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The kinetics of adsorption of the proton carrier o-methyl red to the surface of unilarnellar spherical phospholipid vesicles have 
been investigated by means of the temperature-jump relaxation technique with absorbance detection. Single-exponential relaxation 
curves were observed with time constants in the range 30-130 ps. o-Methyl red binds in both its anionic form A- and protonated 
form AH. Adsorption-desorption of the two species is coupled by two fast protolytic reactions, occurring in the aqueous bulk phase 
and in the surface region of the membrane. The rate constants for adsorption and desorption of the two species were obtained from 
the dependences of the relaxation time on lipid concentration at different pH values. The analysis yielded apparent adsorption rate 
constants of kFH = 9.8 x IO6 M-’ s-l and k? = 1.3 X lo6 M-’ s-t (expressed in terms of monomeric lipid). and k& = 1.2X 10” 
M-’ s-’ and k,“=1.6x101’ M-’ s-l (expressed in terms of vesicle concentration). From the order of these rate constants it is 
concluded that adsorption of both species is actually diffusion-controlled. The peculiar pH dependence of the relaxation time is a 
consequence of the protolytic reaction in the surface region of the membrane. Its implication for the kinetics of adsorption-desorp- 
tion processes are discussed. 

1. Introduction 

The basic framework of the plasma membrane 
which occurs in all present-day biological cells is a 
lipid bilayer. This is a structure in which two polar 
surface regions enclose a thin sheet of hydro- 
carbons forming a region of low dielectric con- 
stant. The lipid bilayer membrane is almost imper- 
meable for most inorganic ions. One of the rea- 
sons for this is the high energy that is required to 
remove the ion’s hydration shell partly or com- 
pletely when transferring it from the polar aque- 
ous bulk phase into the nonpolar interior of the 
membrane. Mirror image forces, which appear 
when ions are transferred from the aqueous bulk 
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phase into a medium of lower polarity, also tend 
to exclude them from the membrane. Finally, it is 
the membrane’s internal barrier structure which 
also determines the permeability for such com- 
pounds. In a certain sense, the membrane can be 
considered to be also impermeable for those com- 
pounds that have a strong tendency to dissolve in 
the membrane, such as lipid-like substances, small 
polypeptides composed mainly of hydrophobic 
amino acids, or integral membrane proteins. This 
is because of the large amount of energy which 
would be required in order to transfer these species 
into the aqueous bulk phase. Amphiphilic mole- 
cules, being considered among a series of small 
neutral organic molecules, and hydrophobic ions 
are intermediates between these two extremes. 
These have a certain tendency toward dissolving 
in both media. Therefore, the membrane permea- 
bility is expected to be rather high for these com- 
pounds. The mechanism by which these molecules 
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Fig. 1. Structure of o-methyl red in its uncharged (zwitterionic) 
form. From comparison of the spectral properties and struc- 
tures of related compounds it has been concluded that the first 
proton is cmrdinated to the B-nitrogen of the azo group [3-g]. 

penetrate the membrane is of particular interest, 
because it may reflect the membrane’s internal 
structure with respect to transport processes. 

The three-layered structure of the membrane 
suggests the description of transfer across the 
membrane to a first approximation by a sequence 
of three steps: adsorption from the aqueous bulk 
phase to the membrane surface, translocation 
across the nonpolar interior to the opposite surface, 
and subsequent desorption to the adjacent aque- 
ous bulk phase. The present paper deals with the 
kinetics of adsorption to and desorption from 
spherical unilamellar lipid vesicles of the azo dye 
o-methyl red (fig. l), which acts as a proton carrier 
on planar black lipid membranes [l]. This com- 
pound, a well-known pH indicator, was chosen for 
its optical properties, which allow one to record 
binding to the membrane of lipid vesicles by means 
of absorption spectrophotometry in the visible 
range. Accordingly, the kinetics of these processes 
were studied by temperature-jump relaxation 
spectrometry [2] with absorption detection. 

2. Materials and methods 

o-Methyl red (o-dimethylaminophenylazoben- 
zoic acid, sodium salt, Fluka) was used without 
further purification KC1 was from Merck 
(‘Suprapur’ grade)_ Buffers (Sorensen’s citrate II) 
were obtained from mixtures of disodium citrate 
and NaOH (Merck, analytical grade). Water was 
used directly from a quartz double still. o-Methyl 
red stock solutions (1 x 10e3 M) were kept at high 
pH values (pH > 9) in order to avoid precipita- 
tion. Stock solutions of buffers, KC1 and o-methyl 
red were degassed. It was then found to be unnec- 
essary to degas dispersions in the measuring cell 

for temperature-jump experiments which usually 
requires some care. 

In aqueous solutions u-methyl red binds two 
protons with pK values of 5 and 2.4 [8]. Since the 
kinetic experiments were restricted to the range 
pH > 5, only the anionic and zwitterionic forms 
need be considered. The pK was redetermined by 
spectrophotometric titrations to be 4.9 [l] for the 
ionic composition of the dispersions used for the 
kinetic experiments. The binding of protons to 
o-methyl red in this pH range is a diffusion-con- 
trolled process with rate constants of 3.5 X 10” 
M-’ s-l for recombination and 4.8 X lo5 s-i for 
dissociation [9]. 

Lecithin was isolated from chicken egg yolk 
according to the method of Singleton et al. [lo]. 
Vesicles were prepared by sonlcation following the 
method of Huang [11,12]. Stock dispersions were 
found to be stable for more than 2 weeks when 
stored at 5’ C. However, for precautional reasons, 
sets of kinetic experiments were carried out in the 
shortest feasible time ( < 5 days) using the same 
stock solution. The phosphorus content of disper- 
sions was determined according to the method of 
Eibl and Lands [13]. The size of vesicles was 
determined from electron micrographs [I]. 

Kinetic studies were carried out by means of 
the temperature-jump relaxation method with ab- 
sorption detection [2,14]. The cell had a heating 
volume of about 0.8 ml and an optical path length 
of 0.7 mm. A capacitor of 0.05 PF charged to 25 
kV thus gave a temperature jump of about 4 
degrees. All kinetic experiments were carried out 
in dispersions containing 60 mM KCl, and 30 mM 
disodium citrate-NaOH buffers. The concentra- 
tion of o-methyl red was varied between 5 X lo-’ 
and 7 X 10e5 M. In order to avoid precipitation 
the stock solution of o-methyl red was added 
stepwise with thorough mixing of the dispersion. 

3. Results and discussion 

The scheme for the binding of o-methyl red to 
the membrane of spherical unilamellar phos- 
pholipid vesicles inferred from the results of spec- 
trophotometric titrations and temperature-jump 
relaxation experiments [l] is shown in fig. 2. 



H. Ruf/Kinetics of o-methyl red binding to phospholipid vesicles 315 

5” surface regbons s’ 

aqueous bulk sdutlon 

Fig. 2. Reaction scheme for binding of o-methyl red anions A- 
and protonated molecules AH to the outer surface of spherical 
lipid vesicles. kz, k,&, kz and k,?& denote the rate constants 
for adsorption and de-sorption. K and K, are the equilibrium 
constants for protolytic reactions in the aqu~us bulk phase 
and surface region, respectively. 

Accordingly, o-methyl red is bound to the mem- 
brane surface in both its anionic form A- and 
neutral form AH. In addition, the neutral form is 
dissolved to a small extent in the nonpolar interior 
of the membrane. Since this process will not be 
discussed here, it has been omitted from fig. 2. 
The binclmg constants for adsorption (based on 
the total lipid concentration, c&,), obtained from 
spectrophotometric titrations, are Kz, = 2 x lo3 
M-l and KT = 16 M-l. This indicates that the 
affinity for the neutral form is about two orders of 
magnitude higher than that for the anionic species. 
In addition to the adsorption-desorption processes 
there exist two protolytic reactions, characterized 
by the equilibrium constants K and K,, by which 
o-methyl red exchanges protons with buffer or 
water molecules. The equilibrium constant for the 
protolytic reaction of the surface-bound species, 
K,, is equally based on the proton activity in the 
aqueous bulk phase, since it is difficult to measure 
proton activity in the surface region. The dif- 
ference from the bulk activity is then included in 
the constant K, and this reaction, therefore, is 
termed a ‘heterogeneous’ reaction. The system 
describing the binding of o-methyl red is thus a 
cyclic system consisting of four reactions, in which 
one of the four equilibrium constants is determined 
by the other three according to the relation KzHK 

= KFK,. By using the binding constants it was 
found that the pK value of the protolytic reaction 
increases from pK 4.9 in the aqueous bulk phase 
to pK, 7 in the surface region. 

For quantitative description of the binding at 
equilibrium, a model was used that assumed that 
o-methyl red molecules are partitioned between 
the aqueous bulk phase and the phase of head 
groups of the lipid molecules which form a thin 
layer of thickness dS (about l/4 of the membrane’s 
total thickness). The volume of the head group 
phase is proportional to the number of lipid mole- 
cules in a dispersion. Provided the volume 
occupied by the bound o-methyl red molecules is 
small compared to the total volume of this phase, 
partitioning between the two phases can be treated 
in the same manner as for ideal solutions. Thus, in 
the limit of small surface coverages, the ratio of 
bound to unbound o-methyl red molecules is sim- 
ply proportional to the lipid concentration. The 
binding constants KrH and Kz are in this sense 
partition coefficients which are based on the total 
lipid concentration. This binding model is almost 
equivalent to a model treating the polar head 
group region as a two-dimensional surface to which 
molecules are adsorbed in an ideal nonlocalized 
manner (e.g., ref. 15), i.e., where the co-area of the 
adsorbed molecule is neglected and where the 
molecules are assumed to have high lateral mobil- 
ity. Binding of small molecules to the surface of 
lipid vesicles has also been treated by assuming 
binding sites, which are formed by a certain num- 
ber of lipid molecules [N-19]. The term binding 
site, however, has two different meanings depend- 
ing on whether or not the adsorbed molecule is 
assumed to be fixed to this site. In the first case, 
strong attractive interactions would be required. 
For the second, where the adsorbed molecules are 
assumed to have high lateral mobility, the number 
of lipid head groups forming a binding site merely 
corresponds to the co-area covered by the ad- 
sorbed molecule. Binding in this case will be 
quantitatively described by the adsorption iso- 
therm for a nonideal, nonlocalized monolayer (e.g., 
ref. 15) However, in the limit of small surface 
coverages, the binding characteristics of the three 
models become identical, and no decision can be 
made in favor of one of them. For o-methyl red 
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binding no deviation from linear behavior could 
be detected in the experimentally accessible con- 
centration range and therefore the simplest bind- 
ing model was used. 

The kinetic experiments performed at pH val- 
ues around 5 reveal a relaxation spectrum of three 
processes that are well separated in time [l]. The 
fastest process, which could not be resolved in 
time, is due to the rapidly equilibrating diffusion- 
controlled protolytic reactions. The shift of the 
protolytic reactions to the new equilibrium state 
indicated by a large amplitude change decays with 
the time characteristics of the heating process. The 
second process with relaxation times ranging from 
30 to 130 ps for the chosen conditions is related to 
equilibration of the adsorption-desorption pro- 
cesses as concluded from the characteristics of the 
kinetics and amplitude changes [l]. A typical re- 
laxation curve for this process, which is described 
well by a single exponential, is shown in fig. 3. In 
order to determine the rate constants of these 
processes the relaxation kinetics were investigated 
as a function of lipid concentration at various pH 
values. The results are shown in fig. 4, where the 
reciprocal relaxation time T-’ is plotted vs. total 
lipid concentration. 

In analogy to the treatment of the kinetics of 
fast ionic reactions in solution [20], the adsorption 
of a small molecule to the surface of a vesicle can 
be described by a two-step process. The molecule 
approaches a vesicle by diffusion and forms an 
encounter complex from which it either enters the 
surface region and becomes adsorbed, or diffuses 
back into solution. As long as the entry step is fast 
compared to diffusional separation, the diffusion- 
controlled encounter determines the adsorption 
rate. Conversely, when the entry step is rate-de- 
termining an activation barrier must exist in the 
surface region. For these two limiting cases, the 
attainment of equilibrium of the two-step system 
is characterized by one relaxation time only [21], 
and therefore adsorption or desorption can be 
characterized by one rate constant each (leas’ and 
ksa’)_ In our case, the small molecules ‘react’ with 
large vesicles, which are able to bind a large 
number of them. In the limit of small surface 
coverages, signifying that the free binding sites are 
in excess, the probability of a molecule impinging 

400 mV I 
Fig. 3. Typical relaxation curve seen following a temperature- 
jump performed with a lipid dispersion (5 x 10m3 h4 lecithin, 
pH 5.08) in the presence of o-methyl red (5 X 10m5 M). The 
rapid amplitude change at the beginning of the relaxation 
curve, being of comparable size, was compensated by elec- 
tronic means. 

on an area that is already occupied is negligibly 
small, and thus each molecule will be adsorbed 
with the same probability. The vesicle concentra- 
tion, therefore, can be considered to be constant 
during the relaxation process, and as a conse- 
quence the reciprocal relaxation time for this limit, 
given by eq. 1 [22], 

(1) 
will depend on the vesicle concentration only (the 
prime indicates that the rate constants are based 
on the vesicle concentration). This situation corre- 
sponds to that of a bimolecular reaction where 
one of the two reactants is buffered [2]. For vesicles 
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Fig. 4. Plot of reciprocal relaxation time Yi vs. total lipid 
concentration cF+, for pH 5.08, 5.27 and 5.54. Lines represent 
the best linear fit to the experimental data. 
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of uniform size the vesicle concentration is pro- 
portional to the lipid concentration, i.e., eves = 
~~,~/n, where n = 4n(R’* + R’r2)/aL is the num- 
ber of lipid molecules in each vesicle, R’ and R” 
the outer and inner radii of a vesicle, respectively 
and (I= the area per lipid molecule. Accordingly, 
eq. 1 can be expressed in terms of lipid concentra- 
tion [22], where the corresponding rate constants 
are related by k”” = k”‘/n and k”” = k”“‘. 

In the case of o-methyl red two adsorption-de- 
sorption processes for A- and AH have to be 
considered, which are coupled by two protolytic 
reactions (see fig. 2). For the assumption of rapidly 
equilibrating protolytic reactions, it has been 
shown [l] that for vesicles of uniform size the 
attainment of equilibrium of these coupled ad- 
sorption-desorption processes may again be char- 
acterized by one relaxation time. The reciprocal 
relaxation time for this coupled reaction system is 
given by 

where k?, kTH, kE and krH are the rate con- 
stants for adsorption and desorption of the species 
A- and AH (based on the lipid concentration)_ 5, 
is the proton activity in the aqueous bulk phase, 
the overbar indicating buffering. V denotes the 
total volume of the dispersion, V’ being the 
volume of the aqueous bulk phase that is not 
enclosed by the vesicles. FOT the vesicle concentra- 
tions used here the ratio V/V’ van be set to 1. 
The model is in good agreement with the experi- 
mental results shown in fig. 4. The relationship 
depends linearly on lipid concentration and also 
describes the peculiar pH dependence, which is 
discussed below in more detail. The rate constants 
determined from analysis of the experimental data 
are listed in table 1. 

The question as to whether adsorption is diffu- 
sion- or activation-controlled cannot be resolved 
from the characteristics of the dependence of the 
reciprocal relaxation time 7-l on lipid concentra- 

Table 1 

Rate constants for adsorption and desorption of the o-methyl 
red forms AH and A- 

Rate constants are based on lipid concentration (1) and vesicle 
concentration (2) or are calculated (3). Mean vesicle radius 
R' = 20 mn [I], diffusion coefficient D = 7 X 10V6 cm2 s-l, 
area per lipid molecule CZ,_= 0.66 nm* [28] and membrane 
thickness A' ~ R" = 4.2 nm [29] were used for calculations. 

(1) (2) (3) 

G., (M -‘s-l) (9.8+3)x106 1.2x10” 1.06~10” 
kz (M-‘s-l) (1.3+0.4)X106 1.6X10’” 
kj& (s- ‘) (4.9 + 0.3) x lo3 
k: (s-l) (2.1+ 0.5) x 103 

tion. It has been shown that this is linear in both 
cases [22]. One of the criteria for a diffusion-con- 
trolled reaction, however, is the order of the rate 
constant. For the diffusion-controlled adsorption 
of small molecules to spherical vesicles, the rate 
constant can be calculated theoretically by solving 
the diffusion equation in polar coordinates [22,23] 
in analogy to the treatment of coagulation of 
colloid particles described by von Smoluchowski 
[24]. Neglecting electrostatic interactions, this is 
given by k”” = 47rDLR’/lOOO, where D is the 
diffusion coefficient of o-methyl red molecules, R’ 
the radius of collision which is to a good ap- 
proximation the radius of the large vesicles, and L 
Avogadro’s constant. By assuming for o-methyl 
red moleeules a reasonable value of D = 7 x 10m6 
cm* s-*for the diffusion coefficient, the adsorp- 
tion rate constant for vesicles of radius R’ = 20 
nm becomes k& = 1.06 x lOI1 M-’ s-l. Com- 
parison with the experimental results given in 
table 1 indicates that the adsorption of o-methyl 
red molecules is indeed a diffusion-controlled pro- 
cess. ‘This finding agrees with results from similar 
investigations, which showed that the adsorption 
to lipid vesicles of other small molecules such as 
N-phenylnaphthylamine [22], phloretin [25], and 
anilinonaphthalenesulfonate [26] is also diffusion 
controlled. It should be noted that the above rate 
constant is of the same order of magnitude as the 
corresponding one for the fastest protolytic reac- 
tion in solution [21], namely, the recombination of 
H+ with OH- whose diffusion coefficients exceed 
that for o-methyl red molecules by more than one 
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order of magnitude. The large value for the ad- 
sorption rate constant found here is due to the 
large radius of collision R’, which compensates 
for the lower diffusional mobility of o-methyl red 
molecules. The rate constant for adsorption of 
o-methyl red anions is clearly smaller than that for 
neutral o-methyl red molecules. This may be 
caused by a smaller diffusion coefficient for the 
charged form or may indicate that the vesicles, 
which have been assumed to be neutral, bear a 
small negative charge. 

The vesicles in a real dispersion are usually not 
uniform in size but have a more or less broad size 
distribution. Therefore, the attainment of equi- 
librium of the diffusion-controlled adsorption-de- 
sorption processes in such a vesicle dispersion is 
characterized by a spectrum of relaxation times 
reflecting the size distribution [22]. The findings 
that the relaxation curves of the present experi- 
ments could to a good approximation be fitted by 
one exponential only indicates that the vesicles 
used here were fairly uniform in size. 

The pH dependence of the relaxation time (fig. 
4) shows a peculiarity. At low vesicle concentra- 
tions the equilibration process becomes faster with 
increasing pH values, a feature that has also been 
found for the adsorption-desorption kinetics of 
phloretin [25], whereas at high vesicle concentra- 
tions the reverse is observed. This is a conse- 
quence of the protolytic reaction in the surface 
region of the membrane. In order to clarify this 
statement, we begin with an explanation of the 
course of the relaxation amplitude shown in fig. 3. 
This will be understood when taking into account 
that at the wavelength X = 505 nm, the extinction 
coefficients of the four o-methyl red species foi- 
lows the order AH > AH” B A- > APS, and that 
the concentration of surface-bound anions AeS is 
negligibly small, as can be concluded from the 
binding constants. The rapid temperature change 
causes in the first instance a rapid shift of the 
protolytic equilibria in favor of the anionic forms. 
This results in a large. decrease in absorbance and 
is expressed in the large amplitude change at the 
beginning of the relaxation curve (mostly omitted 
from fig. 3). During the slower equilibration of the 
adsorption-desorption processes a net number of 
surface-bound molecules AHS are then transferred 

into the aqueous bulk phase, where at the pH 
value used here (pH > 5) these are transformed 
predominantly into anions. This results in the 
decrease in absorbance shown in fig. 3. Since the 
amount of APS molecules is about two orders of 
magnitude smaller than that of AHS molecules, 
the amplitude change indicates essentially transfer 
from the surface-bound state AH” to states A- 
and AH in the aqueous bulk phase. Thus, for 
discussion of the magnitude of the amplitude the 
surface-bound state A-” can be treated exactly as 
if it were not present. In contrast, the determined 
pH dependences of the relaxation process cannot 
be explained when this state is omitted. According 
to the model given here, surface-bound molecules 
AHS can be transferred to the state A- via two 
pathways: (1) by desorption from the surface to 
give AH which subsequently dissociates to form 
A-, and (2) by dissociation of the proton in the 
surface region yielding A-‘ which is then de- 
sorbed into the aqueous bulk phase. Due to the 
higher probability of anions leaving the surface 
Iegion it follows that the second pathway is more 
rapid. For the inverse process, namely, transfer 
from A- to AH”, the two pathways are used in 
reverse order. From the values of the correspond- 
ing rate constants it is concluded that for adsorp- 
tion the first pathway is faster. Now, the extent to 
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Fig. 5. Contributions of the four terms of eq. 2 to the recipro- 
cal relaxation time 7-l (- ) at low lipid concentrations 
(CL, = 2x10-4 M). k? (- - -), k& (- - - - - -), 
kF(-.-.-), /c& (-------); (0) experimental data. 
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Fig. 6. Contributions of the four terms of eq. 2 of the recipro- 
cal relaxation time 7-’ (- ) at high concentrations (ct, 
=5x10V3 M). kf: (p--), k& (------), kA” (-.p.p), 
k& (--- - -); (0) experimental data. 

which the four pathways are used to adjust the 
system to the new equilibrium situation is depen- 
dent on the pH value in the aqueous bulk phase. 
The amount being transferred on the fast ‘desorp- 
tion pathway’, for example, is dependent on the 
fraction of surface-bound o-methyl red molecules 
that are in the form of anions. This fraction 
becomes larger the higher the pH value, and corre- 
spondingly this pathway will be used to a greater 
extent when the pH value increases. 

The four pathways correspond to the four terms 
in the expression for the reciprocal relaxation time 
7-l (eq. 2), each of which has its own characteris- 
tic dependence on pH. The characteristics of the 
sum, i.e., the reciprocal relaxation time, are essen- 
tially those of the dominating terms. This is il- 
lustrated in figs. 5 and 6. Here, the contribution of 
each term on eq. 2 is shown in the pH range 
between 5 and 5.6 for two different vesicle con- 
centrations. At low vesicle concentration (2 X 10P4 
M lipid) the desorption terms dominate. Since the 
desorption term for the AH form is nearly con- 
stant in this range (decreasing slightly with in- 
creasing pH) the characteristics of the desorption 
term for A- determine the pH characteristics of 
T-l. At high vesicle concentrations (5 X 10P3 M 
lipid), on the other hand, the adsorption term for 
AH dominates up to a pH value of about 5.5. Its 

characteristics of decreasing with increasing pH 
determine the behavior of 7-r up to this pH 
value. At higher pH values the desorption term for 
A- then dominates. The reciprocal relaxation time 
T - ’ thus passes through a minimum, whose posi- 
tion on the pH scale is determined by the actual 
vesicle concentration. The feature of the relaxa- 
tion process becoming faster with increasing pH 
values can be considered as experimental proof of 
the existence of a protolytic reaction in the surface 
region. If this reaction were not to exist, the 
relaxation process would become slower with in- 
creasing pH, and furthermore the relaxation pro- 
cess would be characterized by two relaxation 
times, since then the adsorption-desorption reac- 
tions for A- and AH would be coupled by the 
protolytic reaction in the aqueous bulk phase only. 

4. Conclusions 

The analysis of the kinetic data shows that the 
adsorption of o-methyl red molecules to the surface 
of a lipid membrane is a diffusion-controlled pro- 
cess, which implies that no substantial activation 
barrier exists in the surface region. Because this 
has also been found for other molecules [22,25,26], 
it is very likely that this will be true in general for 
small amphiphilic molecules. From these findings 
it can be concluded that the barriers determining 
the permeability of a membrane for these com- 
pounds are not located at the interface between 
the aqueous bulk phase and polar head group 
region, and therefore have to be localized in the 
membrane interior. As a consequence of the diffu- 
sion-controlled adsorption and desorption, the 
kinetics of binding to vesicles will depend strongly 
on the vesicle’s size. Therefore, for experiments in 
which the kinetics of these processes can influence 
the results, it is necessary to work with vesicles of 
size as uniform as possible in order not to 
overcomplicate the situation, and to determine the 
size distribution. The latter has to be determined 
anyway for calculating vesicle concentrations, 
which cannot be inferred from the lipid concentra- 
tion alone. The drastic differences which will be 
obtained for the relaxation times when tempera- 
ture-jump experiments are performed at constant 
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lipid concentration with vesicles of different sizes 
have been demonstrated elsewhere [27]. 

Finally, the kinetics of adsorption and desorp- 
tion of o-methyl red to lipid membranes provide 
an illustrative example of the case where a weakly 
occupied state present in almost negligible quanti- 
ties in the reaction system has a considerable 
effect on the kinetics of the processes. Such states, 
which often can barely be established by other 
means, may strongly determine the characteristics 
of complex transport systems. The results of the 
present kinetic studies show that analysis of the 
kinetics provides a tool by which the existence of 
such states can be demonstrated. 
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