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Summary

The faradaic and non—faradaic capacitive currénts and other behav
ioral manifestations seen for-a 1o pM solution of adenine in. pH 4.8 -
McILvaINE buffer (0.5 M ionic strength) on.d.c.” polafrography, phase—
selective a.c. polarography, normal pulse polarography, and rapid scan— -
rate cyclic voltammetry (including linear potential sweep amperometry) -
at dropping mercury and hanging mercury drop electrodes, have: been
analyzed in terms of the adsorptive behavior of the adenine and of chem--
ical reactions coupled to the adsorption of adenine and its-faradaic re: -
duction in the adsorbed and unadsorbed states. ~Important variables.
included the prepolarization potential, i.e., the potential-at which the
electrode was held prior. to initiation of a perturbation’in terins of an‘ -
increase in potential, and the periods of time for which the prepolarization.
potential was maintained and during which the potential perturbation
occurred, as well as the period of time before the current was:sampled
after the perturbation was applied. ’ T

R

Introduction

~ The study of the nucleic acid bases, adenine and ‘cytosine,-and :their.

derivatives by polarographically based and. other electrochemical.téch-:-
niques has always indicated the importance ‘of the adsorption- of: the

nucleic acid derived species at the solution|eléctrode:interface; especially -
at mercury electrodes (e.g., Refs. 1 to 4). The increasing interest-in‘récent
years in examining by electrochemical means the adsorptive and faradaic -
behavior of complex natural and biosynthetic polynucleotides extending. -
up to DNA itself (e.g., Refs. 5 to g), has generated a number.of recent -
studies on the adsorptive behavior. of -simpler: adenine: derivatives; e.g., -

* Discussed. at the Symposium on “Biopolymers - in AdsorbedState",

held at Weimar (G.D.R.), 26—28 April 1977.- _ - - : = AR
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those of KrzNaARIC, VALENTA and NURNBERG!® on the adenine mono-
nucleotides and of FLEMMING!! on adenine itself.

FLEMMING's study!? utilized normal pulse polarography of 6 piM
adenine in pH 5 McIrvaixe-buffer giving particular attention to the
effect of adsorption of adenine during the prepolarization period on the
faradaic wave height observed. The present study is supplementary to
FLEMMING’s in that 10 pM adenine in pH 4.8 McILvAINE buffer of 0.5 M
ionic strength was examined by normal pulse polarography, d.c. D.M.E.
polarography; phase—selective a.c. polarography, and cyclic voltammetry,
which, in effect, included liriear potential sweep amperometry, with par-
ticular reference to the information, which these techniques would yield,
with respect to the adsorption of adenine. .

The general mode of experimentation in the pulse and cyclic studies
was to hold the potential of the electrode (prepolarization potential,
U,,) constant for a given period of time (prepolarization time, £,,) and
then to examine the faradaic and capacitive currents produced on po-
tential variation. Uy, and ¢,, were varied over normally significant ranges.
In order to remove certain possible artifacts and ambiguities, the current
data were in many instances normalized as current density data derived
from the apparent real electrode area, e.g., the usually computed spher-
ical electrode area corrected for the capillary orifice area and possible
shielding.

- The ranges of agreement and disagreement, indicated- in respect
to the adsorption of adenine by the various techniques, were examined
in order to see if the differences were explicable in terms of the inherent
characteristics of the different techniques, as well as in regard to the
additional information which might be obtained about the behavior of
adenine.

Experimental

Chemicals

McILvaiNE bufter (pH 4.8; o.5 M ionic strength) was prepared
from reagent grade chemicals.'? The 10 pM adenine (NaTioNaAL Bio-
cHEMICALS CoRP.) solution was prepared by dilution of r.0 mAM adenine
solution by the pH 4.8 buffer. Mercury for electrodes was chemically
purified and distilled. Water was suitably distilled.

Instrumentation

All data were obtained using a jacketed electrochemical cell ther-
mostatted at 25 °C. A LuccGIN capillary was positioned within 1 to 2
drop—diameters of the hanging mercury drop electrode (H.M.D.E.), or
3 to 4 mm of the dropping mercury electrode (D.M.E.) drop. The H.M.D.E.
was a platinum contact-type eélectrode ; the Hg drop consisted of two
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drops collected from the D.M.E. The D.M.E. was set to give a mean Hg
flow-rate at open—circuit of 0.98 mg/s for a.c. polarography and 1.x0 mg/s
for pulse polarography. Natural drop-times were used for the d.c. po-
larographic diffusion control study ; for all other work, the D.M.E. drop—
knocker was activated by synchronization timing circuitry in the po-
tentiostat. ' o

The potentiostat was built in—house and was designed for very high
speed electrochemical kinetic studies. . The TELEpYNE PHILBRICK Model
1025 operational amplifiers employed have a maximum voltage range
of 410 V, a maximum current range of 450 mA, and an open loop
slewing rate of 5x10® V/s. The sample-and-hold amplifier (Hybrid
Systems Model 725 LH) has a maximum output voltage of 410 V, a
data acquisition time of 10 ps for o.0r 9, tracking of a 10—V change in
signal, and an output droop specified as 15 mV/s (the unit used shows
an output droop of 0.25 mV/s).

A HEWLETT-PAckarD Model 3440A digital voltmeter was used to
monitor the applied d.c. potentials.

For a.c. polarography, a PRINCETONX APPLIED RESEARCH Model 121
lock—in amplifier was used both as a source for the applied 10 mV p—p
a.c. modulation signal and as a phase—selective detector of the a.c. signal’
from the potentiostat’s current amplifier.

WAVETEK Model 112 and 114 function generators were used to
generate triggerable, variable-period, square-wave pulses, and the trian-
gular waveform.

A HEWLETT-PACKARD Model 7005 X~Y recorder was generally used
for data display. For observation of transient signals and for rapid-scan
cyclic voltammetric data acquisition, a TEKTRONIX Model 5103N oscillo-
scope with Type 5A15N and 5A18N voltage-amplifier plug—ins and Type
5B1eN time-base was used.

Procedures

Solutions were deaerated with water—pumped nitrogen for 30 min
before data acquisition.” The nitrogen was passed through two gas towers
containing V(II) solution in HCl over amalgamated zinc to remove re-
sidual oxygen, a Ca(OH), tower to remove entrained HCl, and, firally,
a distilled H,O tower to water—saturate the N,. A nitrogen atmosphere
was maintained in the electrochemical cell during experiments by contin-
uously passing N, over the cell solution. o

d.c. polarographic data were obtained at a potential scan raté’of
2 mV/s.

a.c. polarographic data acquisition required careful adjustment of
the a.c. modulation amplitude, and the lock-in amplifier phase-angle
and frequency trim adjustments. Because phase—angle measurements
are relative to the potential applied to the working electrode, all lock—in
amplifier detector adjustments were made using the output of the. po-
tentiostat’s voltage follower as the input signal, thereby correcting for
any phase shifts due to the controller amplifier. The frequency trim of
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the lock—in was adjusted to maximize the detector output response in the
in—phase mode; then, the detector was switched to the out-of-phase
(quadrature) mode and the phase angle was adjusted to give a null signal.
These two steps insured that the lock—in amplifier was tuned to the
frequency of the applied a.c. modulation voltage and that this latter
voltage was defined as the o° reference angle signal. Since a To-mV p—p
a.c. modulation voltage was used, the lock-in gain was adjusted to give
a full-scale response to the voltage follower output at the ro-mV full-
scale sensitivity. This last step serves as an internal correction for any
error in setting the amplitude of the modulation voltage.

For data acquisition, the output of the lock—in was monitored by
the sample-and-hold amplifier. To filter out spurious noise during the
sampling period, a 300—ms time constant was used on the lock-in output.
The applied d.c. voltage was scanned at 5 mV/s when 2 s drop—-times were
used and at 2 mV/s for 5 s drop—times.

Cyclic voltammelry was performed on ‘both the H.M.D.E. and the
D.M.E_, using the WAVETEK 112 signal generator as a source of triangular
wave forms. A new Hg drop was used for each cyclic voltammogram.

Normal pulse polarography involved the following adaptation of the
potentiostat’s timing circuitry. Pulse application was effected using the
triggered mode, square—wave output of the WAVETEK 112 ; the frequency
was set to give a 3.0—-ms pulse duration. Pulse appllcatlon was synchro-
nized to the drop-knocker using one of the potentiostat’s internal syn-
chronization pulses to trigger the WAVETEK 114 which served as a timing
delay to trigger the WAVETEK 112. Adjustment of the WAVETEK 114
frequency permitted synchronization so that the 3.0~ms pulse application
occurred at the end of the drop-life. To insure that the pulse did not
terminate while the sample—and-hold amplifier was either sampling or
transitting from the sample mode to the hold mode, the delay was set
so that the pulse terminated o0.05 to 0.x ms after sampling ceased ; thus,
the pulse was applied during the last 2.95 - 0.05 ms of the drop-life.
Because the sample—and-hold amplifier data—acquisition time is only
10 us, the time after application of the pulse and before data acquisition
(the discharge time) is 2.94 4 0.05 ms.

All potentials are referred to the aqueous saturated calomel elec-
trode.

PData analysis

Electrode area determination

Determination of current densities, j, for pulse polarographic mea-
surements and of differential capacitance, Cg, from a.c. polarographic
data, requires knowledge of the electrode area. PERRAM, ¢f al_ '3 showed
that assuming the drop to be spherical results in calculated areas generally
within 0.5 9% of that calculated for a pendant drop shape. MOHILNER,
‘et al.,** emphasized the importance of correcting for the contact area
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between the Hg drop and the Hg ribbon at the D.M.E. capillary orifice ;
computer controlled data acquisition allowed a large number of drop-
times to be measured-at each potential, which permitted a data analysis
procedure that is not amenable to the finite amount of data acquired
without computer control. The procedure used in the present study is
based on equations (6) and (7) of Ref. 14, since the a.c. capacitance current
can be easily related to the bridge-measured capacitance and the a.c.
capacitance current density can be related to the differential capacitance.

The effective electrode area, A,, is related to the calculated spherical
drop area, 4., by equations (1) 'and (2), where A4, includes the contact
area with the capillary orifice and any shielding effects of the glass capillary,
m is the flow rate of mercury, p is the density of mercury, and ¢ is the

drop-time.
At = A.s _— Ao (I)
As — (6 V:r—'m) 23 (-2)
' o

The measured a.c. capacitance current, I.., equals the product of
the a.c. capacitance current density, j.., and the effective electrode area ;
substitution of equations (1) and (2) for 4, leads to equation (3).

) =y \21° i
Loe. = Jac. (é_‘lm_) 6203 — 9, Ao (3)
P

Eq. 3 suggests that, if I, is measured at various drop-times, a plot of
I vs. £,*3 should be linear with an intercept equal to —j..Ao and an

intercept to slope ratio of —4¢/(6)w m/p)2/3, from which A, can be evaluat-
ed once m is determined.

Numerical correction for uncompensated resisiance

In the case of a.c. polarography,. the a.c. capacitance current is
go° out of phase with the a.c. modulation voltage at the working electrode,
AU,. (The phaserelationshipsareshownin Kig. 1). Because the o®reference
signal is defined as the output of the voltage follower, any phase shift
through the LucGIN capillary-reference electrode—voltage follower nétwork
and/or any uncompensated resistance in solution between the tip of the -
LuceIN capillary and the working electrode, R,, will result in a non-zero -
phase angle between the a.c. signal at the voltage follower output, AV,
and the a.c. modulation voltage at the working electrode. In addition,
an uncompensated resistance will result in an I“_R loss, which decreases
AU, below AV. -

- Because the differential capacitance is given by equation (4,) where
f is the a.c. frequency in Hz, it is necessary to evaluate AU,.

Iac
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AU,
Fig. 1.
Phase relationships encountered in a.c. poarlography. Symbols are defined in the text.

In the presence of a non—zero R,, I.. has a phase angle, ®, relative
to the o0° degree reference signal, AV, which is not go°; hence, it is
necessary to record both the inphase and quadrature modes of the current
amplifier output. The value of [,  is then obtained using equation (3).

Ioe=V Io2+Ione? (5)
The phase angle, @, at any applied value of U4, is given by

® = arctan Lop: (6)
Ioo

The uncompensated resistance and AU, can be evaluated from equations
(7) and (8), respectively.

R, = cos — @ » (7)

I..
AU, = AV sin —® (8)
Results .

D.M_E. contact area. a.c. polarographic in—phase and quadrature
currents for the McILvaixE buffer alone were measured at 400 Hz and
Ui = —0.24 V for drop—times of 2's, 3 s, and 5 s. The value of I..
at each ¢, was determined by equation (5) ; AU, was evaluated at each
¢, using equation (8). The measured I,. values were corrected for vari-
ations in AU, by means of equation (9).

AV

Loe. = I... (measured) AU, (9)
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Fig.. 3. .
Variation of D.ME. d.c. pola.rogra.phxc hmltmg current (back- .
ground—corrected) for ro pM adenine in pH 4.8 McILvaINE buffer
with mercury height (corrected for back pressure).- .

In the subsequent dlscussmn tables and figures,. the Ia_c c1ted a.nd lts»
magnitudes are always those corrected for. resistance by means o0f equation =
(9), unless otherwise specified. A plot of L. vs. £, (Fig. 2) yielded a -
slope of 4.340 pA s—273 and an intercept of ———I 705 A, from” which Ao:
was calculated to be 0.0033 cm? based on-m =-0.98 mg/s. - - -~ X
d.c. polarography. Because the presence of adenine shlfted the_
background discharge potential ca. 0.05 V more _positive with the adenine
wave appearing on the rising portion of background. dlscharge direct _
subtraction of the®background current was not possible. *"On -shifting:-

the background polarogram 0.05 'V ‘positive; the difference ‘in_ current. -~
between adenine solution and background showed a polarograplnc wave.

with a level plateau. Data at two different column helghts are gwen in-
Table 1; a plot of I; vs. k% is a straight line (Fig. 3) : T

Normal -pulse polarography. Normal pulse. polarographlc currents_*._,—
and current densities obtained by stepping- from: the prepolanzatlon po-. .
tential, Uy, to —I.48 V after prépolarization times, £, of 2 S7ar 5.5,

are shown in Fig. 4 and 5. For background solutions containing only the

buffer, the charging current due to the pulse was observed to. decay to; '
‘a magnitude -of 1 to-2-pA within 0.2:ms. sisiiitess S _
a.c. polarography. . Differential- capac1tance~ -values' for- the back--.
ground solution before and after addition. of 1o pM ‘adenine are given-
in Tables 2 and 3, and Fig. 6. The change in the’ d1fferentlal capac1tance L
ACy, due to. the presence of adenine is shown.in- Flg 7 a2z S

S
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Table 1. d.c. polarographic behavior at the D.M.E. of adenine as a function
of mercury heighta

1

§ k (cm) 5 55-5 {! 8o.5
m (mg/s) 1.27 : 1.86
2 (s) ! 5-15 i 3-56
I (rd) § 0.244 : 0.300

_ 1, ' 13.5 13.8

| Uy, (V) . —1I.365 i —I.370

@ Conditions: 10 pif adenine in pH 4.8 McILvaiNE buffer (ionic strength = o.5 M)
at 25°C; scan rate, v = 1.9 mV/[s. The mercury height, %, is corrected for
back-pressure. The limiting current, I, is corrected for the current shown by
the background electrolyte solution alone. Units for the diffusion current
constant, Ij, are pA s¥®/mM mg?B.

8 . Co-qi2
120
408
g ]
::j '0 E" 0-4 -
] 32
oy
Upy (V) o UV} |
z__'l | Ty 1 L .‘p L' X = a4, L' 1 e L” ;j 2
-12 -08 ~04 -12 -08 -04
Fig. 4. Fig. 5.
Fig. 4- '

Currents abtained for 1o uM adeninc in pH 4.8 McILvarxe butfer
on normal pulse polarography on stepping the potential from the
prepolarization potential shown to —1.48 V after prepolarization
times of 2 s (circles) and 5 s (squares) ; the bottom two curves
are for the buffer alone. The discharge period was 3 ms; the
current measurement period was 10 us.

Fig. 5. -

Current densities obtained for 10 pM adenine in pH 4.8 McILvaixe
buffer on normal pulse polarography on stepping the potential from
the prepolarization potential shown to —1.48 V after prepolariza-
tion times of 2 s (circles) and 5 s (squares) ; the bottom two curves
are for the buffer alone. The discharge period was 3 ms ; the current
measurement period was 10 ps. :
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Cyclic. voltammetry Imtlal _nvestlgatlon g a‘platinu
H.M.DE. showed behavior inconsistent with' the: results> from:
a.c. polarography Cathodic—anodic peak:pairs’ centered at about —
_and —1.27 V weére observéd,.whose: 1rreproduc1ble :beha
the absence of any-indication forifaradaic-acti
d.c. or pulse polarography, suggested that the presenc, O platmum i th
H.M.D.E: might be causing.the odd .behavior:: Cycli oltammetry
a D.M.E. with a drop—time of .14 s.at:*=0.45-V showed:a:cz
(U, of about —1.5 V) ; no other peaks were observed, except for;
peak (U, = —o0.74 V) “which -appeared only: ‘when (U;" waspositiv
—o0.45 V. -Use of the platinum—contact:'H.M:D.E." was.abandoned: and.
all cyclic data were obtamed ataD. M E w1th a‘natu 'al drop- timeof I4's

Table 2. - Double-layer capacxtance of pH 4. 8 MCILVAINE buﬁ’er
as a functlon of potentla.l frequency" and drop-—tlme L

“Ca (!J-F/cm’) B

—(—‘g‘!‘ ) 160 Hz T
) Ly =58 i
0.050 : —
oxo0 | - . —
0.150 ’ 22195
. 0200 N B _'72:1.16 .
‘0.250 20.65

.0.300 .. 2037
©0.350 - . 10.47
0.400 - 18.53 -

Jo0.450 1727 :
o500 | 7 16005 - |7
°.55¢ - : - I4.55
o.6c0 . I3.I8
0.700 : ~ 10.98
o.800 ... 957 -

"ogoo | 873
rooo- I 7 840 7

" . 1.¥00 B35 - el
~ 1200 | - 844 " |-

“1.300 - T 873 T

¢AU =10 mV p—p ':_
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Table 3. Double—layer capacitance of adenine as a function of potential, fre-
quency, and drop-time“.

Ca (F [cm?)
—Uue 160 Hz 1,000 Hz
‘ (V) — —
! 1 =58 t, =2s ty, =2s
0.050 - — —_— 30.82¢
0.100 — 24.07b 24.56
0.150 21.87b 21.68 21.71
0.200 20.46 20.49 20.50
i 0.250 X9.75 19.89 19.78
: 0.300 I9.24 19.40 19.3%
©0.350 x8.53 18.70 18.65
0.400 17.60 17.71 17.73
0.450 16.23 x6.51 16.62
0.500 15.16 15.32 15.37
0.550 13.98 i X4.13 14.12
0.600 12.72 ¥2.03 12.89
0.700 10.79 10.84 10.82
o.8oo 9-57 9.25 9-47
o.goo 8.72 8.75 8.64
I.000 8.30 8.16 8.28
I.x00 8.30 8.16 8.16
I.200 854 . 8.16 §.28
1.300 8.82 8.55 : 8.55

@ Conditions : 10 pM adenine in pH 4.8 McILvaINe buffer (n = o.5 M) at 25 °C;
AU, = 10 mV p-p.

b The estimated uncertainty in . the data in this column is 4+ o.05 pF/em2

¢ The estimated uncertainty in the data in this column is +o0.08 yF/cm?.

Using a sweep or scan rate, v, of 316 V/s and beginning the sweep
12 s after the drop-birth, the variation of peak current for the peak at
—TI.5 V was investigated as a function of U,,. Since the time after drop—
birth, at which the cyclic scan is initiated, is the prepolarlzatlon time, it
will be referred to as £,,. The dependence of I,/Acv* on Uy, 1s shown
m Fig. 8.

The scan-rate dependence of I, is shown in Fig. g and 10; v was
varied from 104 to 633 V/s. Slower scan rates could not be employed
because the low concentration of adenine (ro uwiM) yielded currents with
too low a signal-to—noise ratio for meaningful evaluation.
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Fig. 7.
Fig. 6. )
Double-layer capacitance for pH 4.8 McILvaiNe buffer

alone (@) and after the addition of ro pM adenine (Q).
Conditions : 1o mV p-p at 1,000 Hz; 2 s drop-time.

Fig. 7.°
Double-layer capacitance change on addition of xo plMf

adenineto pH 4.8 McILvaiNE buffer (w=o0.5 M). O: 160

Hz and 2z s drop—time; @: 160 Hz and 5 s drop-time ;
{fJ: r,oo0Hz at 2 s drop-time. ’

Variation of f,, was used to determine whether the-adsorption of
adenine was sufficiently rapid to achieve equilibrium within a few seconds.

The relation of the I, function to £, for two prepolarlzatlon potentials is
shown in Fig. 1I.

Discussion
a.c. polarography - B

The standard electrochemical method for determining the extent
of adsorption at an electrode|solution interface is measurement of Cd[
as a function of applied potential and of bulk adsorbate concentration.
Elaborate data analysis procedures!? permit evaluation of the surface
excess of adsorbed species from such data. With simple data analysis
techniques, the surface excess cannot be determined, but qualitative
information with regard to the extent of adsorption as a function of
potential and concentration is obtained. Since the magnitude of Cy4 is
dependent on the extent of:- adsorption, the difference between Cs for

the background and adsorbate—contammg solutions, ACy, lS a measure
of the extent of adsorption.
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X Variation of cvclic voltammetric peak current

o - P

e 14 function for 10 M adenine in pH 4.8 McILvaixe

QA buffer with prepolarization potential. Scan
1 rate = 316 V/s. Prepolarization time == 12 s.
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Because measurements of Cy4 do not rely on faradaic activity of
the adsorbate, data interpretation is simplified. When a faradaic process
is used to monitor the extent of adsorption, problems arise regarding the
mechanism of the faradaic discharge, z.e., the concentration—dependence
of the I—c relationship, the extent to which non—-adsorbed diffusing species
contribute to the measured faradaic current, and the associated matter
of the diffusion gradient profile produced by the adsorption process if
equilibrium coverage has not been achieved and the diffusion gradient
destroyed before the onset of faradaic activity (the latter problem is
always present at the D.M.E. to a greater or lesser extent because of the
changing electrode area).

T
A

Fig. 9

Variation of cyclic voltammetric peak current functions
for 1o pM adenine in pH 4.8 Mclrvaixe buffer with
square root of scan rate for prepolarization potentials
of —o0.45 V (O)and —1.20 V ([}), and a prepolarization
time of 12 s.

Fig. ro.

Variation of cyvclic voltammetric peak current functions
for 1o pif adenine in pH 4.8 McILVaINE bufier with scan
rate for prepolarization potentials of —o.45 V {Q) and
—1.20 V {{J). and a prepolarization time of 12 s.
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sk Fig. 1x.
. Variation of cyclic, voltammetnc peak current
. %\.‘ function for 10 puM adenine in pH 4.8 McIr-
5F 7 .l vaiNeE buffer with prepolarization time for
S B i "inde * S prepolarization potentials of —o.45 V (upper
4_§ .o plot) and — 1.20 (lower plot) scan rate
4,% ’ =316 V/s.
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Because the relative surface excess of adsorbate is independent of
electrode area in the absence of kinetically controlled processes, e.g.,
.the McILvaixeE buffer solution without adenine, the values of Cy de-
termined at two different electrode areas should agree, provided the
correct electrode area magnitudes are used in equation (4) to evaluate
Ca. This fact provides a means for testing the validity of the orifice
area correction. The excellent agreement between C,; measured at £ = 2
and 5 s at 160 Hz for the buffer solution alone (Table 2) supports the
correction’s being valid. Additionally, the agreement between the data
at 160 and 1000 Hz (Table 2) and the fact that A, was evaluated at 400 Hz
indicate that 4, is frequency—-independent. Over the range of —o0.150
to —1.300 V, the mean difference between C; measured at ¢, = 2 and
5 s at 160 Hz is 0.17 uF/cm? (standard deviation = 0.13 uF/cm?). Al-
though the values at f, = 2 s are always lawer than those at t;=35s
the mean difference is only 1 to 2 9, of the C4 values, which is within
the combined experimental uncertainties of the instrumentation, the
mechanical measurement of recorded data, and the precision to which
the electrode areas are known ; however, the facts that the mean differ-
ence between Cy measured at 160 and 1000 Hz at {;, = 2z s is only 0.08
pF/cm? (standard deviation = 0.05 pF/cm?) and that the differences are
not systematic, suggest the main source of error between the data at 2
and 5 s to be the values of A4,.

In the case of the adenine solution at 160 Hz (Table 3), Ca for
f; = 5 s are systematically lower than at ¢, = 2 s over the range of —o0.200
to —o.700 V, which is exactly opposite to the situation for the buffer
alone. At potentlals more negative than —o0.7 V, where adenine is ap-
parently not significantly adsorbed, Ca at ¢, = 5 s are again generally
larger than at £ = 2 s, as for the buffer alone. Thus, it would appear
that the lower C4 at 5 s as compared to those at 2 s are due to the presence
of adenine and not _to an error in the A, values ; in fact, the results for
the buffer alone suggest that, were more precise values of A, available,
an even larger difference between G4 at 2 s and 5 s might be observed
for adenine over the potential region in which adsorption occurs. Con-
sequently, the significant increase in ACy4 at —0.2 to —0.5 Vfor ¢, =5 s
aover the corresponding values at {, = 2z s suggests that a slow kinetic
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process may be associated with the adsorption of adenine. The nature
of the kinetic process may be surmised from the following considerations.

At 2 s drop—time, the adenine adsorption appears to reach a max-
imum at —o.40 to —o.45 V (Fig. 7) ; at 5 s, the adenine adsorption
appears to be constant over a wide potential interval. The ratio of the
maximum change iIn Cy at 5 s to that at 2z s for 160 Hz is 1.21, whereas
the corresponding ratio for data at 5 s and 160 Hz to data at 2 s and 1000
Hz 1s 1.16. The region of maximum adsorption is positive of the potential
of zero charge ; since ca. 15 to 20 %, of the adenine is protonated at pH 4.8
and, therefore, positively charged, coulombic repulsion between electrode
surface and protonated adenine will occur. Kinetically controlled steps
may be involved in the equilibrium between protonated and unprotonated
adenine on the electrode surface and in solution.

Although the a.c. polarographic data indicate some deviation of-the
adenine solution capzcitance from background solution capacitance at
potentials negative of —0.8 V (Tables 2 and 3), a very low frequency
noise problem (ca. 0.008 Hz) resuited in most ACyg values measured at
these more negative potentials being within the estimated measurement
uncertainty for a zero difference, as well as being considerably smaller
than the peak-to-peak amplitude of the low frequency noise.

Normal pulse polarography

The pulse polarographic results show a trend similar to the ACy
behavior shown by a.c. polarcgraphy ; however, the pulse data at ¢, = 2 s
show a much broader maximum (about —0.2 V to —0.5 V) than do the
differential capacitance results.

The ratio of the current density, 7, (corrected for capillary orifice)
in the region of maximum adsorption for {,, = 5 s to that for {,, =2 s
1s I.24, which is close to the 1.2r for the corresponding ACy4 ratio at
‘160 Hz (cf. previous section). It must be made clear that the parameters
being considered, AC4 and 7, have — by definition — been corrected for
a change in electrode area. The pulse polarographic currents, I, at the
region of maximum adsorption show a (£,;)%® dependency.

Since the drop area is changing more rapidly at £ = 2 s than at
t = 5 s (the natural drop—time was ca. 5.8 s), the rate of adsorption of
adenine at 2 s should be larger than at 5 s ; hence, a steeper concentration
gradient will be present for #,, = 2 s with the contribution by diffusing
species to the total faradaic current being smaller than at /;, = 3 s.
Because the equilibrium surface excess of adsorbate is related to the
'surface concentration of non—adsorbed species, the presence of a diffusion
gradient, which decreases the latter, will also lower the relative surface
excess of adsorbate ; consequently, the relative surface excess at £ =2 s
will be lower than at £=35 s, provided saturation surface coverage is not
achieved.

As U,, becomes very negative, the ratio of j at {,, =2 s and 55
increases and seems to reach a limiting value of 1.15 to 1:16 at U,, =
—71.3 V. As subsequently discussed, (cf. sections on d.c. polarography
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and cyclic voltammetry), the faradaic wave with Uy, = —1.37 V. may
involve cataiytic hydrogen discharge. . From 7-f curves at the D.M.E.
for catalytic discharges by low molecular weight substances, STACKELBERG
and FASSBENDER!® found that the current was proportional to £, where
k = 0.5 to 0.6 ; the current at any instant in the drop-life was mdepen—
dent of the stage in the drop-life at which the discharge voltage was
applied. Thus, a % of 0.5 would predict a (t,,p) 116 relationship for ] as
is observed at very negative potentials.

d.c. polarograpky

The relationship between the limiting current of the ca.thodlc
adenine wave, I;, and corrected’ mercury column height, %, (Fig.. 3) in-
dicates that I 1 is diffusion—controlled. The small non—zero intercept is
probably due to the considerable distance over which .the straight line
fit must be extrapolated to kY2 = o ; in fact, within the uncertainty. of
the experimental results®?, a stralght line with a zerco intercept may be
fitted to the data. The large I; values (Table 1), which indicate an unlikely
six— to seven—electron transfer, are most likely due to hydrogen discharge
catalyzed by adenine or a reduction product superimposed on the adenine
reduction. Catalytic discharge would not be surprising, since the wave
appears at the onset of background mscharge which is itself shifted
positive by the presence of adenine and its reduction product.217 Because
the wave appears to.be diffusion—controlled, the rate of hydrogen dlscharge
must be dependent upon a dlffusmg species, z.e., adenine. - :

Cyclic voltammelry

The cyclic voltammetric peak current function results (Fig. 8 to II)
indicate a trend for adenine adsorption as a function of ‘U,, (Fig. 8),
which is similar to those suggested by a.c. and normal pulse polarography.
The large values of I,/Acv'/* at very negative Uy, e.g., —I.2'V, where
adenine 1s apparently desorbed, again -suggest that Ca.talytlc hydrogen
discharge occurs. The behavior of the function I,/dcvV? at Up, = —1.2 V
" with increasing scan rate (Fig. 9 and 10) indicates that a kigetically
controlled process is being outrun at 200 V/s. This process may be the
formation of reducible, protonated adenine at the interfdce since faradaic
consumption:of the protonated species shifts the equilibriam between the
unprotonated and protonated adenine. ,

The two functions, I,/Acv¥? and [,/Acv, for U,, = —0.45. v show
opposite trends (Fig. g and 10). Because adsorption occurs at —o0.45 V,
there should be a large concentration of adenine near the electrecde.surface ;
however, if the scan from Up, to U, were sufficiently rapid that diffusion
of the desorbed adenine were negligible once the applied potential was
such that desorption occurred, then : '

(z) a plot of I,/AcvY? vs. v¥? should be lmear w1th a positive slope
equal to I /Acv. Fig. g suggests that, at v of 316 V/s or larger, the
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I,/Acv'? ys. vl relation becomes linear ; however, the slope is only
1.6 X 10% compared to an expected 3.8 X 10% or greater ;

a plot of [,/Acv vs. v should be independent of scan rate; Fig. 1o
suggests that this is so for v > ca. 500 V/s. The facts that I,/dcv
decreases with increasing v and [I,/dcv1/? vs. vV does not show as
large a slope as expected, suggest that none of the adenine, which
desorbs during the scan, is lost by diffusion, but that, at faster scan
rates, some preceding chemical reaction, e.g., protonation of adenine,
is being outrun, or that the following steps in an E.C.E. mechanism,
e.g., catalytic hydrogen discharge, are being outrun. Since [I,/4cv'/*
for U,;, = —1.2 V (Fig. 9) appears to become constant, catalytic
hydrogen discharge may not be outrun.

The information presented in the preceding paragraph suggests
following :

(1) none of the adenine, which desorbs during the scan, diftuses away

(

[N

)

from the electrode ;

if the value of I,/Acv at 633 V/s i1s assumed to be due solely to the
equilibrium concentration of adsorbed, protonated adenine, and the
surface concentration of non-adsorbed adenine is assumed to be
small, then, by extrapolating the I,/Acv vs. v data to v = o, the
relative amounts of protonated and unprotonated adenine adsorbed
can be obtained. Extrapolation provides an intercept value for
Ipfdcv of 6.45 x 103 For a limiting value at v = 633 V/s of 3 8 <103,
which is due solely to adsorbed protonated adenine, 59 9 of the
adsorbed adenine would be in the protonated form at pH 4.8. If
the bulk solution proton activity, 1.6 X 10~ M, is used as the proton
activity term, a pK, of 5.0 1s obtained for adsorbed adenine at U,, =
0.45 V. Due to coulombic interaction between the electrode and
the protonated adenine, pK., 1s expected to be potential-dependent.
The assumption that the non—-adsorbed adenine surface concentration
15 small is difficult to prove, but is necessary so that a negligible con-
tribution to /,1s made by diffusing species. Since the D.M.E. electrode
area continuously increases with time, the amount of adenine adsorbed
will incrcase with time and a concentration gradient will be present ;
however, the cyclic voltammetric scans were made 12 s after the
birth of a drep with a natural ¢, of ca. 14 s, so that the electrode area
is not changing appreciably with time. For this reason, the concen-
tration gradient is probably breaking down, and the assumption on
which the calculation of an adsorbed state pK, is based, is tenuous
at best.
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Conclusions

' The adsorption of adenine from solutlons of pH 4 8 is qulte complex" o

e.g., it may involve relatively slow kinetics due to the' equﬂlbnmn between-
protonated and unprotonated adenine in solution near :the, solution|
electrode interface as well as possibly a similar* eqm.hbnum mvolvmg'_
adsorbed protonated and:unprotonated adenine. . SR R
The use of the faradaic reduction: of ‘adenine as’ ‘an. mdex to‘ t]ge"’

amount of adsorbed adenine present may be limited: by the: presenceoL
a current component due to catalytic hydrogen dxschqrge " i
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