
the curve of the gaseous concentration c, in region y vs time at 
any later time t ,  S-'. 

dummy variable for time. 

The mass balance equation in the filled region y of the diffusion column is 
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where 

D, diffusion coefficient of the analyte in section L,, cm2/s. 

k-, rate constant of desorption from the bulk solid, S-'. 

c, concentration of analyte adsorbed on the solid at time t ,  mollg. 

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

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 

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

In gaseous region z the diffusion equation for the analyte is 

where 

z length coordinate along section L,, cm. 

c, gaseous concentration of analyte in z, mol/cm3. 

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 (1 1) and c,(z, 0) = 0, the isotherm equation 

(a), and subject to the appropriate boundary conditions at the junctions L,/L, and 

X = l' (cf. Fig. l). The result, by means of certain approximations [38], leads to the 

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

follows: 

where a, and V, are given by Eq. (5) and (6), respectively, and a2 = 2 ~ 2 1 ~ 2 2 .  

By entering the pairs of H (peak height), t (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 Eqs.(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 c, in Eq.(lO), dcJdt = 0, leading to 

Using this in place of (IO), there results 

instead of Eq.(13), with B,, B, and B, having the content: 
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Thus, the same experimental pairs H, t 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 parameters X, Y, Z, W, X,, Y, and Z,, one can calculate the three 

main physicochemical parameters 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 V,  of the gaseous analyte on 

the surface of the solid, and the reaction probability y with that are calculated by 

the simple mathematical formulae 

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, V,  and 

y,  are also displayed by running the PC programme of the Appendix. 

It is clear from the definition of V, by Eq.(23) and the relation of y with it 

(Eq.(24)), 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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2 Ai exp (Bi l )  !?Lk, "i=, 
3 

asZAiBiexp(Bir)  
i= l 

1 3  c, = g .C A i  exp (Bi I )  
1=1 

where Ai and B, are the pre-exponential factors and the exponential coefficients of 

Eq.(19), and g (cmlmol cm'3) is the proportionality constant between peak height H 

(cm) and gaseous concentration of the analyte c, (m01 cm-3). One can consider z in 

the above equations as a dummy independent variable and calculate, for chosen 
arbitrary values of t ,  both the differential isotherm dcHldcg and c,*, together 

with the corresponding values of c,. Plotting dcHldcg or c; against c, for each 

chosen t ,  independent'experimental isotherms are obtained. By entering an initial 

time T, and a final time T, in the 330 and 340 INPUT lines of the PC programme 

given in the Appendix, this calculates and prints ac;/dcg, c: 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. 

Apparazus. The experimental arrangement has been described elsewhere [34, 

351 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 l cm3 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 

ZnO 51.2 3.3 8.65 15.00 3.152 0.3840 17316 

PbO 21.7 3.5 2.09 0.337 0.4171 , 0.5551 300 

TABLE 2 

Adsorption, Desorption and Surface Reaction Parameters for C& on Cr,O,, at 323.2 K, based on a Linear and Non-Linear Isotherm 

Model 

k, (104s") k, (104s-l) k., (104s'l) k., (1O"d) k, (10-5s'1) k, (1U5s") (10"~ cm S") V, cm S") K y (10'~') 
CXH, 

Linear Non-linear Linear Non-linear Linear Non-linear Linear Non-linear Linear Non-linear 



TABLE 3 

Adsorption, Desorption and Surface Reaction Parameters for C& on ZnO, at 323.2 K, based on a Linear and Non-Linear Isotherm Model 8 
k, (104s-l) k, (104s-l) k-, (104s'l) k., (104s") k,(lO"s") k,(10-5s'1) &(l@'" cm S-') V, (lO"Ocrn S-') K y (10-14) g CXHY 

Linear Non-linear Linear Non-linear Linear Non-linear Linear 
m 

Non-linear Linear Non-linear z 
N 

C,H, 11.8 6 .W 3.52 54.3 2.1 1 956 4.40 3.74 2.43 2.91 5 

TABLE 4 2 0 
U 

Adsorption, Desorption and Surface Reaction Parameters for C& on Fe,O,, at 323.2 K, based on a Linear and Non-Linear Isotherm 'r 
P 

Model 

V 

k, (104s-') k, (104s") k-, (104 S") k., (104s") k, (104s") k, (10"'s-l) & (10-8 cm S-') V, (104cm S-') K y (l@1? o 
C& 

Linear N o n - l i r  Linear Non-linear Linear Non-linear Linear Non-linear Linear Non-linear 5 
C,H, 1.56 16.0 3.51 47.8 6.17 21.6 1.64 1.63 1.76 1.27 5 

V] 
4 



TABLE 5 

Adsorption, Desorptian and Surface Reaction Parameters for C$, on PbO, at 323.2 K, based on a Linear and Non-Linear Isotherm Model 
i I 

k,(104s") k,(104s-') k.,(104s") k.,(104s") k2(104s'l) k2(104s'l) &(lO"cms") Vd(107cms~') K y(10-l') 
C& 

Linear Non-linear Linear Non-linear Linear Non-linear Linear Non-linear Linear Non-linear 
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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 I and I' . Examples of sample peaks 

created by the flow reversals have been given 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 cm3 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 surface, KG [35], except 

for the correction factor k,l(k-, + k,). The important difference between the 

parameters k,, KG, k-, and k, of the previous work [35], intraduced for measurement 

of building pollution, and the parameters k,, V,, k-, and k,, 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 Lqngmuir, 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. 

From the Tables 2-5, it is obvious that some values obtained from the 

non-linear isotherm model are 1-2 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 difficult, if not impossible 

Comparison of zhe 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 ac:lac, c: c* 

variable (min) (cm3 g-') (1 0-' m01 g-') ( 1 0-' m01 cm-3) 



582 F. ROUBANI-KALANTZOPOULOU, A. KALANTZOPOULOS AND N. A. KATSANOS 

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: 

l. Volumetric Methods [3] 

2. Gravimetric Methods [3] 

3. Continuous Flow Method [41, 421 

4. Pulse Flow Method [43, 441. 

The Pulse technique, derived from 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 

where L is the length of the packed column, t ,  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 andlor 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 [l41 

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: (l) 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 legds 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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Appendix A 

10 REM Non-Linear Regression Analysis of Function: 
20 REM H-(l/M)=Al*EXP(Bl*T)+S*A2*EXP(B2*T)+P*A3*EXP(B3*T)+X*A4*EXP(B4*T) 
30 REM H-(l/M)=A5*EXP(B5*T)+S*AC*EXP(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=O or y=L2. 

50 REM NZ = 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=l 
80 REM J = Number of points of first exponential function 
90 REM G = Numb~r 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(1) = Ordinate for each linear regression in the subroutine 
140 REM U(1) = Variable remaining by removal of the previous one, two or 

three exponential #functions 
150 REM D(1) = 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 
190 INPUT 
200 INPUT 
210 INPUT 
220 INPUT 
230 INPUT 
240 INPUT 
250 INPUT 
260 INPUT 
270 INPUT 
280 INPUT 
290 INPUT 
300 FOR 

"Response factor=";M 
"Factor to divide H(I)=";Hl 
"Temperature in K=";T 
"Lenth Ll(cm) of Section'z=";Ll 
"Length L24cm) of Section y=";L2 
"Gaseous Volume VGl(cm-3) od Empty Section Ll=";VGl 
"Gaseous Volume VG2(cm-3) of Empty Section L2=";VG2 
"External Porosity of the Solid bed,E=I1;E 
"Cross Sectional Area AY(cm-2) of Void Space in Region y=";AY 
"Amount of Adsorbent per Unit Length of Bed AS(g/cm)=";AS 
"Specific Surface Area of Solid SSA(cm-2/g)=";SSA 
"Molar Mass MB(kg/mol) of Analyte B=";MB 
I=l TO N 

330 NEXT I 
340 NZ=INT(N/7+.5) 
350 MAX=O:OPT=O 
360 REM Calculation of A1 and B1 with H,T pairs ranging from NZ to N-2*N2-3 
370 FOR J=N2 TO N-2*N2-3 
380 K=N-J+l 
390 L=N 
400 F O R I = K T O L  
410 Y(I)=(I/M)*LoG(H(I)) . . 
420 NEXT-1. - .  

430 GOSUB 2380 :REM Subroutine for linear regression analysis 
440 Al=EXP(A) 

470 ' SBl=SB 
480 IF OPT=l THEN 520 
490 REM Calculation of A2 and B2 with H,T pairs ranging from NZ to N-J-NZ-3 

,and both prefixes -1 or +l 
500 FOR S=-l TO +l STEP 2 
510 ' FOR G=NZ TO N-J-NZ-3 
520 K=N-J-G+l 
530 L=N-J 
540 FOR I=K TO L 
550 u(I)=s*H(I)-(11~)-~*A~*ExP(B~*T(I)) 
5 60 Y(I)=LOG(ABS(U(I))) 

NEXT I 
GOSUB 2380 :REM Subroutine for linear regression analysis 
AZ=EXP(A) 



586 F. ROUBANI-KALANTZOPOULOU, A. KALANTZOPOULOS AND N. A. KATSANOS 

630 IF OPT=l THEN 670 
640 REM Calculation of A3 and B3 with H,T pairs ranging from NZ to N-J-G-3 

and both prefixes -1 or +l 
650 FOR P=-l TO +l STEP 2 
660 FOR T=N2 TO N-J-G-3 
670 K=N-J-G-F+1 
680 L=N-J-G 

FOR I=K TO L 
U(I)=P*(H(I)^(~/M)-A~*EXP(B~*T(I))-S*A~*EXP(B~*T(I))) 
Y(I)=LOG(ABS(U(I))) 

NEXT I -. .-.- - 

730 GOSUB 2380 :REM Subroutine for linear regression analysis 
740 A3=EXP (A) 
750 B3=B 
760 SA3=SA 
770 SB3=SB 
780 IF OPT=l THEN 810 
790 REM Calculation of A4 and B4 with H,T pairs ranging from 1 to N-J-G-F,and 

both prefixes -1 or +l 
FOR X=-l TO +l STEP 2 

K=l 
L=N-J-G-F . 
FOR I=K TO L 

U(I)=X*(H(I)^(~/M)-A~*EXP(B~*T(I))-S*AZ*EXP(B~*T(I))-P* 
A~*EXP(B~*T(~))) 

Y(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=l THEN 1120 
C1=0 
C2=0 
C3=0 
FOR I=l TO N 

D(I)=H(I)^(~/M)-A~*EXP(B~*T(I))-S*A~*EXP(B~*T(I))-P*A~* 
EXP(B3*T(I))-X*A4*EXP(B4*T(I)) 

Cl=Cl+D(I)-2 

. . 
NEXT I 
R=1-Cl/(C2-C3^2/N) 
IF R>= 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 

N I A l  .J 

S=SMAX:P=PMAX:X=XMAX:J=JMAX:G=GMAX:F=FMAx:OPT=1 
GOT0 380 
LPRINT "Intercept Ln(A1) and its Standard erry =";LOG(Al*Hl) "+-"SA1 
LPRINT "Slowe B1 and its Standard errorR";B1 +-"SB1 
LPRINT 
LPRINT "Intercept Ln(A2) and its Standard error=";LOG(AZ*Hl) "+-"SA2 
LPRINT "Slope B2 and its Standard error=";B2 "+-"SBZ 
LPRINT 
LPRINT "Intercept Ln(A3) and its standard error=";LOG(A3*Hl) "+-"SA3 
LPRINT "Slope B3 and its Standard error=";B3 "+-"SB3 
LPRINT 
LPRINT "Intercept Ln(A4) and its Standard error=";LOG(A4*Hl) "+-"SA4 
LPRINT "Slope 54. and its Standard error=";B4 "+-"SB4 
LPRINT 
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LPRINT "Square of maximum correlation coefficient rA2=";MAX 
LPRINT "Optimum values of points for lst, 2nd , 3rd and 4th exponential 

functions, respectively=" ; JMAX" , "GMAX" , "FMAX"and"N-JMAX-GMAX-FMAX 
LPRINT "Values of S,P and X,respectively ="; SMAX","PMAX1'and"XMAX 
LPRINT 
N2=INT(N/6+.5) 
MAX=O : OPT=O 
REM Calculation of A5 and B5 with H,T pairs ranging from N2 to N-N2-3 
FOR J=N2 TO N-N2-3 

K=N-J+1 
L=N 
FOR 1% TO L 

Y(I)=(l/M)*LOG(H(I)) 
NEXT I -. - - - - - 
GOSUB 2380 : REM Subroutine for linear regression analysis 
A5=EXPIA) . . 
B5=B 
SA5=SA 
SB5=SB 
IF OPT=1 THEN 1460 

REM Calculation of A6 and B6 with H,T pairs ranging from N2 to N-J-3 and 
both prefixes -1 and +l 

FOR S=-l TO +l STEP 2 
, FOR G=N2 TO N-J-3 

K=N-J-G+1 
L=N-J 
FOR I=K TO L 

U(I)=S*H(I)A(1/M)-S*A5*EXP(B5*T(I)) 
Y(I)=LOG(ABS(U(I))) 

NEXT I 
GOSUB 2380 : REM Subroutine for linear regression analysis 
A6=EXP (A) 
B6=B 
SA6=SA 
SB6=SB 
IF OPT=1 THEN 1600 

REM Calculation of A7 and B7 with H,T pairs ranging from 1 to N-J-G, 
with both prefixes -1 and +l 

FOR P=-l TO +l STEP 2 
K= l 
L=N-J-G 
FOR I=K TO L 

U(I)=P*(H(I)^(l/M)-A5*EXP(B5*T(I))-S*A6*EXP(B6*T(I))) * 

Y(I)=LOG(ABS(U(I))) 
NEXT I 
GOSUB 2380 : REM Subroutine for linear regression analysis 
A7=EXP(A) 
B7=B 
SA7=SA 
SB7=SB 
IF OPT=1 THEN 1890 
C1=0 
C2=0 
C3=0 
FOR 1=1 TO N 

D(I)=H(I)^(l/M)-A5*EXP(B5*T(I))-S*A6*EXP(B6rT(I)) 
-P*A7*EXP(B7*T(I)) 

Cl=Cl+D(I)^2 
C2=C2+H(I)^(2/M) 
C3=C3+H(I)*(l/M) 

NEXT I 
R=l-CI/(C2-C3^2/N) 
IF R>MAX THEN MAX=R:SMAX=S:PMAX=P:JMAX=J:GMAX=G 

NEXT P 
NEXT G 

NEXT S 
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1860 NEXT J 
1870 S=SMAX:P=PMAX:J=JMAX:G=GMAX:OPT=l 
1880 GOT0 1320 
1890 LPRINT "Intercept Ln(A5) and its Standard error=";LOG(A5*Hl) "+-"SA5 
1900 LPRINT "Slope B5 and its Standard error=l1;B5 "+-"SB5 
1910 LPRINT "Intercept Ln(A6) and its Standard error=";LOG(A6*Hl) "+-"SA6 
1920 LPRINT "Slope B6 and its Standard error=l1;B6 "+-"SB6 
1930 LPRINT "Intercept Ln(A7) and its Standard error=";LOG(A7*Hl) "+-"SA7 
1940 LPRINT "Slope B7 and its Standard error=";B7 "+-"SB7 
1950 LPRINT 
1960 LPRINT "Square of maximum correlation coefficient rA2=";MAX 
1970 LPRINT "Optimum values of points for lst, 2nd and 3rd exponentiel 

functions ,respectively=" ;JMAXW , "GMAX"and"N-JMAX-GMAX 
1980 LPRINT "Values of S and P, respectively =";SMAXt'and"PMAX 
1990 LPRINT 
2000 DATA 8704,3,21760,5,29440,7,34560,9,37888,11,39680,13,39424,15,39168,17,391 
68,19,37376,21,36864,23,35840,25,34816,27133536,29,32256,31,30976,33,29696,35,28 
672,37,27648,39,25600,41,25344,43,2508&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, 
86,10752,88,10240,90,9856,92,9600,9419216,96,8832,98,8576,100,8192,102 
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,l 
39,3904,141,3712,143,3712,145,3488,147,3264,149,3264,151,3136,153 
2040 DATA 
2050 DATA 
2060 X=-(Bl+B2+B3+B4)/60 
2070 Y=(Bl*B2+Bl*B3+Bl*B4+B2*B3+B2*B4+B3*B4)/60*2 
2080 Z=-(B1*B2*B3+B1*B2*B4+B1*B3*B4+B2*B3*B4)/60A3 
2090 W=(B1*B2*B3*B4)/60A4 
2100 Xl=-(B5+B6+B7)/60 
2110 Y1=(B5*B6+B5*B7+B6*B7)/60A2 
2120 Z1=-(B5*B6*B7)/60e3 
2130 V1=2*VG2*E/VGl+(LZ-2/LlA2) 
2140 SK(I)=X-Xl:SK(2)=W/Zl:SK(3)=(SK(l)+SK(2))/2:REM SK=k-l+k2 
2150 FOR 1=1 TO 3 
2160 AV=X-SK(1) 
2170 A2Vl=AV*Vl/(l+Vl) 
2180 AZ=AV/(l+Vl) 
2190 K~K~=(Y-AV*SK(I)-Z/SK(I)+W/A~V~/SK(I))/(~-A~V~/SK~I)) 
2200 KlK3=ABS(KlK3) 
2210 K2=W/A2Vl/KlK3 
2220 K3=SK(I)-K2 
2230 Kl=KlK3/K3 
2240 All =(Y-AV*SK(I)-KI.K3)/A2 
2250 A ~ ~ z ( Z - A ~ V ~ * K ~ K ~ - K ~ K ~ * K ~ ) / S K ( I ) / A ~  
2260 VD=K~*VG~*E*K~/(SSA*AS*L~*SK(I)) 
2270 ~lrSQ~(l.32321*T/MB)/VD*100+.5 
2280 G2=1/G1 
2290 LPRINT "kl in l/S=";Kl 
2300 LPRINT "k-l in l/s=";K3 
2310 LPRINT "k2 in l/s=";K2 
2320 LPRINT "Deposition velocity in CU/S=";VD 
2330 LPRINT "Reaction probability =";G2 
2340 LPRINT "a2(1+V1) in l/s=";AV",a2 in l/s=";AZ",al in l/s=";All",";A12 
2350 LPRINT 
2360 NEXT I 
2370 END 
2380 REM Linear regression of Y(1) = A + B T(1) 
2390 S1=0 
2400 S2=0 
2410 S3=0 
2420 S4=0 
2430 S5=0 
2440 FOR I=K TO L 
2450 Sl=Sl+T(I) 
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2460 SZ=SZ+T(I)-2 
2470 S3=S3+Y(I) 
2480 S4=S4+Y(I)-2 
2490 S5=S5+T(I)*Y(I) 
2500 NEXT I 
2510 Z=L-K+1 :REM Number of points for the linear regression analysis 
2520 Ml=S5-S1*S3/Z 
2530 M2=S2-Sle2/Z 
2540 M3=S4-S3^2/Z 
2550 A=(S3-Sl*Ml/MZ)/Z 
2560 B=Ml/M2 
2570 SYT=SQR(ABS(S4-A*S3-B*S5)/('2-2)) 
2580 SA=SYT*SQR(SI/Z/MZ) 
2590 SB=SYT/SQR(MZ) 
2600 RETURN 



Appendix B 

REM Non-Linear Regression Analysis of Functions: 
REM H"(l/M)=Al*EXP(Bl*T)+S*A2*EXP(B2*T)+P*A3*EXP(B3*T) 
REM H-(l/M)=A4*EXP(B4*T)+S*AS*EXP(B5*T) 
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 

REM VARIABLES 
REM NZ = Minimum number of points of first exponential function 
REM MAX = Square,of maximum correlation coefficient 
REM OPT = Final optional choice of variables when OPT=1 
REM J = Number of points of first exponential function 
REM G = Number of points of second exponential function 
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(1) = Ordinate for each linear regression in the subroutine 
140 REM UiI j = Variable remaining by removal of the previous 

exponential functions 
150 REM D(1) = 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 "ReS~onse factor=";M 
190 INPUT "Factor to divide H(I)=";HI 
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=";Tl 
230 INPUT "Final Time in min for the Calculation of the Isotherm=";TZ 
240 FOR 1=1 TO N 
250 READ H(I),T(I) 
260 HIII=HIII/Hl 

280 N2=INT(N/6+.5) 
290 MAX=O:OPT=O 
300 REM Calculation of A1 and B1 with H,T pairs ranging from NZ to N-NZ-3 
310 FOR J=N2 TO N-NZ-3 
320 K=N-J+1 
330 L=N 
340 F O R I = K T O L  
350 Y(I)=(l/M)*LOG(H(I)) 
360 NEXT I 
370 GOSUB-2070 : REM Subroutine for linear regression analysis 
380 Al=EXP(A) 
390 Bl=B 
400 SAl=SA 
410 SBl=SB 
420 IF OPT=1 THEN 460 
430 REM Calculation of A2 and B2 with H,T pairs ranging from NZ to N-J-3 and 

both prefixes -1 and +l 
440 FOR S=-l TO +l STEP 2 
450 FOR G=N2 TO N-J-3 
460 K=N-J-G+1 
470 L=N-J 

FOR I=K TO L 
u(I)=s*H(I)-(11~)-S*AI*EXP(BI*T(I)) 
Y(I)=LOG(ABS(U(I))) 

NEXT I 
GOSUB 2070 : REM Subroutine for linear regression analysis 
AZ=EXP(A) 

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 +l 
590 FOR P=-l TO +l STEP 2 
600 K=l 
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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(Bl*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=l TO N 
760 D(I)=H(I)-(l/M)-Al*EXP(Bl*T(I))-S*A2*EXP(B2*T(I)) 

LP*A3*EXP(B3*T(I)) 
770 Cl=Cl+D(I)-2 
780 CZ=CZ+H(I)-(2/M) 
790 C3=C3+H(I)-(l/M) 
800 NEXT I 
810 R=1-Cl/(CZ-CJA2/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:OPT=l 
900 GOT0 320 
910 LPRINT "Intercept Ln(A1) and its Standard error=";LOG(Al*Hl) "+-"SA1 
920 LPRINT "Slope B1 and its Standard error=";Bl "+-"SB1 
930 LPRINT "Intercept Ln(A2) and its Standard error=";LOG(AZ*Hl) "+-"SA2 
940 LPRINT "Slope B2 and its Standard error=";B2 "+-"SB2 
950 LPRINT "Intercept Ln(A3) and its Standard error=";LOG(A3*Hl) "+-"SA3 
960 LPRINT "Slope B3 and its Standard errqr=";B3 "+-"SB3 
970 LPRINT "Square of maximum correlation coefficient re2=";MAX 
980 LPRINT "Optimum values of points for ls:, 2nd and 3rd exponential 

functions,respectively=";JMAX", GMAX"and"N-JMAX-GMAX 
990 LPRINT "Values of S and P, respectively =";SMAX1'and"PMAX 
1000 LPRINT 
1010 Bl=B1/60:B2=B2/60:B3=B3/60 
1020 Al=Al*Hl:A2=S*A2*Hl:A3=P*A3*Hl 
1030 A=Al/Bl+A2/BZ+A3/B3 
1040 G3=-F*A/NB 
1050 LPRINT "Calibration Factor of Detector g'in cm per mol/crn^3=";G3 
1060 LPRINT 
1070 LPRINT TAB(l);"Time(min)";TAB(17);"dCS/dCR";TAB(35);"CS";TAB(50);"CG" 

1090 FOR T=T1 TO T2 STEP 300 
1100 DCS=K~*AY*(A~*EXP(B~*T)+A~*EXP(B~*T)+A~*EXP(B~ 

+A2*B2*EXP(B2*T)+A3*B3*EXP(B3*T))/AS 

1120 CG=(A~*EXP(B~*T)SA~*EXP(B~*T)+A~*EXP(B~*T))/G~ 
1130 LPRINT TAB(~);T/~~;TAB(~~);DCS;TAB(~~);CS;TAB(~~ 
1140 NEXT T 
2000 DATA 
2010 DATA 
2020 DATA 
2030 DATA 
2040 DATA 
2050 DATA 
2060 END 
2070 REM Linear regression of Y(1) = A + B T(1) 
2080 S1=0 
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- - -  .. 
2180 SS=SS+T(I)*Y(I) . 
2190 NEXT I 
2200 Z=L-K+1 :REM Number of points for the linear regression analysis 
2210 Ml=S5-S1*S3/Z 
2220 M2=82-Sla2/Z 
2230 M3=S4-S3^2/Z 
2240 A=(S3-Sl*Ml/MZ)/Z 
2250 B=Ml/M2 
2260 SYT=SQR(ABS(S4-A*S3-B*S5)/(Z-Z)) 
2270 SA=SYT*SQR(SZ/Z/M2) 
2280 SB=SYT/SQR(M2) 
2290 RETURN 
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