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ABSTRACT

The mechanism and kinetics for the two-electron oxidation of 1.4-dihydronicoumamide adenine
dinucleotide (NADH) 10 NAD* at gold. platinum and glassy carbon (GC) rotating cisc electrodes at
various solution pH and NADH concentrations can be rationalized in terms of the electron uansfer
occurring through mediator redox systems, located close to the clectrode surface, such as the redox
couples formed by axygen-containing species adsorbed at Au and Pt surfaces. Analogous catalysis of
NADH oxidation is provided by sulfide specics adsorbed on a gold electrode surface. An important factor
in differentiating the behavior of the three types of clectrodes is the strong adsorption of NADH at Prand
Au, and of NAD™* at GC. Since oxidation of adsorbed NADH starts at more positive poteatial than
oxidation of bulk NADH. the latter occurs at Au or Pt electrode surfaces covered by adsorbed NADH. or
at GC elecirodes surfaces covered 1o some extent by adsorbed NAD ™. The theory for t). - surface EC
catalytic mechanism is considered.

INTRODUCTION

The electrochemical oxidation of 1.4-dihydronicotinamide adenine dinucleoude
(NADH) has been studied at glassy carbon (GC), pyrolytic graphite (PG) and
platinum (Pt) electrodes from the viewpoints of analysis, role of the NAD* /NADH
redox couple in biological phenomena, and use of the couple in chemical and energy
conversion processes (cf. refs. 1-5) **_ It is well established that NADH undergoes
in both aqueous and nonsqueous media an apparently single-step two-electron (2 e)
oxidation [6-9] to enzymatically active NAD™ [9,10] (cf. Fig. 1),

NADH — NAD* + H* + 2e (N

Some evidence has been presented which indicates the involvement of two successive
1 e steps [11}], of a slow chemical deprotonation step [12] and of a second order

* Permanent address: J. Heyrovsky Instiwute of Physical Chemistry and Electrochemistry, U tovaren 254,
102G Prague 10, Czechoslovakia.

** Although half-reactions and redox couples may be written or cited as both reductions and oxidations
to indicate the direction of movement, potentials cited are consistent with the formulation as reductions.
e, Ox+ne=Red
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nH_denendent chemical reaction 141, The latter may be the dtm&g“ or njispg'g—
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portionation of the intermediate radicals NADH* and NAD" [4].
Adsorption has been suggested [8,10,13] as a cause for catalytic and inhibition
effects observed in the NADH oxidation, but only recently has evidence been

presented [14-16] for an adsorption-controlled step. The possible role of oxide
formation nt GC electrodes has been noted I® 171, The mtnlvﬁr oxidation of NADH
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at GC or PG electrodes chemically modified by oxygen-containing functionalities
has been reported [17,18].

The involvement of adsorption implies the need to control and to monitor the
electrode surface carefully. before and during the electrochemical experiment [4,8].

nrecent ch-du axaminec the rn ndence between the rate of NADH oxida-
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tion at gold (Au), Pt and GC electrodes, and the state of the electrode surface as
characterized electrochemically, as well as the mass-transport and charge-transfer
kinetic characteristics of reaction (I).

EXDEDIMENTAL

Chemicals

NADH, NAD*, NMN* and ADPR (P-L Biochemicals). NMNH (Sigma), and
AMP (Calbiochem) were pure enough to be used as received (cf. Fig. 1 caption for

acronym glassary). Buffer solutions (pH 6.9, 82, 10.5) were 025 M in K, SO and
0.05 M in phosphate. T=st solutions were deoxygenated before measurement by
nitrogen bubbling.
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Fig 1. Fosmula of enzymatically active S-nicotinamide adenine dinucleotide (NAD™ ). Nicotinamide
mononucieotide is designated by NMN ¥ adenosine diphosphate ribose by ADPR, and adenosine
5-monophosphiate by AMP. Reduction (2 e; H*) of NAD* and NMN* to NADH and NMNH,
WMmHﬁ&MaQQdummﬂlmmdwm
at N(I).
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Apparatus

Electrochemical measurements were made with a Princeion Applied Research 170
multipurpose instrument and a three-compartment water-jacketed cell [19]. kept at
25°, whose counter and reference electrode compartments were filled with back-
ground solution. A variable speed Caframo motor (1—40 rps) was used to rotate the
electrodes.

Electrodes

Discs of 0.5 cm (GC) or 0.081 cm (Pt; Au) diameter were cemented into a glass
tube (GC) or Teflon cylinder (Au) with an epoxy adhesive. or sealed into a soft glass
tube (Pt). The geometric areas, determined by limiting current measurement for
hexacyanoferrate(III) reduction at the RDE [20], were 0.169 cm® for GC and
5.0 X 10~ 2 cm? for Pt and Au. Potentials cited are referred to the saturated calome!

reference electrode used. The counter electrode was a gold gauze.

Electrode pretreatnent and real surface area

The electrode surfaces were first polished on rotating 600-mesh SiC paper. In
order to obtain a clean reproducible surface. as indicated by a steady-state cyclic
voltammogram [21] (Fig- 2), the (stationary) electrodes were scanned in the back-
ground solution between the onsets of hydrogen and oxygen evolution, €.g., at pH
6.9, between —0.6and 1.35V, —044and 1.0 V, and — 1.6 and 19 V for Au. Pt and
GC, respectively; the polarization rate was 0.1 V s™!, but Pt and Au were first
scanned at 10 V s~ ! for 10 min. This pretreatment was stopped on polarization
towards more positive potential at a potential before the onset of oxygen adsorption
or surface oxidation. which, at pH 6.9, is ca. —04. 0.1 and 0.7 V for GC. Pt. and
Au, respectively, (Fig. 2) The start of oxygen adsorption on Au shifts negatively at
ca. —60 mV /pH and the potential region of oxygen adsorption is broadened [22]: a
similar pH effect seen with Pt [23-25] is connected with H™ involvement in the
adsorption process.

The actual Au electrode surface area was determined by measuring the charge
consumed on oxygen adsorption in 0.5 M H,SO; up to the I-E curve minimum at
1.45 V immediately before O, evolution (Fig. 2); this charge is independent of
polarization rate and, based on comparison with BET surface area measurement,
corresponds to 400 pC cm ™2 of real surface area [26]. The area found of 0.042 cor’
yields a roughness factor of 8.5.

The Pt electrode area was based on the charge consumed on adsorption of atomic
hydrogen in the electrochemical reaction, H* + e=H_,.. in 05 M H,SO, [21]: the
generally accepted factor for monolayer and 1:1 Pt: H stoichiometry is 210 pC
cm 2. Evaluation from the voltammogram in 0.5 M H,SO, (Fig. 2) [27] gave a real
surface area of 0.039 cm® and a roughness factor of 7.8.

No standard method is available for determination of the real surface of the GC
electrode.
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Fig. 2. Steady-state voltammograms at stationary Au, Pt and GC electrodes in buffered background
electrolyte solutions (025 Af K,SO,: 0.05 Af phosphate buffer: pH 6.9 (

direction of the potential scan. Current density is based on the geometric electrods area.

RESULTS

Adsorption

Adsorption at Au and Pt electrodes has been examined by a dip technique.

After its electrochemical pretreatment, the Au electrode was removed from the
ceil and was dipped for 5 min in a2 1 mAf solution of NADH in the background
solution, while rotated at 30 rps. In the blank experiment, the electrode was dipped
in the background solution alone. The electrode was then thoroughly washed with
water and redipped in the background solution in the cell. The cyclic voltammogram
of a Au electrode after contact with NADH, starting at —0.6 V and reversing at
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Fig. 3. Cyclic voltammograms at a stationary Au clectrode covered by adsorbed NADH and immersed in
pPH 6.9 solution. Curves are Iabeled by serial number of repetitive voltage pulses (0.1 V s™ ') between
—0.6 V (start) and 1.35 V. Dashed curve: steady-state cyclic voltammogram for a clean Au electrode.

1.35 V (Fig- 3), is characterized by the inhibition of oxygen adsorption in the 0.7 and
0.9 V region, increased anodic current between 1.0 and 1.35 V, and the need for at
least 10 voltage scans in order to regain the voltammogram of the clean electrode.

The increased anodic current positive to 1.0 V may be due to simultaneous
adsorbate oxidation and oxygen adsorption. These two phenomena can be separated
by integration of the cyclic voltammogram on the basis that, in contrast to adsorbate
oxidation. the contribution of oxygen adsorption to charge consumption, O, on the
scan from —0.6 to 1.35 V is balanced by the adsorbed oxygen reduction contribu-
tion to charge consumption, @, on the return scan. Thus, the charge yield,
Q,= 0O, — @, ,at —0.6 V on the n-th voltage pulse would represent only the charge
consumed in adsorbate oxidation. However, integration of the clean electrode
steady-state voltammogram yields some oxidation charge, which may correspond to
Au dissolution [28]. charge lost in the O, evclution, and/or incomplete adsorbed
oxygen reduction. Since the possible influence of adsorbed species on Au dissolution
and O, evolution rates is not known, one can only assume that the unbalanced
oxidation charge connected with these processes in presence of adsorption is
essentially the same as for the clean electrode. Therefore, the charge consumed on
adsorbate oxidation is calculated by subtracting O, for the clean electrode from that
for the electrode covered by adsorbate.

In order to isolate the influence, particularly on adsorption, of the component
entities in NADH, the following compounds (Fig. 1) were also examined: NAD™ |
NMN* and NMNH in which the elements of AMP have been removed from
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TABLE 1

Characterization of magnitude of adsorbed Inyers on gold electrodes
Compound * T/eps.® AQo/03°

Blank 04 o.lo

NADH 1.6 0s5s o
NAD™ 14 T 068

NMNH 09 030

NMN™* L1 032

AMP 1.9 0.70

ADPR 12 035 -

“ Presumed adsorbate after exposure of electrode to compcund specified.
'mmmmggamm.mmmammmmm
arc necessary before the steady-state cyclic voltammograms for a clean electrode is obtained (cf. text for
method of detemination).

€ Relative decrease in oxygen adsorption AQq /O3 between 0.7 and 0.9 V, which is a relative measure of
the extent of adsorption on the clectrode. Because of the difficulty in measuring the change in surface
coverage at An with adsorbate concentration, it is pot clecar whether the numbers obtained represent
maximum coverage of an intermediate coverage reflecting the differences in energy of adsorption of
different compounds adsorbed at the same bulk concentration.

NAD™ and NADH; AMP; and ADPR in which the nicotinamide moiety has been
removed from NAD* and NADH. Despite these structural differences, Au elec-
trodes exposed to solutions of NADH, NAD*, NMNH, NMN*, AMP, or ADPR,
exhibit voltammetric behavior qualitatively similar to that described in the two
previous paragraphs.

The integrated charge, presumably due only to adsorbate oxidation, approaches a
limiting value after 5 scans (NADH, NAD* and their components) or one scan
(blank experimeat), which represents the total charge, QF", necessary for adsorbed
layer oxidation (Table 1). The latter can be expressed as the number of electrons per
surface gold atom (e.p.s.). The experimental factor of 400 uC cm™2 for conversion of
charge to e.p.s. (cf. previous section) is very close to that expected for an adsorbed
monolayer with 1:1 Au:O stoichiometry [21] and thereby can be taken as the
equivalent of 2 e.p.s. consumed in a surface charge-transfer reaction.

The extent of adsorption can be characterized by the relative decrease in oxygen
adsorption between 0.7 and 0.9 V on the first scan from —0.6 to 1.35 V (Fig. 3), ie,
ratio decrease in charge consumed, @3, for the clean electrode (Table 1).

A cyclic voltammogram of a Pt electrode immersed in the background solution
after its contact with 1 mA/ NADH also exhibits the inhibition of the electrochemi-
cal oxygen adsorption and several voltage scans are necessary for complete adsorbed
layer oxidation. However, measurement of the charge. consumed on adsorbed
NADH oxidation is not reliable, mainly due to the tendency of Pt to adsorb O, from
the air,- to which the electrode is necessarily exposed by the dip technic. OF is
roughly twice as large as that for oxidation of NADH adsorbed on Au. -
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Because no charge transfer occurs between —0.55 and 0.0 V at Pt in the presence
of NADH in solution, except for deposition or stripping of adsorbed atomic
hydrogen, the extent of NADH adsorption can be estimated from the decrease in in
situ atomic hydrogen adsorption. Surface coverages are 70, 73, 78, 79 and 79% for
0.2 mM and 76% for 0.4, 1.0 and 1.9 m M. Thus, NADH adsorption at Pt increases
slightly with bulk NADH concentration.

NADH oxidation at rotating disc electrodes

Electrode pretreatment in pH 6.9 buffer was stopped at —0.6 (GC), 00 (Pt) or
0.6 (Au) V; the solution was replaced by one containing NADH. After deoxygena-
tion, a slow scan (2 mV s~ ') towards more positive potential was applied. The wave
recorded on both positive and negative polarization was cornrected for background
current (Fig. 4), using for Pt and Au the voltammograms for electrodes covered by
adsorbed NADH. When the polarization was stopped in either direction, the NADH
oxidation current changed negligibly ( < 10%) during 5 min, indicating that the wave
on beth positive and negative polarization at Pt and Au has the stationary character,
or, at least, corresponds to the particular electrode surface state, which changes
markedly after potentials close to onset of O, evolution are reached (cf. hysteresis of
anodic waves in Fig. 4).

At 2 m M or less NADH, the limiting current, /;, for all three electrodes is linearly
dependent on w'/? (angular velocity « =2uf;  ia rps) and independent of scan
direction. Above 2 mM, a decline from linearity towards lower values is seen as f
approaches 30 rps. At Pt and Au electrodes, 7, is constant between pH 6.9 and 10.5.
‘When I, is related to the geometric electrode area, 4, all points in Fig. 5 practically

POTENTIALfV

Fig. 4. Anodic wave of NADH at pH 6.9 corrected for hackground current at GC (A, A"), Pt (B, B) and
Au (C, C) rotating disc electrodes, recorded on positive (A, B, C) and negative (A’, B’, C') potential scan
QCmVsi) Rotation speed: 30 rps;: NADH conceatration: 1| mAf (GC) and 1.1 mM (Pt, Au).
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Fig. 5. Dependencies of the Emiting curreat, /), for the anodic wave of NADH (1 mAf) at pH 6.9 on the
square root of the angular velocity, ©, for Au (O), Pt (@) and GC (») rotating disc electrodes.
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Fig. 7. Dependencies of E; , for NADH at pH 6.9 on (A) clectrode rotation speed, w, at 1 mAf NADH
and (B) bulk NADH concentration at 30 rps. Rotating disc clectrodes: 1, Au; 2, P

fall on a single straight line. This is seen in the linear plot of the I,/w'/? ratio,
normalized for 4, vs. NADH concentration (Fig. 6).

With increasing f or NADH concentration, the wave at Pt and Au RDE shifts
positively (Fig. 7); AE, ,,/A(log w) is 109 (Au) and 104 (Pt) mV; AE, ,,/A(log c) is
33 (Au) and 66 (Pt) mV. On the other hand, the wave shifts negatively with
increasing pH and the reciprocal slope of the log[I(1, — I)~'] vs. E plot decreases
(Table 2); AE, ,/A pH = —53 (Au) and —28 (Pt) mV.

TABLE2
Half-wave potentials and log plot slopes® for the NADH oxidation wave at rotating disc electrodes ®

Electrode E, ,» (Slope)/V

pH 6.9 pH82 pH 105
Au 1.02 (0.19) 0.96 (0.19) 0.33 (0.11)
Pt 0.82 (0.16) 0.72 (0.13)
GC ~ 0.40 (0.17)

. Thedopsﬁveninpammmthemdpmcalslopsianorplotsoﬂos[I(l.-l)"]vs.E.
® Electrodes were rotated at 30 rps while being polarized towards more positive potential at 2 mV s~
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Fig 8. (A) Anodic wave of NADH (1 maf) at 2 Au rotating disc electrode (30 rps) covered by adsorbed
sulfide specics (polarization ratc = 2 mV s~ ') and (B) cyclic voltammograms (0.1 V s~*) at a stationary
Aumwbywmlﬁdespeds(wﬁdﬁm)matmcdandxnode(dnhedﬁm)
pH—G.S.Cnnlsmhbdedbytbescxialmnnbcrof!hctepeﬁtivcvoltagepulscm(A)DAand
135V and (B) —MandlBSV.AnuMsindiutetbedirwﬁonoltbepotenﬁalm

Effect cf adsorbed sulfide at Au

Sulfide was adsorbed at a Au surface by the dip procedure described above
(dipped for 2 min in 1 A Na,S in pH 6.9 buffer). On cyclic voltammetry of the
covered stationary electrode (Fig. 8B), anodic peaks appear at ca. 0.9 and 1.2 V on
the first voltage scan; on subscquent pulscs, the more positive peak decreases. At
least 10 scans are needed to obtain the clean electrode steady-state voltammogram;
O on oxidation of the adsorbed sulfide layer is 7.8 e.p.s. When the first scan is
seversed at 1.0 ¥ and the range is extended to 1.35 V on subsequent scans, Q3™ is 2.0
e.p.s. for the first scan and 7.2 e.ps. for all subsequent, necessary scans.



227

The effect of adsorbed sulfide on the NADH oxidation was examined as follows.
The anodic wave was recorded as usual (cf. Fig. 4C); the electrode was polarized to
—0.6 V, removed, washed with distilled water, dipped in 1 M Na,S in base
electrolyte for 2 min while rotated at 30 rps, removed. washed with distilled water,
returned to the NADH solution in the cell, and polarized to —0.6 V; the NADH
wave was recorded at 2 mV s~! towards more positive potential starting at 0.4 V
(Fig. 8A; curve 1). The NADH oxidation is appreciably catalyzed below 0.8 V; at
more positive potential, the wave is close to that recorded on Au not covered by
sulfide; on repeated scans between 0.4 and 1.35 V, the wave (Fig. 8A: curve 2)
practically coincides with that on uncovered Au. When the sulfide covered electrode
is polarized by repetitive scans between 0.4 and 0.675 V, the catalyzed NADH
oxidation proceeds without a change in rate.

Logarithmic analysis of both waves in Fig. 8A indicates that the catalytic effect of
adsorbed sulfide is accompanied by a change in the reciprocal of the log[ (1, — 7)™ ']
vs. E plot at the wave foot from 190 to 115 mV. Repetition of the experiment at 0.2
to 1.0 m M NADH showed no effect on the log plot slope at the wave foot. However,
the latter shifts positively with increasing NADH concentration: AE, »/A(log ¢) = 55
mV,

DISCUSSION
Adsorption

The data indicate that the compounds examined are strongly and irreversibly
adsorbed at the gold surface. The compounds lacking the adenine moiety, i.c..
NMNH and NMN*™*, are adsorbed at Au to a lesser extent than those having that
moiety (Table 1). The difference between AMP and ADPR is understandable in
terms of the increased number of hydrophilic groups in ADPR. If surface coverage
reflects the relative strength of bonding to the surface, the adenine moiety is the
preferential site for NADH and NAD™ adsorption at Au and, possibly, Pt. This is
in full agreement with the conclusion drawn by Takamura et al. [29]). from their
specular reflectivity measurements of adsorption of NAD*, NMN * | nicotinamide,
adenine and adenosine at Au electrode surfaces. Adenine is considered to be the
adsorption site for NAD™ at Hg [3] and GC [16] electrodes. The appreciable
»dsorption of NMNH and NMN ¥, however, points to the pyridine moiety possibly
being also involved in adsorption. at Au.

Inspection of the space-filling model [30] of NADH shows that the estimated
minimum projected area for the folded molecule to planes perpendicular or parallel
to that of the adenine and pyridine rings is ca. 0.85 nm? or 1.25 nm?, respectively;
the minimum projected area for the flat open molecule is 1.90 nm®. Since the area
per one surface atom of polycrystalline gold is much less, i.e,, 0.087 nnY, it is
probable that more than one surface atom is blocked by a single adsorbed NADH
molecule. Consequently, unless NADH is adsorbed in a multilayer, the oxidation
charge OFF of 1.6 e.p.s. certainly corresponds to more than 2 electrons consumed in
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the oxidation of one adsorbed NADH molecule. The same should hold for the other
adsorbates listed in Table 1.

While data indicate that NADH is strongly adsorbed at a Pt or Au electrode
surface, it is, in contrast, only weakly adsorbed at GC as compared with the strong
adsorption of NAD* at GC from solution or in the electrochemical step [14-16},

NADH—»NADJ, +H" +2¢ (1)

The effect of successive voltage scan oxidation of the adsorbed layer at Pt and Au
parallels that for NAD™ adsorption at GC (eqn. (II)) [14--16), the only difference
being that in the former case the adsorbed layer is gradually removed by repetitive
scanning while in the latter case it is gradually formed. In general, the behavior of
the adsorbed layer at Pt and Au can be accounted for on the basis that, as oxidation
of adsorbed species occurs close to the onset of O, evoiution, limitation of the
available potential range by the latter process may not allow the positive potentials
necessary for adsorbate oxidation to be reached in a single voltage scan excursion.

From the high charge consumption on adsorbate oxidation and the small dif-
ferences in adsorption and oxidation between NADH and NAD™ , and NMNH and
NMN™_. we can conciude that NADH participates in two different oxidation
processes at Au and Pt electrodes. The first process, described by reaction (I) gives
rise to the 2 e anodic wave (Fig. 4); the second can be described by

NADY — (NADH),,, > X+ ne @)

Because oxidation of adsorbed NADH obvicusly starts at more positive potential
than reaction (I), the latter occurs at an electrode surface covered by adsorberl
NADH, when a Au or Pt electrode is polarized by a positive potential sweep. At
GG, the electrochemical adsorption (reaction (II)) occurs in place of reaction (IIT) so
that reacticn £I) occurs at a surface covered to some extent by adsorbed NAD™* _

Mediated mechanism of NADH oxidation

Unlike NAD* reduction at a Hg electrode, NADH oxidation at solid electrodes
is much less informative about the mechanism of the overall reaction (I). In the
former case, the data are best explained by a sequence of two 1 e steps 21

NAD* + e NAD" (1v)
NAD + H,0" + e—»NADH + H,O V)
accompanied by dimerization of the intermediate free radical,

2 NAD — (NAD), (vI)

The rate coastant for charge-transfer reaction (IV) probably exceeds 1 cm s~ [13];
that for charge-transfer reaction (V) has not yet been evaluated. Since the irreversi-
ble polarographic wave corresponding to reaction (V) occurs at potentials as
negative as —16V, rwcuon(V)xsratherslow.'Ihemteconstantfordxmcnzauon
reaction (VI) is of order of 10 M~ s~ 121 .
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If the sequence of steps (IV) and (V) is reversed on NADH oxidation, reaction
(V) can be assumed to be rate-determining. Since the oxidation occurs positive to
0.2 V (Fig. 4), oxidation of NAD" tc NAD* would be sufficiently rapid to outrun
the dimerization (reaction (VI)), so that practically no dimer is produced. Under
these circumstances, a single anodic 2 e wave should be observed, which corresponds
to the irreversible 1 ¢ NADH oxidation (reaction (V)) and which is independent of
the nature of electrode matenial, NADH concertration and solution pH as well.
However, since all three effects are involved in NADH oxidation at solid electrodes,
modification of the mechanism outlined is required. The effect of electrode material
is obviously most significant and it may underlie the effects of both NADH
concentration ard solution pH.

The correspondence between the rate of NADH oxidation at solid electrodes and
the state of the electrode surface can be reasonably explained on the basis of
intimate involvement of surface oxygen species in the rate-determining step of
overali reaction (1), i.e,

NADH + H,0 - NAD + H,0* + ¢ (VII)

Such correspondence was first suggested by Blaedel and Jenkins [8].

The possible involvement of two surface oxygen redox systems in NADH
oxidation is schematically depicted in Fig. 9. The electron—transfer path involves
electron exchange between energy levels located at the surface oxygen atom and in
the electrode, coupled with electron exchange between energy levels of the surface
oxygen atom and the solution species, i.e.,, NADH molecule. The proton transfer
path involves transfer of the proton bound to C(4) of NADH to a third species,
which is the proton acceptor, e.g., H,G, with possible intermediate formation of a
bond to the surface oxygen atom:

H\ /H

(f

xw O —|

H
where i, f and m designate the initial, final and possible intermediate bonds,
respectively, of the transferred proton.

Thus, two mechanisms can be envisaged for the proton transfer path. In one,
electron transfer through the intermediate state located close to the surface oxygen
atom and proton transfer are decoupled from each other, ie, the proton bound to
C(4) of NADH is not involved in the activated complex formed before electron
transfer may occur. The stable intermediate state in the electron—transfer path,
which may be but need not be actually formed, would be represented by NAD'H*
and O,,(OH_,.). Subsequently, the proton is transferred from NAD H™ to a proton
acceptor in a distinct chemical siep, as supported by previous results [12]

T.=5%0

Electrode

L]
T
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In the second mechanism, a2 bond is formed between the transferred proton and
the surface atoms, and the intermediate state in the electron—transfer path would be
represented by NAD" and OH_,(H,0). In order that the “inner-bridge” activated
complex be formed, reorganization of the proton conﬁgurauon with respect to both
C(4) and surface oxygen atoms and proton acceptor is necessary.

On the whole, irrespective of whether or not a stable’ intermediate state is actually
formed, clectron transfer through a mediator-energy level may represent a path
which is kinetically more favorable than direct electron transfer.

The hypothesis that oxidation of NADH may proceed through different mediator
redox systems located close tc the electrode surface is further supported by the
catalysis of NADH oxidation by surface-attached quinones [17] and by sulfide
adsorbed at a Au electrode.

A
H20
NAD® H0
(Substrate} | (Mediotor) (Electrode)
NADH e €
H3°+
B8 H0
NaD
(Substrate) | (Mediator) (Bectrode)
€
H30+

H&9.Sdmﬁcdcpiabn§dpoaﬁbkmﬂmemygenmdoxsxsmssmdhmhtbcoﬁdaﬁmof
INADH at cloctrodes. A: OH,,, /H,0 redox couple. B: O_,, /OH_,, redox couple.

At pH 6.9, sulfide species adsorbed on Au are probably H,S and HS™ (pX, for
H,S: 7.04, 11.96). The charge of 7.8 ep.s. consumed on total oxidation of the
adsorbed sulfor layer indicates oxidation to the highest normal oxidation stage.
Oxidaticn of the layer “by parts™ reveals that the anodic peak at ca. 0.9 V (Fig. S8E)
is due to 2 e oxidation to S® and that thepnkatta 1.2 V is due to further
oxidatioa to SO~ (cf. ref. 31).

Significant catalysis of NADH oxidation at a Au electrode covaed by adsorbed
sulfur species (Fig. 8A) is associated exclusively with species in the lowest oxidation
stage: H,S,, or HS,;,. In fact, the NADH -wave on repeated slow potential scan
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between 0.4 and 1.35 V (Fig. 8A; curve 2) practically coincides with that at a Au
electrode not covered by sulfur species, although S@ species are still present on the
surface (Fig. 8B; curve 2). Furthermore, if a Au electrode covered by H,S_,, or HS;,
is not polarized more positive than 0.68 V, at which oxidation of these species starts,
the catalyzed NADH oxidation proceeds without significant time decay.

Such catalysis can be interpreted in terms of the involvement of such surface
redox systems as HS_, /7HS,, or HS,;. /H,S, . in the electron transfer from NADH
to electrode in the same way as such surface redox systems as O,,./OH_,;,. As the
formal potentials of the HS_,./H,S,,;, and HS,, /HS_; systems are probably less
positive than that of the O,,./OH_, system, the oxidation of NADH is easier when
the former systems are involved.

Theory for mediated mechanism

With the reference to Fig. 9, the surface EC catalytic mechanism will be consid-
ered,
Quu+H +eaQH,4 (VII)
Q.4 + NADH — QH_,;, + NAD" (IX)
where Q_,./QH_,. is the surface mediator redox couple. Such mechanism has been
currently used to interpret the charge-transfer kinetics at chemically modified
electrodes [32]. Some consequences arising from this type of mechanism for rotating
disc electrode voltammetry have been analyzed [33}.

Under stationary conditions. the surface concentrations I‘Q and I‘QH of Q and
QH, respectively, do not vary with time, ie.,
AT/3t =k oy Tou — kox P~ 'To— kLot apn =0 1)

where k_, is the potential-dependent anodic rate constant, k_ is the rate constant of
the chemical step (reaction (IX)), cfapy is the NADH concentration at the electrode
surface and P is the potential-dependent function

P=exp| (F/RT)-(E~ E®)] @
Since the electrolyte solution is buffered, the proton concentration c. may be
assumed to be constant throughout the solution space; it is included in the formal
potential E? for electrochemical step (VIII),
E°?=E°+ (RT/F) In c$- 3)
In eqn. (1), the principle of detailed balancing [34] is used to interrelate the cathodic
(K ,.4) and anodic (k,,) rate constants, k, g = ko, P .

Taking into account the fast follow-up oxidation of NAD" to NAD™, the
diffusion current 7 is given by
I=(2FAD/8)(cXapn — cfiapu) (4)
where A4 is the interfacial area, D is the diffusion coefficient of NADH, c,p; is the
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bulk NADH concentration and 8 is the thickness of the diffusion layer,
3=160" VD> - 5)

where  is the angular velocity and » is the kinematic viscosity.
Assuming; that

To + Ioy = Iy = constant (6)
a quadratic equation can be derived for the surface concentration Iy:
PPp|s.+5,P(1+P) '~ P(1+P) | —s. PO +P) '=0 7)
where p = I/I, and the dimensionless kinetic parameters s, and s,, are defined as
s.=D/k 51, (®
Son = Dciani/kox 8T, )
Finally, the current [/ is given by

I=ply(s.+p)"" (10)
where the limiting diffusion current 7, is

I,=(2FAD/8)capu (1)

Two limits of egn. (7) can be distinguished. First, when the surface charge
trausfer is very fast so that k_, — oo or s, — 0 (the reversible case), eqn. (7) becomes
(33}

p=pP(1+pP)"" (12)
In this case, the limiting current £, is given by
L=I(+s)"" (13)
and the half-wave potential, E[77, is given by
ESy=E°+(RT/F)lns(1+s)"" (14)

On the other hand, when the surface charge transfer is very slow (the irreversible
case), quadratic eqn. (7) remains to be solved. However, due to the kinetic over-
potential, P(1+ P)~"'— 1 and

pr+p(s.+s,—1)—s.=0 (15)

The limiting current is again given by eqn. (13), but the half-wave potential depends
on the kinetyc parameters of the electrochemical step (VIII). If, formally,

k. (E)=k%, exp| (1 — a)F(E — E®)/RT] (16)

where k:’" is the apparent rate constant and a is the apparent cathodic charge
transfer coefficient, the half-wave potential is given by

RT Dcfiapu 25+ 1.
(l — C)F k:’” 31‘0 2(_3e + 1)2

EF,=E%+

(17)
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On the basis of this theory, we can make the following generalizations about the
electrochemical oxidation of NADH at solid electrodes.

(1) Because the limiting current I, for the NADH wave is proportional to bulk
concentration and «'/2, and independent of pH and electrode material, we can
conclude that it is controlled solely by diffusion of NADH to the electrode surface.
Recalling egns. (13 and 8), this means that D/k_ 8T, << 1. Using then this relation
and eqn. (5) for §, a NADH diffusion coefficient of 3.3 X 107% cm? s~ ! is calculated
from the straight line slope in Fig. 6, which value is comparable to that calculated
for NAD™ from its DME reduction (3.4 or 4.3) X 10~ cm? s~ ! [2).

(2) As is apparent from eqns. (14 and 17), the nature of the electrode material
may be reflected in the half-wave potentizal of the NADH wave through the formal
potential E? of the surface redox couple (reaction (VIII)). In fact, the differences in
E, ,; qualitatively correlate with the differences in onset of oxygen adsorption on
comparing the waves both at different electrodes (Figs. 2 and 4) and at different pH
at the same electrode (Fig- 2, (Au); Table 2). However, the shift of E, , with
electrode material is considerably less than with onset of oxygen adsorption, e.g., in
going from Au to GC, E, ,, changes by ca. 0.6 V (Fig. 4), while the start of oxygen
adsorption changes by ca. 1.1 V (Fig. 2). This can be ascribed to other factors, e.g..
to the change in kgw or I, (cf. eqn. (17)).

(3) The surface redox couples which are presumably involved in NADH oxida-
tion at solid electrodes exhibit grossly irreversible electrochemical behavior, al-
though, for example, the oxygen adsorption at Pt [21,23] or Au [21,22] electrodes is
probably initiated by the reversible adsorption of OH species. Consequently, the
irreversible NADH oxidation at solid electrodes can be expected. In fact, the
reciprocal slopes of the logarithmic analysis of the anodic NADH wave (Table 2) are
much higher than the reversible slope of 0.059 V, which is predicted by the equation

(L—II'=s(1+s)'P!
derived for the reversible case from eqns. (10, 12 and 13).

However, in the irreversible case, the non-linear loganthmic analysis can be
expected, due to quadratic eqn. (15). At the foot of the irreversible wave, p << 1 and
(L — DI !'~s,,, ie., the reciprocal slope of the logarithmic analysis approaches
2303RT/(} — a)F. The non-linear logarithmic analysis is observed for NADH
oxidation at all three electrodes, but its reciprocal slopes do not vary too much from
the values given in Table 2, which would correspond to an apparent charge—transfer
coefficient a of about 0.7.

(4) In general, the half-wave potential of the NADH anodic wave may depend on
the electrode rotation speed, NADH concentration and solution pH (cf. eqns. (14
and 17)). In the reversible case (eqn. (14)), only the effect of the solution pH should
be observed, AE[;;/ApH = —2303RT/F, while (AE[3/A log clapu) =
AEV;; /A8 log @ =0. On the other hand, for the irreversible case, AE,,/ApH =0,
while AEX /A log w =2303R7T/2F(1 — &) and AE{%, /A log c%\py = 2-303RT/F(1
- a). .

If a is assumed to be 0.7, the effects observed on NADH oxidation at Pt and Au
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electrodes point to the quasi-reversible behavior of the surface redox couple, with the
exception of the effect of the electrode rotation speed which corresponds rather to
the behavior of an irreversible mediator redox system.
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