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The adsorption and two-dimensional condensation of xanthine at the mercury electrode in 02 &
NaCl was studied by electrode double layer capacity measurements. The condensation of X
molecules adsorbed at the electrode was observed at pH 6.0 and 7.4, but not at 9.0. The
Gibbs energy of adsorption, energy of lateral interactions and the surface occupied by one x
molecule in a compact layer were calculated from the temperature dependence of the capa
using the Frumkin and Ising lattice gas models. The orientation of xanthine molecules in a cc
layer at the electrode surface was estimated. At higher bulk concentrations of xanthine, the
layer capacity decreases to a very low value of aboup.Bni?, which might be an indication of
the formation of a xanthine multilayer at the electrode surface.
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In our previous studies, we found that the bases (and most nucleosides) usually
ring in nucleic acids can undergo a two-dimensional (2-D) condensation at the mg¢
electrode surface resulting in the formation of a compact surface film. In the ran
potentials at which the surface film is formed, the differential capacity of the elect
double layer is considerably depressed, giving rise to characteristic “pits” on cap:
potential C-E) curves™. Retter has shown that the adsorption energy and energ
interaction between molecules forming the compact layer as well as the area oc
by one molecule in the compact layer can be calculated from the temperature d¢
ence of the pit width”.

We observed earlier that those purine and pyrimidine derivatives which ar
usually present in nucleic acids (like isocytosine, xanthine, hypoxanthine) did not
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a compact film on the mercury dropping electrode unlike currently occurring b
(adenine, thymine, guanine, cytosine, uracil) under the otherwise same experir
conditions-2 The reasons for this are not yet known.

In order to clear up this problem, we have studied the adsorption of xanthine
mercury drop electrode with the aim to find out whether the experimental condi
can be found at which the 2-D condensation of xanthine can be observed. In the |
paper we show that the 2-D condensation of xanthine can be observed at pH 6.
tral xanthine) and pH 7.4 but not at pH 8.5 and higher, when most of xanthine |
cules carry negative electric charges. We have calculated the surface occupied
molecule in the compact layer and the adsorption and interaction energies.

EXPERIMENTAL

The background electrolyte was 0.2 om 2NaCl prepared from Merck analytical grade NacCl, treat
with activated charcoal overnight, then filtered through a fine (S4) sintered glass frit. Xan
(Fluka puriss., Lot No. 199345378) was used as received. Xanthine solutions were prepared
solution at a higher temperature (about 209, subsequent cooling to room temperature and filter
off the precipitate. All xanthine solutions and supporting electrolytes were stored in a refrigere
5 °C. Before every measurement, the solution was heated in a boiling-water bath to dissolve t
cipitated xanthine. pH of the samples was adjusted usmHCI| and 1m NaOH (analytical grade).
The stability of pH adjusted in this way was sufficient for our measurements in order to sect
unchanged degree of xanthine ionization during the measurement. Some measurements w
formed in 2m NaCl with a Britton—Robinson (BR) buffer. The concentration of the buffer was
of the tabulated values (BR/2). The concentration of xanthine was determined from the UV a
ance using molar absorption coefficients given in liter&tutdl measurements were made with so
utions deaerated using 99.5% argon saturated with triple distilled water. The water used was c
in a glass electrodistillator followed by double distillation in quartz.

The measurement of the electrode impedance was performed using an AUTOLAB electroch
system (Ecochemie, Utrecht, Netherlands) equipped with a potentiostat/galvanostat PGStat2(
frequency-response analyzer (FRA) module at the following settings (if not otherwise stated
quency 225 Hz, AC voltage amplitude 0.5 mV, integration time 0.2 s, the number of cycles to
steady state 50.

The measured values of the electrode double layer impedance can be expressed using the
LAB/FRA software as the resistanBgand capacityCg of an equivalent circuit consisting of a resi
tor and a capacitor connected in series. This simple equivalent circuit can be used only
potential range where no electrode reaction takes héaor no dielectric losses in the adsorptio
desorption process are involved. The measurement of the electrode double layer impedance
frequency range 20—2 000 Hz has shown that with the xanthine solutions the serial equivalent
can be used in the potential range, where the 2-D condensation has been observed.

The working electrode was a mercury drop electrode Metrohm 663 VA Stand, operating eit
a hanging (HMDE) or a static (SMDE) mercury drop electrode. In the HMDE mode, the me
drop was dispensed at the starting potential and the measurement in the whole potential sc
performed with this single drop. In the SMDE mode, each point of measurement is made with
drop. The drop are& = 0.0034 cr (position 2 on the 663 VA stand) was determined by weigh
one hundred droplets.
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Adsorption and Condensation of Xanthine 1979

In the SMDE mode, the single and/or double potential step technique was used. The new dr
dispensed at the potential of —1.75 or —1.85 V, at which the electrode surface is supposed to
from adsorbed molecules. The electrode was held at this potential for 1 s. Then the electrode
tial was switched either to the measurement potential (single step technique) or to the potel
maximum adsorption (hereinafter denoted as the adsorption potential) and — after adsorption -
measurement potential (double step technique). The adsorption potential in double step technic
chosen close to the potential of zero charge of the supporting electrolyte. The time of adsjpt
in double step technique and the time of equilibration on the measurement potential in bott
nigues were determined from the time dependence of the electrode-double-layer capadiit (
curves, Fig. 4) as the time at which the formation of the compact layer is finished and the
layer capacity does not change with time any longer. CHecurves were measured for each xa
thine concentration at the highest temperature at which the pit still appears; here the 2-D cor
tion is slowest. The electrode was held for 1 s at a potential of —1.7 V befor€-datleasurement.
Continuous stirring with a mechanical stirrer during the pretreatment and measurement acce
the attainment of equilibrium values of the electrode-double-layer impedance so that lower ve
t, can be used.

The reference electrode was a saturated calomel electrode (SCE) Radelkis OP-0830F. Tt
trode was connected to the measured solution through a salt bridge with a Vycorr® frit, filled
the background electrolyte. Platinum wire was used as an auxiliary electrode. The temperatu
controlled by a cryostat with the accuracy#f.5 °C. The thermostated polarographic vessels w
home-made.

RESULTS AND DISCUSSION

Dependence on pH and NaCl Concentration

We have tried to find out whether by changing the pH value or NaCl concentrati
the xanthine solutions, such conditions can be reached under which the 2-D con
tion of xanthine molecules at the electrode surface can be observedK Madup of
the deprotonation of xanthine is 7.4 (ff§. We have measured xanthine solutions
three different pH values. At pH 6.0 most xanthine molecules in the solution are
out an electric charge, at pH Kp= 7.4 about 50% of the molecules are neutral and
rest are negatively charged, at pH 8.5-9.0 most of the xanthine molecules are d¢
nated and carry negative charges.

If the 2-D condensation of adsorbed xanthine molecules takes place, there ¢
appear “pits” on th&€—E curves. The pits measured with HMDE usually show a h
teresis,.e. the range of potentials in which the pit occurs depends on the directio
speed of the potential scari—2

No pits were observed with xanthine solutions measured at pH 9.0 at room (F
or at low temperatures (not shown), even at xanthine concentrations approachi
saturation value (0.35 mmottin 0.2m NaCl and 1.1 mmottin 2 m NaCl at 25°C).
A small dependence of ti&-E curves on the direction of the potential scan is obser
(Fig. 1, curvedl, 2). When the scan from —0.05 to —1.8 V is used (Fig. 1, cBxvanions
of the supporting electrolyte specifically adsorbed at the electrode surface can b
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ent418 The adsorbed anions can cause an increase in the double-layer capacit
and the curve? has thus around —0.5 V high@¢ values than the curveé The increase
in the double layer capacity due to adsorption of charged molecules has been ok
by Miller with ionized polyacids. A sharp peak near —0.15 V is obviously caused
a Faradayic process. At this potential, deprotonized xanthine forms an insoluble
pound with mercury as was described earlier by Palteskl Ibrahimet al?°. This com-
pound can hinder the adsorption of xanthine and increase the capacity value :
—0.5 V if the scan from positive to negative potentials is used (Fig. 1, Qurvethe
opposite direction of the potential scan is applied (curve 1), xanthine molecule
adsorbed on a clean electrode surface, neither supporting electrolyte ions nor ele
reaction products participating in the adsorption, and the double layer capacity &
—0.5 V is lower than it was with curn# At potentials more positive than —-0.15 V, tt
insoluble compound which is formed at —0.15 V blocks the electrode surface ar
creases considerably the capacity value (Fig. 1, clyve

In the potential range from —0.4 to —0.9 V tbevalues, measured in xanthine soll
tion with SMDE (Fig. 1, curve’), are slightly higher than the values measured w
HMDE (Fig. 1, curvedl, 2). The adsorption rate in 0.68uvrkanthine solution is slow
and, unlike with HMDE, the adsorption equilibrium is not reached with SMDE u:
the equilibration time 3 s. The 2-D condensation is not observed at pH 9.0 due
negative charge of the adsorbed xanthine molecules which prevents their closer ¢
at the electrode surface.

120 T

Fic. 1
C-E curves for 0.68 m xanthine in 2m
NaCl at pH 9.0 and 28C. HMDE, scan
from: 1 -1.85 to —0.05 V2 -0.05 to -1.85 V;
0 : ‘ 1 3, 4 SMDE (single-step technique,= 3 s);

-1.9 1.4 -0.9 -0.4 )
E, V vs SCE 4 supporting electrolyte
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Adsorption and Condensation of Xanthine 1981

Contrary to the measurements performed at pH 9.0, the 2-D condensation of xa
molecules was observed at pH 6.0 and 7.4, when most (pH 6) or some (pH 7
xanthine molecules in the solution are neutral. A well-defined pit appears @+he
curves of 0.68 m xanthine in 2v NaCl at these pH values (Fig. 2, cun2sand 3).
Similarly Ahmedet al?*have found that xanthine forms capacity pits at pH 3.2 and
but not at pH 9.2. Rueds al??have found that hypoxanthine forms capacity pits at pH
when almost only neutral hypoxanthine molecules are in the solution. At pH 2.0
both protonated and neutral forms exist in the solution, no pits were ob®erved

When the double-step technique is used with SMDE, the differential capacity
wered in a wide potential range (Fig. 2, cutheshowing that the electrode is covere
by a layer of xanthine molecules. An “enhanced adsorption” occurs as it will be
cussed later.

To avoid the effect of buffer ions on the 2-D condensation of nucleic acid base
nucleosides, some authors prefer working without buffer, as it was done in the s
of 2-D condensation of thymine inM NaCl (ref!?), uracil in 0.4m NaSOQ, (ref?3),
uridine in 0.5M Na,SO, (ref$®?4 and adenosine in 0/ Na,SO, (ref.29).

Enhanced Adsorption

Figure 3 shows the dependence on the xanthine concentration &€Heheurves
measured with SMDE in & NaCl at pH 6 without buffer. The measurements we

120

60

40

Fic. 2
C-E curves for 0.68 m xanthine in 2m
NacCl (Z, 2, 3) and supporting electrolyte 2
(4) at pH 6.0 ¢, 2, 4) and 7.4 8), SMDE,
25 °C. Measurement techniquéd: double

step; 2, 3, 4 single stept, (s): 1 10; 2, 3, 0—1.9 2 ) -y
43 E, V vs SCE
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performed using the double-step technique, the adsorption and equilibratiort,tir
being 10 s. The 2-D condensation and compact monolayer formation take place
concentration range of 0.07—0.14 mmdl In this range, the pit width increases wi
increasing concentration very little and the pit bottom capacity remains unchange

At xanthine concentrations 0.28 mmoland higher (Fig. 3, curvek-3) the adsorp-
tion and condensation potential regions become wider, the capacity decreasing d
a value of about 1.5F cnt? The C-E curves of xanthine solutions are below tt
values of the background electrolyte almost in the whole potential remgep to about
—1.8 V. Thus, the layer of adsorbed xanthine molecules remains at the electrode
even at quite negative potentials, at which the electrode is negatively charged; usue
adsorbed neutral molecules are expelled from the electrode surface at negative potel
the electrostatically attracted cations of the supporting electrolytél

Earlier, we have observed a similar effect of enhanced adsorption with aden
low temperaturé’s We have explained this behaviour by the formation of a multila
and/or a layer composed of adenine with incorporated cations which enable the
pact layer to cover the electrode surface even if the electrode is negatively charg

Time Dependence of the Electrode Double Layer Impedance (C—t Curves)

The 2-D condensation is a nucleation and growth process. The time dependence
double layer capacity during this process has an S-shapeti*fot#t>28 Such a course

50

40 |-

—2

Cs, UF cm

30 -

20 -

Fic. 3
C-E curves for xanthine in 21 NaCl at
pH 6.0 and 20°C. SMDE, using the
double-step techniqué, = 10 s. Dependence
on xanthine concentratian(mmol ): 1 1.1,
20.55,30.28,40.14,5 0.13,6 0.07,7 0

! ]
-1.9 -1.4 -0.9 -0.4 (20 °C, HMDE, scan from —0.05 to —1.85 V)
E,V vs SCE

10 -
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Adsorption and Condensation of Xanthine 1983

of C— curves was observed with 0.13smxanthine in 21 NaCl (pH 6.0) at 30 and 3%
(Fig. 4, curves4—7). At 23 °C (curve 3), the rate of 2-D condensation is so high tf
the capacityC, corresponding to the completely covered surface is reached alr
within 3 s after the application of potential step, when the first point o€Ctheurve
in Fig. 5 was measured.

At 20 °C, the double layer capacity starts further to decrease below the@adie
the pit bottom (Fig. 4, curvg) corresponding to the formation of a multilayer of xa
thine molecules and/or a layer containing xanthine and ions of the basic electroly
was discussed in previous section. At still lower temperatures (diyneefurther de-
crease in the capacity is observed, which might be caused by an increase in the
age degree and/or thickness of the second-type layer due to the adsorption of
xanthine molecules.

The rate of 2-D condensation depends not only on temperature but also on th
trode potential. The highest rate of condensation is observed at the potential of ma
adsorptionE,,. Comparing curve$ and6 in Fig. 4, it can be judged that the potent
—0.6 V (curveb) is closer to the potenti#d,, than the potential —0.56 V (cun#. If the
electrode potential was not switched before @¢ measurement to the desorptic
potential of —1.7 V and held there for 1 s, then the rate of condensation was |
(curve 7) than if desorption preceded tlet measurement (curvg).

On the basis of th€-t curves measured, the adsorption and equilibrationtfjme0 s
was chosen. From Fig. 4 it follows that during this time the formation of the con

Fc. 4

Temperature dependence Gft curves of
0.13 mu xanthine in 2w NacCl at pH 6.0,
measured at the potential of —-0.55 V
(curves1-5, 7) and at —0.60 V (curvé).
Before the measurement of the time de- \
pendence, the Hg electrode was at the gsgals:
desorption potential —1.7 V (curvek-6)
held for 1 s or the measurement was
started immediately after the application of
the corresponding potential (curvé).
Temperature°C): 1 17, 2 20, 3 23,4 30, ° 0 o5 50 75 100 125
535,635,735 Ls

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



1984 Drazan, Vetterl:

monolayer at the potential —0.55 V was finished in a 0.1B8x&nthine solution at 20
and 23°C (Fig. 4, curve and3). Thus the pit bottom capacitg,, = 7.5uF cnt?, of
curves4—6 in Fig. 3 is an equilibration value. The pit bottom capacity of xantt
approaches the value observed with other nucleic acid bases forming the cc
layers (adenine 6.fF cnt?(refs"®), cytosine 5.51F cnt? (refs>29).

Measurements with the Hanging Mercury Drop Electrode (HMDE)

Figure 5 shows the effect of the direction of the electrode potential scan @+he
curves measured with the HMDE. It can be seen that the pit of G«Ox¢anthine (Fig. 5,
curves3 and4) shows a pronounced hysteresis. The capacity value of the pit bc
minimum 7.5uF cnT?is the same as with SMDE (Fig. 3).

At higher xanthine concentrations (Fig. 5, cundeand 2), the potential range of
adsorption and condensation becomes wider, and the capacity decreases dov
value of about 1.fF cnT?, similarly to what was observed using SMDE (Fig. 3). |
the potential scan from negative to positive potentials (clyythe condensation start
at —1.08 V (negative pit edge), and at —1.4 V the electrode surface is not covel
xanthine. By opposite scan (curégthe electrode surface is at —1.4 V still covered
means that at —1.4 V the electrode is covered by the xanthine layer only if previ
stays at some potentials more positive than —1.1 V. This was also shown in Fig. Z
adsorption at —1.4 V takes place only if the double-step technique is used.

50

201

FG. 5

C—E curves for xanthine in 2 NaCl at pH
- 6.0 and 20°C. Dependence on xanthine
concentrationc and potential scan direc-
tion, HMDE. Concentratiorc (mmol ')
1,21.1;3 40.07;5 0. Scan directioni,

3, 5 from —-0.05 to —1.85 V2, 4 from —1.85
-1.9 1.4 -0.9 -0.4

E, V vs SCE to -0.05 VvV
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The Temperature Dependence of Adsorption

Figures 6 and 7 show the temperature dependencies of the pit widths measure
SMDE from which the adsorption parameters were calculated (see the next secti
0.2m NaCl (Fig. 6), the adsorption time us&gH6 s) was lower than ini NaCl ¢,= 10s,
Fig. 7) because the establishment of the 2-D condensation equilibrium — the forr
of the compact layer — is faster in 0.2 than im RlaCl (C~ curves measured in On2
NaCl are not shown). The pit width is larger in 0.2 than in RaCl.

Calculation of Adsorption Parameters

The dependence of the pit width on temperature can be desSdripéite equation
(En-En?=KT+K; , @
where

K, = 2R, In (c/c)/(Cy - C) 2

50

-2

Cs, UF cm

20

Fic. 6
Temperature dependence @fE curves for
0.11 mm xanthine in 0.2« NaCl at pH 6.0. 10
SMDE, using the double-step techniqtss
6 s. TemperatureC): 1 17,2 20,3 23,4 25,
5 27,6 30, 7 33, 8 34, 9 35, 10 suppor-
ting electrolyte at 20°C (HMDE, scan o I I ! I
from —0.05 to —1.85 V) -1.1 -0.9 -0.7 -0.5 -0.
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and
K,==-2T,(AG™+a)/(C,—-C) . 3)

In these equationg,, is the potential of the adsorption maximugy,the potential of
the capacity pit edgé.e., the potential at which the degree of coverage of the elect
by a compact filnd; equals 0.5, is the possible maximum surface concentratiog;
andC, are the capacities of the double layer of the free and completely co@red.)
electrode surface; andc, are the molar concentrations of solute (xanthine) and sol
(for aqueous solvert, = 55.5 mol 11, molar concentration of wated)G™ is the standard
Gibbs energy of adsorption & = E,; & is the lateral interaction energy betwet
adsorbed molecules, related to the lateral interaction coeffiagientthe Frumkin ad-
sorption isotherm

a=-a/RT. 4

(The temperature dependenceabfs not taken into consideration in E® énd @).)
According to Eq. 1), the plot of E,— E,;)? versus T*should be a straight line. Fron
the slopeK; and sectiorK,, the possible maximum surface concentratigp, and the

FG. 7
Temperature dependence GFE curves
for 0.13 nm xanthine in 2u NaCl at pH
6.0. SMDE, using the double-step tect
nique,t, = 10 s. Temperature@): 1 17, 2
20, 3 25, 4 27, 5 30, 6 40 (HMDE, scan
from —0.05 to —1.85 V)7 supporting elec-

0 ' J J . : trolyte at 20°C (HMDE, scan from —0.05
-11 -09 -07 -05 -03 -01
E, V vs SCE to —1.85 V)
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sum of energieshG™ + &, can be calculated. The separate determination of the la
interaction energy’ alone can be made if the capacitance pit bottom has a “ramp-
shapé. In this case the capaci,,,; and the coverage degrée, ., can be estimated
corresponding to the potential at which the compact film ruptures and an abru
crease in the double layer capacity (pit edge) follows (see Fig. 6). The lateral in
tion energya’ can then be determined from the measu®gg,

Ocond™ (C.- Ccon()/(cz - Cs) ) ®)

whereC._ is the capacity of the upper part of the pit edge (where the compact la
destroyed and the electrode is covered by flat-adsorbed xanthine molecul&s),isn
the capacity of the pit bottom (the electrode is completely covered by the cor
layer).

The calculation of the interaction energyand/or the interaction paramete(Eg. @))
from the measured value @i,,,qdepends on the theoretical adsorption model us
According to the Frumkin modkl

a=a= [In(1- G)con() =In G)conc]/(]- -2 econ() : ©)
For the two-dimensional lattice gas (Ising) model, we oBtain
a=ag=4arcsink=4In(X+(X2+1)) , @)

X=[1=(20¢png= DI . ®

If it is experimentally possible to determine the vafijg,q not only for one tempera.
ture but for several ones, then the temperature dependence of the interaction pa
a can be followed. The interaction parameteéncreases with decreasing temperdtul
according to the equation

a=K;/T+K, , ©)
where

Ks=a1+b)T; , (10

Ky,=-a.b . @y

Collect. Czech. Chem. Commun. (Vol. 63) (1998)
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With decreasing temperature, the interaction parangetecreases and at temper:
tures lower tharcondensation temperaturé&,,,, the condensation of adsorbed mol
cules starts to appear. The condensation temperatyrg,depends on the concentratic
of xanthine and is higher with increasing xanthine concentration. The depender
1T onq0Nn In €) should be a straight liBeThe critical temperature T, is the highest
possible condensation temperature and, unlike the condensation temp&ggiyri
does not depend on the concentration ¢ of adsorbate in the sbléi@ncritical tem-
peratureT,, the interaction parameterreaches the critical valug. For the Frumkin
adsorption modela. = a., where

A= 2 (1 2)

and for lattice—gas modd, = ag., where

ag.= 4 arcsint(1) = 3.525.. (13

a. corresponding in both models &.; = 0.5 {.e,, X = 1 in the lattice—gas model).

When it was experimentally found that the temperature dependence of the inter
coefficienta’ must be taken into consideration, more general equatiorts; fand K,
were used instead of Eg2) @nd @) (reff):

K, =2Rl, [In(c/cy) + a; b/RTJ/(Cy—C) 14
Ko = =2 (AG™ + & (1 +b))/(Cy-C) @5
where
a=a.[l+b(T,-TIT] , (16)
a,=-aRT, . a7

(Equations 14) and (5) become identical with Eq&)Y and @) for b= 0.)
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Table | summarizes the calculated values of surface concentigfi@md energy
AG,, + @ using Eqs2) and B) (in which the temperature dependence of the coeffieie
is not considered) for 0.11nmxanthine solution in 0.8 NaCl at pH 6 C,= 17.7uF cnt?,
C,= 7.1yF cnT? and 0.13 m1 xanthine in 21 NaCl at pH 6 C,= 18.8uF cnt?, C =
7.6 uF cnT?). In Table Il, the values calculated using Ef4) (and (5), with a correc-
tion, taking into consideration the dependence @ temperature, are presented f
the same xanthine solutions.

In Table I it is shown how the results are affected by the chosen valije dhekE,,
value was estimated in several ways:

A) The dependence of the potentials of the anodic and cathodic pit BggEg. on
temperature is, according to Ed),(a quadratic function and can be approximated b
parabold® (Fig. 8a). This approximation is valid for both the Frumkin and Ising mod
The potentiaE,, can be defined as the potential at whigh= E,.= E,, the potential
of the top of the parabola. This value is given in the column “parabola” of Table |

B) At E = E,, the condensation is fastek;, can be estimated from tl@&-t curves
and is given in colum&—t(max) in Table I.

C) The potentialk,, is the potential of the minimum of the narrowest capacity
observed at the highest temperature (column pit(min) in Table I).

TaBLE |
Adsorption parameters calculated for 0.1& manthine in 0.21 NaCF and 0.13 m xanthine in 2v
NacCP at pH 6 using Egs2} and @)

0.2m NaCl 2m NaCl
Parameter
s adsorption

parabola C—t(max) pit(min) parabola C-t(max) potential
Em, V -0.561 -0.51 -0.632 -0.614 -0.58 -0.55
Ki.102 -7.6+0.1 -9.1+ 0.2 -5.60.1 -3.74+ 0.07 -4.3:0.1 —4.72+ 0.09
vZk?
Ka, V2 2.35+0.05 2.820.06 1.71+x0.03 1.180.03 1.35£0.03 1.50+0.03
m, 10° 3.7 4.41 2.71 1.94 2.21 2.28
mol cni?
A nnf 0.45 0.38 0.61 0.86 0.75 0.73
AG™ +a -33.7 -33.9 -33.5 -34.0 -34.1 -34.2
kJ mor?
T, K 310 311 307 315 316 318

3 Cy = 17.74F cni?, Cg = 7.14F cni% P C, = 18.8YF cni? C,= 7.6 UF cni2
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D) In the last column of Table | (column adsorption potential), the potdfjjalas
chosen equal to —0.55 V. This value is close to the potential of zero charge meas
2 M NaCl and was used as an adsorption potential during the measurement
double-step technique.

The potential of the anodic pit eddg,,is, contrary to the cathodic pit edég,,
affected by the strong specific adsorption of &hions. For the determination of th
coefficientsK, andK, according to the Eql}, the potential of the cathodic pit edgg.
was therefore used.

Table | shows that the choice of valbg significantly influences the value,, and
thus the surfacé occupied by one xanthine molecule in the compact layer:

A=1(NT ) . 18

whereN, = 6.02 . 163moltis Avogadro’s number.

Therefore, it is very important to choose the correct valug,0fAs mentioned ear-
lier, the potentiaE,, can be best estimated from t@et curves (columrC—(max) in
Table 1). The corresponding values of the surface Arage 0.38 nrhin 0.2m NaCl
and 0.75 nrhin 2 M NacCl.

TasLE Il
Adsorption parameters calculated for 0.1& manthine in 0.2v NaCl and 0.13 m xanthine in 2v
NaCl at pH 6 using Eqslg) and (5)

0.2m NacCl 2m NaCl

Parameter

Frumkin Ising Frumkin Ising
Ki.10°% v2K™? —9.0+0.2 —4.26+ 0.08
Ko, V2 2.82+ 0.05 1.44+ 0.03
Ks.1C, K 7+0.8 3+ 0.2 4.6+ 0.7 2.6+ 0.3
Ka —20+ 3 -6.1+ 0.5 —12+ 2 -5+ 1
Mm . 10° mol cni? 1.72 3.01 1.14 1.60
A nn? 0.97 0.55 1.46 1.04
ac 2.0 3.53 2.00 3.53
Te, K 311 307 321 309
b 10.22 1.73 6.10 1.39
a¢, kJ mot? -5.2 4.5 -5.3 -4.5
AG™ kJ mot? -28.8 -25.1 -28.3 -25.3
AG™ + a/, kJ mort -34.0 —-29.6 -33.6 -29.8
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Earlier it was found that adenine in the compact layer occupies about 025
(refs’®3Y or 0.40 nmM (ref3?), which corresponds to the orientation of adenine mc
cules perpendicular to the electrode surface. Outside the capacity pit region, th
occupied by one molecule is about 0.60%r{nefs’>33 corresponding to the flat-ad
sorbed adenine molecules. Xanthine molecule has dimensions similar to &tsnir
that similar values oA for its planar or perpendicular orientations can be expec
From theA values given in Table | in colum@-t(max), it seems, that in 0 NaCl,
the perpendicular orientation of condensed molecules is preferred, whereas i
NacCl, the planar one. The pit bottom capacity in both electrolytes remains the
(Figs 6 and 7).

The values of the energie&G™ + a) given in Table | are about —34 kJ miaind are
not considerably affected by the choiceEyf. For adenosine in 0.8 KCI at pH 7,
(AG™+ &) = —22.4 kJ mot (ref5).

Table Il summarizes the results calculated using Hdy &nd (5) (i.e., with the
corrected equation®) and @) at which the temperature dependenceaafas taken

0.0 0.16
T a oy
Z ¢ o
("\‘ —~
3 \N\ LuE
|
0.5 - ﬁ 0.08 -
—1.0',/"‘/ .
290 300 310 290 295 300 305 310
T, K T, K
1.0 T T
® o c d
2 . 4 1
o
o ®
0] o
©
0.8 | _ °
. 3 ® 4
e
L
0.6 | 2 |
290 300 310 0.00345 0.00335 1 -1 0.00325
T, K T,K
Fic. 8

Temperature dependence afit width, b square of the pit half-widtlg condensation coverage de
gree ©.,,qandd interaction parametes; for 0.11 mu xanthine in 0.2« NaCl, pH 6.0. Solid curves
obtained bya fittig; b, c regressionb Edge:e cathodic,m anodic.d Model: ¢ Frumkin, m Ising.
E,,, potential of one pit edge
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into consideration) for both the Frumkin and Ising models. From the comparisc
Tables | and Il, it follows that th& value is much more affected by this correction th
the AG™ and/or AG™ + &) values. TheA values, calculated using a Frumkin isother
are even higher than the values which should correspond to the planar orientation
molecule in both the electrolytes udedSimilarly, a relatively high value oA was
found by Retter for 5-iodocytosine in the compact layer 1.4 nni. According to
Rettef, the reason for this could be associated with a linear dependeds@™adn
temperature not considered in E&j5)

The value of interaction energy of xanthine in 0.21 NacCl is very close to tha
calculated for adenine in ré{—4.7 kJ mot!) and seems to be independent of the N
concentration (Table Il). The standard Gibbs energy of adsor@t®h, is lower than
those found for adenosinAG™ = —15.4 kJ mof, ref?) and adenineAG™ = —13.7 kJ mot,
ref8); hence, xanthine is more strongly adsorbed than adenine or adedx@ihes
only little dependent on NaCl concentration.

In order to decide, whether the Frumkin or the Ising model describes better tf
perimental results the linearity of tlaeversus T plot (Fig. 8d) was used as the crite
rion. According to this criterion, it seems that the adsorption of xanthine ca
described better by the Ising model, but the difference between the results of ce
tion using the Frumkin or Ising models is not large. The 2-D condensation of 5-
cytosine is better described by Ising mSédas well, but the difference betwee
descriptions by Ising and Frumkin models was bigger, than in the case of xanthir

There is evidence for a perpendicular orientation of some other nucleic acid
and nucleosides in the compact layer at the mercury sé#fac®32 On the other
hand, de Levie and Wandlowski showed that uracil in the compact layer has a |
orientation being stabilized by hydrogen bonds between neighbouring mofécu
They have shown that the calculated values of surfacecupied by one adsorbe
molecule are not very convincing for the determination of the orientation of adsc
molecules at the electrode surface and that some other techniques should be
complete the electrode impedance measurements for this pursue.

This work was supported by the Grant Agency of the Academy of Sciences of the Czech F
(grant No. A 4004702), Grant Agency of the Czech Republic (grant No. 204/97/K 084) and grant KOl
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