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sterically induced nonplanarity of TMOX. Unfortunately, 
the only information available on this point relates to N M R 
studies, and inferences based thereon by Siddall and 
Good.14 In any event, such a nonplanarity would lead to an 
expected decrease in the 1 9 / 1 9 separation, the n+/n_ sepa
ration remaining relatively unaffected. Consequently, it is 
possible that the near degeneracy of the n+, TT®, and ire ion
ization events exhibited in Figure 5c is attributable, in part, 
to bending and not solely to iV-methylation effects as im
plied above. In addition, the diffuseness of the 9 eV PES 
band may be due not so much to near degeneracy of these 
three events (i.e., the n+, TT®, and 7re ionizations) as to the 
existence of a statistical ensemble of variously twisted 
TMOX species in the gas phase. 

Correlation Diagrams. The results of CNDO/s computa
tions are summarized in Figure 3 and may be compared 
with the experimental correlation diagram of Figure 4. This 
comparison is massively impressive, particularly in the 
lower ionization energy regime. Any assignments which 
might be made in the higher ionization energy regime 
(apart from direct comparison with the computational re
sults, a procedure which is more than suspect) would have 
little foundation; hence, this region is left largely unas-
signed. 
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The pyridine nucleotide, nicotinamide adenine dinucleo-
tide (NAD + ; diphosphopyridine nucleotide, DPN + ; coen
zyme I) (Figure 1), is a coenzyme for the dehydrogenase 
enzymes which catalyze redox processes in virtually all bio
logical systems, involving transfer of hydrogen between sub
strate and coenzyme, e.g., alcohol dehydrogenase (ADH) 
catalyzes oxidation of ethanol to acetaldehyde and simulta
neous reduction of N A D + to N A D H 2 via effective net 
transfer of a hydride ion from alcohol to C(4) of the pyri
dine ring.3 

The gross reversibility of the NAD+/NADH redox cou-
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pie under physiological conditions has prompted extensive 
study by polarographic techniques.4 While the basic reduc
tion pathway OfNAD+ has been well established (cf. Redox 
Path), certain aspects of its electrochemical and related 
chemical behavior have been only partially explained or 
have not been considered. The present investigation was de
signed to establish more clearly the influence of adsorption 
of reactant and products at the interface, the postulated 
electroactivity of the dimer produced on the initial one-elec
tron (Ie) reduction, the structure of the product(s) pro
duced on 2e reduction, the magnitudes of rate-controlled 
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Abstract: Important aspects of the electrochemical redox pattern and related chemical behavior of nicotinamide adenine di
nucleotide (NAD+) have been examined on the basis of electrochemical, spectrophotometric, chemical, and enzymatic stud
ies of the coenzyme, NADP+, deamino-NAD+, their reduction products, and related nicotinamides and adenines. The arti
facts introduced into the observed electrochemical patterns by coenzyme and reduction product adsorption at the solution-
electrode interface can be removed by addition of a more strongly adsorbed species. An initial reversible one-electron (Ie) 
addition to the pyridinium ring produces a free radical, which dimerizes (rate constants at pH 9 and 30° are 2.4 X 106 A/-1 

see - ' for NAD+, 1.6 X 106 for NADP+ and 1.7 X 106 for deamino-NAD+; activation energies and frequency factors were 
determined). At more negative potential, the radical is reduced (Ie, 1 H+) to a dihydropyridine, largely 1,4-NADH; some 
1,6-NADH is also formed, indicating the lesser specificity of electrochemical reduction as compared with enzymatic. At suf
ficiently positive potential, dimer and dihydropyridine are oxidized to NAD+; the dimer is much more easily oxidized. The 
dimer is not directly reduced electrochemically within the available potential range. Both reduction products hydrolyze; rate 
increases with decreasing pH; at a given pH, dimer is less stable than dihydropyridine. 
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Figure 1. Formula for enzymatically active NAD+, i.e., /3-nicotinamide 
adenine dinucleotide. The isomer having an a-glycosidic nicotinamide 
ribose linkage does not exhibit enzymatic activity with yeast ADH. A 
related coenzyme, nicotinamide adenine dinucleotide phosphate 
(NADP+), is formed when the underlined H is replaced by a PO(OH)2 
group. In deamino-NAD+ (DNAD+), the adenine moiety is replaced 
by hypoxanthine. 

Table I, Buffer and Background Electrolyte Solutions0 

a The final ionic strength of buffer solutions in all experiments 
was 0.5 M unless otherwise stated. b KCl concentration: 0.4 M. 
c Et.NCl concentration: 0.4 M. 

processes, e.g., free radical dimerization, and hydrolytic and 
oxidative product stability. In particular, perturbation tech
niques (ac polarography and cyclic voltammetry) were used 
to study adsorption and kinetics, and product solutions were 
thoroughly examined. 

In addition to the normal /3 form of N A D + , a -NAD + , 
nicotinamide adenine dinucleotide phosphate (NADP + ; tri-
phosphopyridine nucleotide, TPN + ; coenzyme II), deam-
ino-NAD+ (nicotinamide hypoxanthine dinucleotide; 
DNAD + ) , deamino-NADP+ (nicotinamide hypoxanthine 
dinucleotide phosphate; DNADP + ) , and the various reduc
tion products derived from these compounds in aqueous 
media were examined. 

Experimental Section 

Chemicals, apparatus, and procedures have been described.5-7 

Potentials were measured with respect to the aqueous saturated 
calomel electrode (SCE). The buffer solutions used, prepared from 
reagent grade chemicals, are listed in Table I. 

The reported analytical data and spectrophotometric assay indi
cated sufficient purity for polarographic study of the compounds 
used: adenine, adenosine, adenosine 5'-monophosphate (AMP), so
dium adenosine 5'-diphosphate (ADP), dipotassium adenosine 5'-
triphosphate (ATP), /3-NAD+, and yeast ADH from Calbiochem; 
NADH, nicotinamide mononucleotide (NMN+), reduced nicotin
amide mononucleotide (NMNH), <*-NAD+, NADP+, DNAD+, 
and DNADP+ from Sigma; adenosine diphosphate ribose (ADPR) 
from Mann Research. Compounds were stored in a desiccator over 
CaSC>4 at 5° or over silica gel. 

Solutions containing NAD+ or its reduction products were as
sayed enzymatically8 before and after each controlled potential 

- 0 6 -12 

POTENTIAL, v 

Figure 2. Dc and ac polarograms of NAD+ (0.31 mM) in pH 9.3 
KCl/carbonate buffer. Dc polarograms shown with and without elec-
troactive species present. Ac polarograms: solid lines represent in-phase 
(lower set) and quadrature (upper set) components of total ac current; 
dashed lines represent corresponding background currents. 

Buffer 
No. 

1 
2 

3 
3a 
3b 
4 
5 
6 
7 
8 

pH range 

0.0-1.8 
2.0-8.0 

3.9-5.9 
5.4 
7.8 
9.0-10.0 
9.0-10.0 
9.0-10.0 
9.0-10.0 

11.0-12.0 

Composition 

HCl + KCl 
Na2HP04-7H20 + citric 

acid monohydrate + KCl 
HOAc + NaOAc 
HOAc + NaOAc + Et4NCK 
H3BO3 + KCl + NaOH 
K 2CO 3

+KHCO 3 

K2CO3-I-KHCO3
+KCl* 

K2CO3
 + KHCO3

 + Et4NCIc 
NH3 + NH4Cl 
KOH + KCl 

1 
I - -

2 

C
U

R
R

 

Figure 3. Dc and ac polarograms of NAD+ (0.31 M) in pH 9.6 
Et4NCl/carbonate buffer. Dc polarograms shown with and without 
electroactive species present. Ac polarograms: solid lines represent in-
phase (lower set) and quadrature (upper set) components of total ac 
current; dashed lines represent corresponding background currents. 

electrolysis;7 6220 was used for the 340-nm molar absorptivity of 
the reduced coenzyme.9 

Results and Discussion 

Although the electrochemical behavior of N A D + was 
surveyed over the pH range of 2-12, catalytic hydrogen ev
olution" at lower pH and N A D + decomposition at higher 
pH resulted in detailed studies being largely confined to pH 
9-10, where both reduction waves are simultaneously visi
ble (Figures 2 and 3). 

Dc Polarography. Below pH 6, N A D + exhibits a single 
cathodic wave (wave I) (Table II), which, with increasing 
pH, decreases in height to a limiting value at pH 4-5 and 
becomes diffusion controlled. Above pH 10, the N A D + pat
tern diminishes because of hydrolysis and a wave due to nic
otinamide reduction5 develops. The decomposition rate in
creases with pH; after an hour (0.31 mM NAD + ; 25°), 
1.9% was decomposed at pH 9.5 and 88% at pH 11.8. £1/2 
is virtually pH independent; the diffusion current constant, 
/, (1.1-1.3) suggests a Ie faradaic process. 
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Table II. Variation in Polarographic Behavior of NAD+ with pH 

Buf
fer 
No. 

1 
1 
1 
2 
2 
2 
3 
3 
3 
2 
3b 
2 
2 
4 
4 
4 
5 

5 
4 

7 
6 

8 

PH 

1.0* 
1.0e 

1.8« 
2.1 
2.9 
4.4 
5.0 
5.0 
5.4 
6.1 
7.8 
7.1 
8.0 
9.0 
9 .3 / 
9.3X-
9.3 

9.3>i 
9.4 

9.5' 
9.6 

11.8/ 

Concn, 
mAf 

0.32 
0.45 
0.45 
0.32 
0.32 
0.31 
0.32 

0.13-2.6 
0.31 
0.32 
0.74 
0.32 
0.32 

0.34-1.7 
0.32 
0.32 
0.32 

0.32 
0.31 

0.32 
0.31 

0.26 

-Ex111V 

(0.90) 
(0.92) 
0.89 
0.90 
0.88 
0.88 

0.91-0.92 
0.88 
0.89 
1.13 
0.89 
0.89 

0.91-0.92 
0.91 
0.90 

10.89 
II 1.62 

0.89 
10.89 

II 1.67 
0.89 

11.03 
111.61 

0.90 

Wave* 
slope, 
mV 

93 
88 
67 
67 

58 -60 
65 
62 
59 
59 
59 
60 

63 
121 
65 
70 
75 
63 

P 

2.35 
1.92 
1.35 
1.20 

1.1-1.6 
1.25 
1.22 
1.80 
1.18 
1.15 

1.1-1.3 
1.22 
1.24 
1.19 
1.28 
1.21 
1.26 
1.70 
1.23 
1.12 
1.34 

xc 

0.43 
0.38 
0.46 
0.51 
0.50 

0.50 
0.50 

0.49 
0.31 

0.49 
0.52 

Back
ground 
shift,** 

mV 

270 

230 
280 
210 
250 

300 
250 

200 
120 

0 
0 
0 

0 
0 

0 
0 

0 
a Data are for wave I except where Roman numerals are used to 

indicate the two waves. b Wave slope calculated as (£-,,4 - E3/i). 
Diffusion current constant,/= ii/Cm2'31"6. In order to compare 
relative wave heights, / values have been calculated in some cases for 
waves whose limiting currents are not diffusion controlled. c X 
is a measure of the dependence of the limiting current (z'i) on the cor
rected height (h): log i\ = X log h. Dependence determined by using 
three to six heights. d Shift in background discharge in the presence 
of the electroactive species compared with that for the supporting 
electrolyte alone. e Wave I not observed. Background discharge be
gins at a potential where the foot of the NAD+ wave normally 
occurs. /Ionic strength = 0.03 M. Wave II is ill defined, clonic 
strength = 0.10 M. Wave II is ill defined, h Ionic strength = 2.0 M. 
A capacity wave obscures wave II. 1 Data not taken because of the 
presence of a capacity wave or maximum prior to wave II. / Data 
not taken due to instability of NAD+ in basic solutions. 

The positive shift (0.2-0.3 V) of solution discharge on 
N A D + addition, due to catalytic hydrogen evolution, is rel
atively constant to pH 6 but then decreases; at pH 9, dis
charge occurs at a potential identical with that for back
ground electrolyte alone. 

Wave II is partially obscured by hydrogen evolution 
below pH 9 and by nicotinamide reduction above pH 10; at 
pH 6-8, it does not exhibit a limiting portion as does 
N M N + wave II,6 but gradually merges with solution dis
charge. 

At pH 9-12, a very small anodic wave sometimes seen 
close to mercury discharge corresponds to formation of a 
mercury-adenine complex; a similar wave is seen for ADP 
but not for N M N + . 

1. Behavior at pH 9 to 10. Although N A D + wave I shifts 
relatively little in potential with increasing ionic strength 
(ti) (Table II), accompanying maxima are affected. At low 
ix, a slight maximum of the first kind appears on the rising 
wave and a small maximum of the second kind or capacity 
wave is seen on the limiting plateau at - 1 . 3 V; wave II ap
pears as an ill-defined shoulder on solution discharge. On 
addition of 0.0008% Triton or 5 mA/ Et4NCl, both maxima 
disappear and wave I is well defined. With increasing 11, the 
first maximum disappears, the capacity wave grows in di
rect proportion and shifts to more negative potential, and 
wave II appears and grows. Characterization of wave II is 
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Figure 4. Variation in the dc polarographic behavior of NAD+ (0.32 
mA/) with increasing Et4NCl concentration. All solutions were main
tained at 0.10 M ionic strength (0.05 M carbonate buffer plus Et4NCl 
and KCl as shown; final pH 9.9). 

difficult because of its proximity to the capacity wave. At 1 
M ix, 0.0008% Triton only partially decreases the latter. 

The capacity wave is associated with desorption of the di-
meric wave I reduction product from the interface. Any fac
tor, which increases the dimer's surface activity, e.g., by 
lowering its solubility, shifts the wave to more negative po
tential; shifts of —190, —90, and —50 mV occur, respective
ly, with increased n (0.1-2 M), decreased temperature 
(37.0-1.4°), and increased N A D + concentration (0.05-
1.93 mA/). The wave height is directly proportional to 
N A D + concentration, unaffected by temperature, and, in 
buffer 5, directly proportional to h. A dc wave would not be 
expected to accompany desorption which does not produce 
a faradaic current; however, desorption might cause stir
ring, which would increase the limiting wave I current. 

2. Effect of Et4N+ . Et4NCl addition significantly 
changes the N A D + pattern at pH 9-10; e.g., on increasing 
Et4NCl concentration at constant /x, wave I shifts negative
ly and wave II becomes distinct and grows (Figure 4); the 
solution discharge potential is unchanged. At sufficiently 
high Et4NCl concentration (Figures 3 and 4), two well-de
fined diffusion-controlled waves of about equal height are 
seen, whose slopes deviate appreciably from that expected 
for an uncomplicated reversible Ie wave. With increasing 
N A D + concentration (0.013-1.32 mA/ at pH 9.6), the 
waves remain of equal height, but E]/2 of wave I becomes 
more positive ( -1 .09 to -1 .00 V) and of wave U more neg
ative (-1.58 t o - 1 . 6 5 V). 

A small wave of constant height at - 0 . 6 V (Figure 3) be
comes about 0.1 V more negative between 0.13 and 1.20 
mA/ NAD + ; the charging current before this wave is de
pressed from background level but is identical afterwards. 

3. Compounds Related to NAD+ . The behavior of 
NADP + , DNAD + , DNADP + , and a -NAD + (Table III) is 
generally similar to that of N A D + . At slightly acidic pH, 
only wave I is observed; at higher pH (9-10), wave II is also 
visible. Differences between the five compounds are primar-

Nicotinamide Adenine Dinucleotide and Related Compounds 
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Table III. Variation in Polarographic Behavior of NADP+, 
DNAD+, DNADP+, and cv-NAD+ 

Buffer 
No. 

2 
2 
3 
3 

4 

4 

6 

2 
2 
3 
3 
4 

4 

6 

2 
2 
3 
4 

2 
2 
3 
3a 
2 
2 
5 

4 

6 

PH 

3.0 
4.4 
5.0 
5.0 

9.0 

9.4 

9.6 

3.0 
4.4 
5.0 
5.2 
9.3 

9.4 

9.6 

3.0 
4.4 
5.0 
9.4 

3.0 
4.4 
5.4 
5.4 
6.1 
7.1 
9.3 

9.4 

9.6 

Concn, 
mA/ 

0.28 
0.29 
0.28 
0.28 
0.61 
0.63 
1.04 
0.39 
0.52 
0.88 
1.10 
0.29 

0.29 

0.37 
0.37 
0.37 
0.58 
0.21 
0.46 
0.52 
0.77 
0.94 
0.37 

0.37 

0.26 
0.26 
0.26 
0.26 

0.46 
0.46 
0.46 
0.46 
0.32 
0.32 
0.32 

0.46 

0.46 

-E1,2," 
V 

NADP+ 

0.91 
0.89 
0.89 
0.95 
0.95 
0.95 
0.95 
0.97 
1.03 
1.11 
1.11 

10.92 
II 1.69 
I 1.06 

II 1.61 

DNAD+ 

0.93 
0.89 
0.89 
0.93 
0.97 
0.97 
0.97 
0.96 
0.97 

10.91 
II 1.64 
11.04 

II 1.60 

DNADP+ 

0.93 
0.91 
0.89 

10.93 
II 1.68 

Q-NAD+ 

0.93 
C 

C 

1.07 
0.99 
0.99 

10.99 
II 1.58 
I 1.00 

II 1.63 
10.97 

II 1.61 

Waveb 
slope, mV 

95 
71 
74 

60 
60 
60 

56 
91 
79 
93 

77 
65 
64 
60 
59 

60 

67 
94 
60 
92 

94 
69 
57 
61 
93 

77 
C 

C 

82 
79 
86 
81 

124 
74 

109 
83 
88 

Ib 

2.0 
1.25 
1.13 
1.63 
0.94 
1.08 
1.17 
0.92 
0.88 
1.10 
1.10 
1.20 
1.54 
1.01 
1.24 

1.31 
1.23 
1.02 
1.31 

1.24 

1.19 
1.13 
1.23 
0.94 
1.07 

2.00 
1.29 
1.08 
1.15 
1.55 

1.31 
C 

C 

1.14 
1.20 
1.15 
1.17 
1.2.6 
1.24 
1.46 
1.11 
1.17 

a Data are for wave I except when Roman numerals are used to 
indicate the two waves. b Headings are explained in Table II. c Ab
normal wave due to dimer adsorption. 

ily due to adsorption (cf. Ac Polarography). On Et4NCl ad
dition, these compounds as well as NMN+ 6 exhibit essen
tially identical behavior (Tables II and III; buffer 6); both 
waves are well defined. 

Ac Polarography.12 In pH 9.3 buffer 5 (Figure 2),13 

NAD+ shows a faradaic peak (in-phase component) at 
—0.97 V (wave I process; quadrature component at —1.04 
V) and a barely discernible peak at —1.65 V (wave II pro
cess; no detectable quadrature component). Prior to the 
wave I process, adsorption of NAD+ depresses the differen
tial double layer (dl) capacity with a minimum at —0.65 V. 
A quadrature peak at —1.29 V, almost entirely capacitive in 
nature, is a tensammetric peak resulting from desorption of 
the wave I product (dimer). Beyond -1.5 V, the dl capacity 
is the same as for background alone, indicating that the 

-04 -0.8 
POTENTIAL, v 

Figure 5. Effect of ionic strength on the adsorption-desorption behav
ior of the dimeric reduction product of NAD+ . Quadrature compo
nents of ac polarograms for NAD+ (0.32 mA/) in 0.1 M carbonate 
buffer (pH 9.3) plus KCl where required (dashed line, 0.1 M ionic 
strength; dotted line, 0.5 M; solid line, 2.0 M; BG indicates back
ground electrolyte base current at the designated ionic strength). 

wave II product is not adsorbed over the potential range of 
its formation. 

The moderate sensitivity of the ac patterns to experimen
tal variables is confined to adsorption-desorption phenome
na; faradaic processes remain about the same. Factors ex
pected to increase dimer surface activity shift the tensam
metric peak negatively similar to the corresponding dc ca
pacity wave (Figures 5 and 6). The patterns are virtually 
unchanged between pH 3 and 12; the dl capacity minimum 
is constant (-0.64 ± 0.02 V) as is the tensammetric peak 
(£ s = -1.27 ± 0.03 V), i.e., the NAD+ adsorption is pH in
sensitive. 

1. Effect of Et4N
+. Substitution of Et4NCl for KCl in 

the background electrolyte, as expected, significantly alters 
the ac pattern (Figures 2 and 3). In buffer 6, NAD+ exhib
its faradaic peaks at -1.09 and -1.64 V, a peak at zero volt 
(mercury oxidation), and a tensammetric peak at —0.67 V. 

The depressed capacity prior to the latter tensammetric 
peak indicates that NAD+ is adsorbed at the interface. In 
the potential region of the peak, which is more negative 
than the ecm, NAD+ is desorbed due to preferential ad
sorption of Et4N+. With increasing NAD+ concentration 
(0.13-1.26 mM), the peak shifts from -0.64 to -0.73 V 
and its current increases by a factor of 2.5. With increasing 
Et4N+ concentration, the peak becomes more positive and 
increases in size. The small dc wave at —0.6 V is due to 
charging current arising from this desorption-adsorption 
process. Between the tensammetric and first faradaic peaks, 
the dl capacity is nearly the same as for background alone, 
indicating that NAD+ is not adsorbed. Absence of a change 
in dl capacity following the two faradaic processes indicates 
that the reduction products are not adsorbed. Thus, Et4N

 + 

is preferentially adsorbed in the potential region following 
the tensammetric peak. Results are similar for NAD+ con
centration as high as 1.26 mM. 

2. Behavior of Related Compounds. NADP+, DNAD+, 
DNADP+, and a-NAD+ were studied in pH 5.0 acetate 
and pH 9.4 carbonate buffers. The principal difference be
tween them in the absence of Et4NCl is in their relative 
tendencies to adsorb at the interface; each is adsorbed, 
causing a quadrature component depression prior to wave 
Ic. The pattern for NADP+ is similar to that of NAD+. 
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Figure 6. Effect of NAD+ concentration on the adsorption-desorption 
behavior of the NAD dimeric reduction product. Quadrature compo
nents of ac polarograms for solutions 1.50 M in KCl and 0.25 M in 
carbonate buffer (pH 9.9) {mM NAD+ concentration: A, 0.04; B, 
0.12; C, 0.34; D, 0.88; E, 1.26; F, 1.76). 

D N A D + is most strongly adsorbed, exhibiting a deep "ad
sorption well" or depression prior to wave I; its adsorption 
also causes a depression in the dc charging current. 

Similar to N A D + , each wave I product is adsorbed when 
formed but is desorbed at more negative potential, e.g., ap
pearance of an ac peak, mainly capacitive in nature, and, in 
some cases, of a capacity wave on the dc wave I plateau 
prior to wave II. The most strongly adsorbed dimer is that 
of a -NAD + ; in acidic solution, its adsorption causes a deep 
depression in the quadrature current and considerably dis
torts dc wave I. On Et4NCl addition, dimer adsorption dis
appears (Table III). 

Ac faradaic peak I currents for all five compounds are 
considerably less than expected for a reversible Ie process;14 

the magnitude of the difference decreases with increasing 
frequency (50-1000 Hz). This indicates a chemical reaction 
following the initial Ie reduction; the reaction cannot be 
identified as a dimerization, as the necessary diagnostic cri
teria have not been developed. The second harmonic curve 
shapes are characteristic of reduction processes influenced 
by chemical reactions involving the reduced species. The 
peak heights grow with increasing frequency; at high fre
quency (500 Hz), an additional derivative pattern is notice
able a t - 1 . 3 2 V. 

Cyclic Voltammetry. The behavior of N A D + (0.32 mM) 
was surveyed at pH 0-12 at the hanging mercury drop elec
trode (HMDE) with a scan rate (v) of 0.1 V/sec, except as 
otherwise noted. 

Below pH 2, a cathodic peak Ic appears as an ill-defined 
shoulder on solution discharge. With increasing pH, the 
peak becomes better defined and decreases to a limiting 
value above pH 6; Ep ( -0.93 V) is independent of pH. A 
prewave at the foot of the peak, whose definition increases 
with v, is probably due to adsorption of reduction product. 
At v > 10 V/sec and pH below 7, a small cathodic peak (Ep 

= —1.35 V) appears, which grows with increasing v and 
may be due to adenine reduction and/or dimer desorption. 

In alkaline solution, peak Hc ( £ p = —1.6 V) also ap
pears. The fact that its /p is less than 10% that of Ic sup
ports nonreduction of the wave I product in the wave II pro
cess; i.e., most of the N A D + in the vicinity of the electrode 
forms the Ie product before the potential for formation of 
the 2e product is reached and the Nc current is due to re
duction of N A D + which diffuses through the depleted 
layer.15 

Potential sweep reversal after appearance of Ic or Hc (v 
< 7 V/sec) yields anodic peak Ia (—0.2 V) due to dimer ox-

16 8 

SCAN RATE, V/sec 

Figure 7. Effect of scan rate (v) on cyclic voltammetry at HMDE of 
NAD+ (0.75 mM, circles) and NADP+ (0.85 mM; triangles) at pH 
5.0 acetate buffer. A: variation of current function (;p/i',/2) for cathod
ic peak I. B: variation of /pa//pc ratio for peak 1. 

idation; the 2e reduction product is oxidized at potential 
more positive than mercury oxidation. In alkaline solution, 
repetitive cycling in a potential region, which includes Ic 
and Ia, does not diminish the Ic current, indicating that the 
oxidation regenerates the original electroactive species. At v 
> 10 V/sec, Ia is barely seen due to oxidation of the free 
radical before it can dimerize. Above pH 5, Ia is pH inde
pendent (Ep = —0.25 V); below pH 5 (buffers without 
E t 4 N + ) , Ep = -0 .080 - 0.037pH, and /p decreases rapidly 
with decreasing pH due to instability of the dimer. 

The peak Ic ip/v1?2 ratio is constant at pH 9.4 (buffer 5) 
for v of 0.025-0.5 V/sec, but £ p becomes 30 mV more neg
ative; ip/v{l2 for Ia is also constant. A small decrease in the 
Ic ratio on increasing v to 10 V/sec (Figure 7) is character
istic of reversible charge transfer followed by dimerization; 
the Ep - E1/2 difference at low v is 39-42 mV (pH 5-9) 
compared with a theoretical 39/« mV.16 At v > 10 V/sec, 
on the return sweep, Ia decreases and disappears, and a new 
anodic peak appears whose £ p difference of 60 mV from Ic 
indicates that it is due to reversible oxidation of the primary 
Ie reduction product of the Ic process. 

NADP + behaves similarly (Figure 7); the dimer is oxi
dized at —0.2 V; above v = 10 V/sec, a well-defined anodic 
peak complementary to the initial Ie reduction is observed 
(£pa — Epc = 60 mV). DNAD + shows a single cathodic 
peak ( £ p = -1 .16 at pH 5.2 and -1 .21 at pH 9.3) with the 
characteristics expected for dimerization; the dimer is oxi
dized (pH 9.3) at Ep = -0 .06 V. 

The behavior of N A D + at the pyrolytic graphite elec
trode (PGE) is essentially the same as at the HMDE, e.g., 
Ie reduction at —1.05 V to a product, which is oxidized 
back to N A D + at —0.14 V. The 2e product is oxidized at 
0.4 V. 

Controlled Electrode Potential Electrolysis. 1. Wave I 
Process. Electrolysis at a potential on the NAD + wave Ic 
plateau (—1.2 or —1.3 V) at pH 5.6-9.6 gave an average 
faradaic n of 1.01 (14 electrolyses of 0.98-1.26 mA/ 
NAD + ; standard deviation = 0.02). Time-log current plots 
were linear, showing a first-order electrolysis rate and the 
absence of mechanistic complications. In each case, a tran
sient greenish-yellow color appeared, which reached maxi
mum intensity when electrolysis was 80-90% complete. On 
continuation of electrolysis for 0.5 hr after current fell to 
background level, the current was unchanged but the color 
diminished, yielding a clear faintly yellow solution. Appar
ently, at least one product is formed, which absorbs in the 
visible and slowly decomposes to a compound stable at the 
applied potential. 

Both N A D + cathodic waves were absent from polaro-
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Figure 8. Ac polarograms of NAD+ (1.20 mM) in pH 9.5 KCl/car-
bonate buffer. The three sets of curves correspond to the in-phase and 
quadrature current components for the supporting electrolyte alone 
(dashed line), NAD+ solution before electrolysis (solid line), and 
NAD+ solution after electrolysis at -1 .2 V (dotted line). 

Table IV. Sequential Electrolyses of a Solution of NAD+ 

and Its Electrolytic Wave I Reduction Product" 

NAD+ Reduc
tion 

Enzy- Polaro- Absor- product Nicotin-
Electrol- matic graphic bance at cur- amide 

ysis n concn, current,/ 340 rent,ft current,' 
potential value* mM MA nmg /JA HA 

-1.2Od 
-0.10« 
-1.2Od 

1.02 
0.94 
0.96 

1.10c 
0.01 
1.06 
0.01 

2.13 
0.00 
2.06 
0.00 

0.011 
0.785 
0.018 
0.759 

0.00 
1.76 
0.00 
1.70 

0.27/ 

0.34/ 

" Solution: 0.5 M carbonate buffer; pH 9.0. b Values of n are 
based on the initial NAD+ concentration of 1.10 mM. c Original 
concentration of NAD+, before electrolysis, as determined enzy-
matically. d Potential on the limiting portion of the first cathodic 
polarographic wave. e Potential on the limiting portion of the anodic 
wave. /Current for first cathodic wave. 8 Absorbance of an aliquot of 
the electrolysis solution after a one-fifth dilution with the electroly
sis buffer. h Current for anodic wave produced in reduced solution. 
'Current for small cathodic wave observed in reduced solution. 
/Limiting currents correspond to nicotinamide concentrations of 
0.051 and 0.064 mM. 

grams of the electrolyzed solutions. Two new waves ap
peared: an anodic wave (£1/2 = —0.25 V; oxidation of 
dimer to NAD + ) and a small cathodic wave (£"1/2 = —1-6 
to —1.7 V; reduction of nicotinamide). In pH 9.5 buffer 5, 
the anodic wave is diffusion controlled and proportional to 
concentration; its / of 2.06 corresponds to a diffusion coeffi
cient of 2.87 X 1O -6 cm2/sec (64% that of N A D + ) . A max
imum of the first kind appears at dimer concentration ex
ceeding 0.2 mM. Near mercury discharge, the wave exhib
its a sharp excursion toward zero current due to mercury 
oxidation and reaction with adenine to form a film on the 
electrode surface. £1/2 is independent of h, but shifts from 
—0.37 to —0.27 V with increasing concentration; this in
creasing difficulty of oxidation is due to the surface activity 
of the adenine moiety, which inhibits the electron-transfer 
process; thus, £1/2 of the N M N dimer is independent of 
concentration but becomes more positive on addition of ad
enine nucleotides to the solution. At 0.19 mM dimer, the 
wave slope (£1/4 — £3/4) is 53 mV. 

Ac polarography (Figure 8) shows the absence of both 
faradaic reduction peaks and the presence of dimer oxida
tion peak at —0.2 V; presence of the tensammetric peak at 
— 1.35 V supports nonadsorption of dimer in the wave II po
tential region. 

N A D + solutions have a single ultraviolet absorption 
maximum at 259 nm (e 17,800; absorption by pyridine and 
adenine moieties).9 The electrolyzed solutions had maxima 
at 259 (e 32,000 ± 1,300) and 340 nm (« 6890 ± 110); the 
wavelengths agree with those reported for the dimer.17 

Enzymatic analysis showed that the N A D + concentra
tion decreased on electrolysis to less than 1% of its original 
value; enzymatic analysis for NADH was negative. 

On voltammetric examination at the mercury pool elec
trode, HMDE and PGE, when the scan toward more nega
tive potential was begun at - 0 . 5 V, no cathodic current due 
to N A D + was seen; on the reverse sweep, an anodic peak 
appeared at —0.16 V (no additional peaks appear on con
tinuing the scan to 0.7 V at the PGE); on further sweep re
versal, the - 1 . 0 V N A D + peak appeared. Repetitive cy
cling over a potential range, which included the two peaks, 
produced patterns nearly identical with those seen for 
N A D + . These results show that the Ie product produced on 
controlled potential electrolysis (a rather lengthy experi
ment) is the same as that produced on cyclic voltammetry 
(a rapid .experiment). Most NAD radicals must react 
quickly to form a stable product. The greenish-yellow color 

cannot be due to an intermediate in the normal reduction; a 
small portion of radicals, however, may lead to a less stable 
intermediate. 

The items listed in Table IV were measured before and 
after each of a series of electrolyses at a mercury pool elec
trode. After initial electrolysis at - 1 . 2 V, N A D + had van
ished; the solution absorbed strongly at 340 nm, and gave 
anodic and cathodic polarographic waves, as previously dis
cussed. After the second electrolysis at -0 .1 V, the N A D + 

concentration was nearly restored with corresponding loss 
in the 340-nm absorbance and anodic wave. During the 
three electrolyses, about 1% NAD is lost due to slow hydrol
ysis (increase in nicotinamide over that originally present as 
an impurity) and perhaps to a process associated with the 
greenish-yellow color. 

After electrolysis of N A D + at - 1 . 2 V, the nicotinamide 
wave was higher at pH 9.5 than at pH 9.0, which correlates 
with the more rapid N A D + decomposition at the higher 
pH. The current on further electrolyses at a potential on the 
nicotinamide wave plateau ( -1 .8 V; pH 9.6 buffer 6) rapid
ly decreased (15 min) to background level; the coulombs 
passed correspond to the nicotinamide determined polaro-
graphically; the increase in 340-nm absorbance corresponds 
to the expected amount of 1,6-dihydronicotinamide (€340 
4200).5 Enzymatic tests for 1,4-NADH were negative. Po
larography of the final solution revealed no nicotinamide 
wave, an unchanged dimer anodic wave, and a new anodic 
wave (£1/2 = —0.05 V) due to oxidation of the 2e nicotin
amide reduction product.5'6 This experiment shows that the 
cathodic wave seen in the N A D + wave I electrolyzed solu
tions is due to reduction not of dimer but of nicotinamide. 
When the potential was held at - 1 . 8 V for an additional 4 
hr after completion of nicotinamide reduction, 340-nm ab
sorption remained constant and enzymatic tests for 1,4-
NADH were again negative. Comparison of PGE voltam-
mograms after electrolysis at - 1 . 2 V and after 4 hr at - 1 . 8 
V showed no development of NADH. Overall, the data 
show that the dimer is not reduced within the available po
tential range to a dihydropyridine species (—1.8 V corre
sponds to the foot of solution discharge; cf. Figure 3). How
ever, on electrolysis at more negative potential on rising so
lution discharge (e.g., -1 .85 to -1 .90 V), 340-nm absorp
tion slowly increased; this phenomenon was not investigated 
further. 

2. Wave II Process. Electrolyses of N A D + on the wave 
II plateau ( -1 .8 V) in pH 9.6 buffer 6, where the wave is 
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Figure 9. Dc and ac polarograms of NADH (1.20 mM) in pH 9.3 
KCI/carbonate buffer. Ac polarograms: solid lines represent in-phase 
and quadrature current components for solutions; dashed lines repre
sent corresponding background currents. 

well defined and diffusion controlled, gave an average n of 
1.98 (eight electrolyses of 0.32-1.26 mM NAD+; standard 
deviation = 0.11); the current decreased to background 
level. No transient color appeared; the electrolyzed solution 
was faint yellow. 

Electrolyzed solutions had maxima at 250 and 341 nm. 
Enzymatic analysis showed a decrease in NAD+ to less 
than 1% of its initial concentration and an average 54% con
version to 1,4-NADH. In order to demonstrate that 1,4-
NADH was not chemically altered after being formed elec-
trochemically, authentic 1,4-NADH was electrolyzed for 4 
hr; no changes occurred in ultraviolet spectrum or enzymat
ic activity. In another experiment, electrolysis of NAD+ at 
— 1.8 V gave a 52% conversion to 1,4-NADH; continued 
electrolysis for 4 hr only increased the 1,4-NADH by 0.5%. 

Polarograms of electrolyzed solutions revealed absence of 
the two NAD+ cathodic waves and presence of an anodic 
dimer wave corresponding to an average of 11% NAD+; the 
n of 1.98 is, accordingly, 5-6% high. The discrepancy is at 
least partially accounted for by the 2e electrolysis of nico
tinamide (ca. 4 mol % present); nonenzymatically active a-
NAD+ may also be present. 

On voltammetry at the PGE, no NAD+ reduction was 
seen on scanning negatively from —0.6 V; after sweep rever
sal (—1.3 V), a small anodic peak appeared at —0.17 V 
(dimer oxidation) as well as a much larger peak at 0.42 V 
(dihydropyridine oxidation). On further sweep reversal (0.6 
V), a cathodic peak appeared at -0.95 V (NAD+ reduc
tion). A final sweep reversal (—1.3 V) revealed an increased 
first anodic peak (dimer oxidation) and a decreased second 
one. Voltammetry, therefore, involved oxidation of both Ie 
and 2e reduction products to NAD+, which was subse
quently reduced to the Ie product. 

The ac polarographic behavior of the 2e reduction prod
uct in buffer 5 is similar to that of authentic 1,4-NADH 
(Figure 9), which does not exhibit faradaic peaks but does 
show adsorption behavior. At potential prior to and near the 
ecm, the dl capacity is suppressed (also seen on dc polarog-
raphy); at more negative potential, NADH is desorbed, pro
ducing a broad tensammetric hump centering at —1.0 V. 
Beyond —1.45 V (region of wave II process), the capacity is 
the same as for background alone. 

Chemical Properties of Dimer and Dihydropyridine 
Species. The effects of oxygen and pH on the dimer were 
studied on NAD+ solutions electrolyzed at —1.2 V at pH 
6.4, 7.2, 8.0, and 9.8 (Mcllvaine or carbonate buffer). 
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Figure 10. Effect of pH on stability of the NAD dimer. Buffer solu
tions and dimer concentration above pH 9: carbonate and 2.16 X 1O-5 

M; below pH 9, Mcllvaine and 1.89 X 10~5 M. All solutions stored 
under air at room temperature. 

Three aliquots were taken from each solution; two were 
stored under N2 or O2 at room temperature; the third was 
immediately analyzed polarographically, spectrophotomet-
rically, and enzymatically; after 24 hr, the stored aliquots 
were similarly examined. The effect of O2 relative to N2 is 
marginal. Above pH 9, O2 did not accelerate decomposi
tion; below pH 9, only a small effect was observed. In no in
stance was H2O2 detected polarographically. 

With decreasing pH, both products decompose at an in
creasing rate (Figure 10); at any pH, the dimer is less stable 
than the dihydropyridine. During hydrolysis, the 340-nm 
band of NAD+ wave I and wave II electrolyzed solutions 
decreases and a more intense band develops at 280 nm; the 
260-nm band due primarily to adenine changes very little. 

In carbonate buffers above pH 9, the dimer is relatively 
stable; in Mcllvaine buffers below pH 8, it rapidly decom
poses (Figure 10; the leveling off of 340-nm absorption is 
due to the foot of the 280-nm band extending past 340 nm). 
At pH 6.3, the dimer had a half-life of 8 hr; during decom
position, an isosbestic point formed at 315 nm. The final 
280-nm band had an e of 18,000 after accounting for ade
nine absorption. The decrease in anodic dimer wave with 
time (pH 6-8) correlates with loss in 340-nm absorption. 

At pH 4.3, the dimer half-life is 16 min; that of 1,4-
NADH is 30 min. After correction for 280-nm band tail ab
sorption, the 340-nm absorption and dimer anodic current 
again decreased at the same rate. At pH 2.2, the 280-nm 
band instantly formed but then rapidly decreased in intensi
ty; evidently, the dimer forms an acid-catalyzed decomposi
tion product, which absorbs at 280 nm and decomposes to a 
secondary product, which does not absorb at 280 nm. 

The slow decrease in dimer concentration above pH 9 is 
due to oxidation to NAD+, which, as noted, is independent 
of the presence of oxygen. The 340-nm band decreases 
without concomitant formation of the 280-nm band; the an
odic wave also decreases; the NAD+ cathodic wave appears 
but never reaches its expected height, since NAD+ slowly 
hydrolyzes above pH 9. 

Nature of the Electrode Processes 
Redox Path. The reaction scheme outlined in Figure 11 

best fits the available data (spectrophotometric, chemical, 
enzymatic, electrochemical) from past studies, as well as 
the present study, of NAD+, NADP+, and DNAD+. Re
versible Ie addition to the pyridinium ion (I) to produce a 
free radical (II) (source of wave Ic) is followed by irrevers
ible dimerization to III, which is largely the 4,4' with some 
of the 6,6' and 4,6' forms, reflecting the transition from the 
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Figure 11. Reaction paths for the electrochemical behavior of nicotin
amide adenine dinucleotide, related compounds, and their correspond
ing reduction products. 

6,6' isomer in the case of nicotinamide itself5 to the 4,4' 
form as the substituent on the pyridine nitrogen increases in 
size.6 At considerably more negative potential, the pyridini-
um ion is reduced to a dihydropyridine (IV) via Ie reduc
tion of the free radical (source of wave lie). The wave II 
product is largely 1,4-NADH but some 1,6-NADH is also 
formed. At sufficiently positive potential, both dimer and 
dihydropyridine are oxidized to the original nucleotide. The 
dimer is not directly reduced electrochemically within the 
available potential range (cf. subsequent discussion). 

Since the free radical dimerizes with a rate constant of 
about 106 M~] sec -1 (cf. below), dimerization would be es
sentially complete under DME polarographic conditions. 
The appearance of wave II at a potential where the dimer is 
stable to reduction indicates that the second electron trans
fer is very rapid compared with dimerization or that dimeri
zation occurs away from the interface in the diffusion layer; 
the data, cyclic voltammetric patterns in particular, support 
the second electron transfer being more rapid. 

The basis for postulating involvement of a proton in the 
overall electrode process is NADH formation. The sequence 
of addition of electrons and protons could be (a) e, e, H+ or 
(b) e, H+, e. If protonation of the neutral free radical is 
very rapid compared with its dimerization, either sequence 
could be competitive over the dimerization reaction in pro
ducing the dihydropyridine; otherwise, sequence (a) would 
be more likely. The behavior in nonaqueous media18 favors 
concerted electron-proton addition. 

Product Composition and Structure. Ultraviolet spectral 
characterization of electrolytically prepared 1-substituted 
3-carbamoyldihydropyridines has been discussed.5,6 Above 
240 nm, most 1-substituted 3-carbamoylpyridinium ions 
show a single absorption band at about 410 nm for 1,2-
dihydropyridines and 350 nm for 1,4-dihydropyridines, and 
two bands at about 265 and 360 for 1,6-dihydropyridines.19 

The molar absorptivities at 260 and 340 nm of the NAD-
derived dimer prepared in the present investigation are 
close to those of an isolated electrochemically prepared 
dimer17 and similar to those of a dimer (not isolated) pre
pared by pulse radiolysis.20 The dimer 260-nm absorption is 
greater than that expected from its two adenine moieties, 
implying absorption at two wavelengths by the nicotin
amide moiety and, in turn, at least some dimerization at the 
6 position. Nevertheless, workers,17 who isolated the prod
uct, regarded the 4,4' structure as more likely, based in part 
on NMR spectra. 

The 4,4' structure is more acceptable than the 6,6' with 
respect to steric interactions between the bulky N substitu-
ents on the reduced nicotinamide rings; however, the 3-car-

bamoyl group also protrudes from the reduced pyridine ring 
and its steric effect must be considered. Molecular models 
of the dl form of the 4,4' dimer suggest that at least one 
amide function must be twisted out of the plane of the adja
cent vinyl group in order to achieve dimerization; for the 
meso form, both amide groups must be twisted. For the 6,6' 
dimer, however, very little amide group deformation is nec
essary, although moderate interaction between N substitu-
ents is seen. Amide deformation may be sufficient to hinder 
to some extent 4,4' dimer formation. 

The NMN dimer, which also has bulky N substituents, 
appears to have largely a 6,6' or 4,6' structure based on its 
spectrum,6 which, unlike that of the NAD dimer, is due 
only to the nicotinamide moiety. 

Based on all available evidence, electrolysis on the 
NAD+ wave I plateau produces a mixture of isomers. Al
though formation of a 2,2' dimer is unlikely, based on steric 
interactions evident from molecular models, the transient 
greenish-yellow color seen during electrolysis may be due to 
formation of a small amount of such an isomer. Behavior 
analogous to that of the corresponding dihydropyridine 
might be expected; 1,2-NADH has an absorption maximum 
at 395 nm and is much less stable in slightly alkaline solu
tion than 1,4- or 1,6-NADH;21 the yellow color is lost on 
hydrolysis. The results of controlled potential coulometry 
and reversal coulometry22 at pH 9-10 and systematic anal
ysis of the resulting solutions prove that most NAD+ is di
rectly converted to relatively stable dimeric species which 
do not absorb appreciably in the visible. 

Similarly, NAD+ wave II electrolyzed solutions likely 
contain a mixture of 1,4- and 1,6-dihydro isomers plus a 
small percentage of dimer. Typically, analysis shows 54% 
enzymatically active 1,4-NADH and 11% dimer. Analysis 
of the spectral data7 using literature molar absorptivities 
for the various species involved,9,19,21 and of the faradaic n 
values, is in accord with the remaining 35% product being 
1,6-NADH. 

The acid-catalyzed hydrolysis of the reduction products 
involving the 4,5-C=C bond of a 1,6-dihydropyridine is an 
example of enamine nucleophilicity23 and accounts for loss 
of 340-nm absorption and concomitant increase in 280-nm 
absorption, which is due to the 

R N — C = C - C = O 

chromophore.24 Hydrolysis of the 5,6 double bond of a 1,4 
reduced pyridine would probably produce the same chromo
phore;2 la,23a however, hydrolysis of a 1,2 reduced pyridine 
produces no new increase in absorption.21" 

Although it would perhaps have been useful to have iso
lated the dimeric and dihydropyridine products and to have 
determined their exact composition and structure, it seemed 
questionable as to whether such a detailed study would 
yield information whose amount and importance would be 
commensurate with the effort required; e.g., a chromato
graphic study to determine the homogeneity of the products 
would not be expected to yield definitive results due to their 
moderate instability. 

Charge-Transfer Reversibility. The first electron transfer 
to NAD+ has been claimed to be reversible based on a log 
i-E plot25 and cyclic voltammetric curves;26b however, sub
stantial proof has not been offered. Radical formation has 
been indicated by cyclic voltammetry26a and chronopoten-
tiometry;27 the published patterns, however, show only a 
small oxidation peak or inflection. 

In the present investigation, the slope of NAD+ wave I 
was generally greater than that for a reversible Ie transfer. 
E]/2 became more positive with increase in concentration or 
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Table V. Second-Order Dimerization Rate Constants for Free 
Radicals from NAD+ and Related Compounds 

Compd 

NAD+ 

NADP+ 

DNAD+ 

pH& 

5.0-
9.0 
5.0 
9.0 
9.0 

Scan rate, 
V/sec 

15-38 
13-26 
20-60 
20-60 
20-36 

Rate constant** at 30° 

kd,M~' 
sec - 1 

2.2 X 106 

2.4 X 106 

4.3 X 106 

1.6 X 106 

1.7 X 106 

n 

11 
3 
3 
3 
3 

s, AT1 

sec - 1 

0.6 
2.1 
0.8 
2.6 
2.3 

kcal 
mol"1 

9 

9 

a Mean value of ka is given together with standard deviation, s, for 
n measurements. 6 Buffer 3 was used at pH 5 and buffer 4 at pH 9. 
c Activation energies are based on Arrhenius plot of log kd vs. 7""1, 
between 7 and 50°. 

drop time; for a reversible electrode process in the absence 
of adsorption, such shifts are indicative of irreversible dim
erization subsequent to charge transfer.28 The latter is sup
ported by the difference in the cyclic voltammetric patterns 
at slow and rapid scan rates, and the increase in the ipa/ipc 

ratio with increasing v (Figure 7). The 60-mV separation of 
peak potentials supports the reversible Ie nature of the 
redox couple. NADP + and D N A D + behave similarly. 

Dimerization Rate Constants. The dimerization rate con
stant, kd, of the NAD free radical, based on a chronopoten-
tiometrically estimated free radical half-life of less than 1 
msec,27 should exceed 106 M~] sec - 1 ; a k^ of 6.9 X 107 

M - 1 sec - 1 has been determined by pulse radiolysis.20 

Three approaches16,29 for calculating kd from cyclic vol
tammetric data are pertinent; their application to nicotin
amide and coenzyme model compound radicals has been de
scribed.56 Rate constants for the free radicals derived from 
N A D + , NADP + , and DNAD + , calculated using Nichol
son's peak current method,16 are given in Table V; applica
tion of Saveant's approach29 gives kd values 10 to 15% 
higher. 

The low activation energies of 9 kcal/mol support the 
rapid nature of the reaction and are in general agreement 
with dimerization processes for neutral free radicals where 
electronic repulsions are not involved. The corresponding 
calculated frequency factors of 7 X 1012 A/ - 1 sec - 1 for 
NAD and 1 X 1013 for NADP are within the range expect
ed for reaction between neutral free radicals, where no ex
tensive solvation difference exists between reactant and 
product. 

The difference of an order of magnitude in kd for NAD 
free radical dimerization determined by pulse radiolysis and 
by polarography is disturbing, especially since kd values for 
the 1-methylnicotinamide (MCP + ) free radical determined 
by the two approaches agree quite well.6 Since the polaro-
graphic measurement is related to phenomena at an inter
face, adsorption and diffusion may affect the rate measure
ment. Due to presence of the adenine moiety, N A D + and its 
reduction products are strongly adsorbed. While MCP + is 
only slightly adsorbed, its dimeric and dihydropyridine re
duction products are strongly and moderately adsorbed, re
spectively, due to their hydrophobic alkyl substituent. The 
relative values of kd for NAD and MCP free radicals found 
in the present studies (2 X 106 and 6 X 107) are supported 
by the statement in another polarographic study30 that 
NAD and NADP radicals have an appreciably longer life
time than those of the /V-alkyl models. 

Since the kA values for N A D P + and DNAD + , which are 
also adsorbed, are comparable with ka for N A D + , they may 
also be low compared with those which would be deter
mined by pulse radiolysis. It is also possible that kd for 
NAD, determined by pulse radiolysis, is too high. 

Oxidation and Reduction of the Dimers. The pH indepen
dence of dimer oxidation above pH 6 is consistent with the 
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redox scheme of Figure 11. Below pH 6, the potential be
comes more positive with decreasing pH, indicating proton 
loss during oxidation, which may result from protonation of 
the dimer at lower pH; this is consistent with promotion of 
catalytic hydrogen evolution at the DME by the dimer and 
its acid-catalyzed hydrolysis. 

The ease of dimer oxidation is remarkable. Electrochemi
cal oxidation or reduction of carbon-carbon single bonds is 
generally limited to systems where one or both carbons have 
an oxygen bond,3 '3 e.g., semiquinone type dimers as allox-
antin.31b At pH 9.6, the NAD dimer is oxidized at the PGE 
at about 0.6 V less positive than NADH. Simple inductive 
effects cannot account for the magnitude of the enhance
ment. An important factor may be weakening of the con
necting bond due to molecular crowding caused by interac
tion between substituents on the pyridine ring. 

A small cathodic wave close to background discharge in a 
solution of the N A D + wave I electrolysis product has been 
attributed2513 to direct reduction of dimer to 1,4-NADH, 
since 1,4-NADH activity slowly developed on further elec
trolysis at —1.84 V; the slow rate was ascribed to mercury 
surface adsorption phenomena. However, the cathodic wave 
was not examined. The NADP dimer gave virtually identi
cal results.32 In the present study, a similar cathodic wave, 
seen in solutions of N A D + and N M N + wave I electrolysis 
products, has been shown to be due to free nicotinamide, 
present as an impurity and formed by decomposition of 
N M N + and N A D + during electrolysis under slightly alka
line conditions.5,6'33 Capacitance data indicate an absence 
of adsorption phenomena in the wave II potential region. 
The NAD dimer was not reduced on electrolysis as negative 
as —1.8 V; however, when the potential was shifted into the 
background discharge region (—1.85 to —1.90 V; cf. Figure 
3), the 340-nm absorption slowly increased, suggesting con
version of dimer to more highly absorbing dihydropyridine. 
Nearly identical behavior was found for N M N + . 6 

In view of the absence of adsorption, the slow formation 
of dihydropyridine species from dimer suggests that a direct 
reduction is not involved (dc wave is absent), unless, coinci-
dentally, the rising portion of the dimer reduction wave oc
curs just beyond solution discharge; this seems unlikely, 
however, since the potential of solution discharge of final 
wave I electrolyzed solutions is identical with that for the 
background electrolyte alone. Indirect reduction may result 
via interaction of reduction products of background dis
charge with dimer, e.g., hydrogen radicals. Further investi
gation of this point is necessary. 

Adsorption Phenomena. The steps or waves that appear 
on dc polarography of N A D + in addition to the two Ie re
duction steps can be explained, largely on the basis of ac po
larography, in terms of adsorption phenomena, e.g., adsorp
tion of N A D + at the interface, replacing solvent molecules 
and background electrolyte ions. Thus, the polarographic 
patterns of N A D + in buffers 5 and 6 represent two extreme 
cases (Figure 4). Those in Et4NCl solutions are less compli
cated due to desorption of N A D + prior to the first reduc
tion step; as the concentration of Et4NCl is decreased and 
that of KCl is increased, the desorption process shifts to 
more negative potential. 

In KCl/carbonate buffer, the capacity current is de
pressed due first to N A D + adsorption and then to dimer ad
sorption up to a potential intermediate between waves 1 and 
II (ca. —1.3 V) where the dimer is desorbed; as the poten
tial becomes more negative, the background electrolyte cat
ion (K+) displaces the dimer because of increasing coulom-
bic attraction of K+ to the electrode. The dimer is more 
strongly adsorbed if its surface activity is increased (by in
creasing ionic strength, lowering temperature, or increasing 
its interfacial concentration). During desorption, alteration 
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of the mercury surface tension promotes solution stirring, 
thereby enhancing the wave I limiting current; the capacity 
wave thus behaves similarly to maxima of the second 
kind,34 in being proportional to mercury height, ionic 
strength, and NAD+ concentration, and in being sup
pressed by surfactants such as Triton and Et4N+. 

In Et4NCl/carbonate buffer, the capacity current is es
sentially identical with that for the background electrolyte 
alone after the capacity wave or ac tensammetric peak at 
approximately -0.6 V. Before the capacity step, NAD+ is 
adsorbed; after the step, Et4N+ is preferentially adsorbed. 

Comparison of the behavior of NAD+ with, for example, 
that of NMN+ , indicates that the adenine moiety plays a 
major role in the adsorption process; NAD+ behaves simi
larly to nearly all adenine nucleosides and nucleotides35 in 
being strongly adsorbed in the potential region prior to and 
in the vicinity of the ecm, and in giving rise to desorption 
peaks at more negative potential. Similarly, the adenine or 
purine-related moiety OfNADP+, DNAD+, DNADP+, and 
o-NAD+ causes adsorption behavior characteristic for each 
compound. On addition of Et4NCl, adsorption of the dinu
cleotides beyond the ecm is minimized due to preferential 
adsorption of Et4N+; the dc polarographic patterns of the 
dinucleotides are then very similar to each other and to 
NMN+ . 
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