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Summary 

In this study we report evidence for the photochemical generation of 
p-nicotinamide-adenine dinucleotide reduced (NADH) in a homogeneous 
solution. NADH is the major product of the reaction using fi-nicotinamide- 
adenine dinucIeotide (NAD*) as the starting material. The system contains 
tris(Z,Z’-bipyridine)ruthenium(II) (Ru(bipy)s3’) as a sensitizer, triethyl- 
amine (TEA) as an electron donor and NAD+ as a reducible substrate in a 
CHaCN-Hz0 solution. The utilization of radiant energy in the irreversible 
electron flow from TEA to NAD* (Ec’ = -0.320 V at pH 7 with respect to a 
normal hydrogen electrode) shows that the strong reducing potential of the 
photoredox intermediate Ru(bipy)B+ can be used efficiently to mediate this 
process. Optimum conditions for the system under continuous illumination 
are elaborated and implications for an energy conversion system are discussed. 

1. Introduction 

Work carried out previously in this laboratory [l - 31 has shown that 
chemical processes are capable of storage of light energy. Lightdriven redox 
processes have led to hydrogen ion reduction and consequent hydrogen gas 
production as a fuel. In these processes a transition metal complex t&(2,2’- 
bipyridine)ruthenium(ff) (Ru(bipy)aa’) has been used as a sensitizer. It has 
been shown to have excellent properties as a sensitizer and to participate 
directly in redox processes 141, leading to energy storage through electron 
transfer reactions [6,6]. 

In the present study we are concerned with @-nicotinamide+ulenine 
nucleotide (NAD+) reduced to NADH and the coupling of this process with 
the reduction of hydrogen ions. Visible light-induced processes with good 
quantum efficiency and turn-over (in terms of moles of NADH produced per 
quantum of light absorbed) are desired. This approach has been employed in 
the photoreduction of NAD+ with a sensitizer (Ru(bipy)ea+) and triethyl- 
amine (TEA) under visible light in nonqueous solution [S] . The purpose of 
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this paper is to discuss the nature of the redox events leading to NADH 
production by means of steady state and laser spectroscopy techniques and 
to determine the optimum conditions necessary for this process. The advan- 
tage of the system employed here is its simplicity, even though Hz and 
NADH are produced simultaneously, An aprotic solvent such as acetonitrile 
(CHsCN) and a protic solvent such as Hz0 are combined in such a way that 
the least amount of Ha is produced. This system can store energy in the form 
of NADH where the protons are provided by the HzO. 

2. Experimental details 

2.1. Materials 
Experiments were carried out using NAD+ obtained from Serva (cata- 

logue number 30311, p.a.) without further purification. NAD+ solutions 
were stable when stored in cold conditions (a 1 wt.% solution keeps for 
about 1 week at 4 “C), although above pH 7 the rate of decomposition in- 
creases with pH. At pH 10.7 in buffered solutions (NaHCOs-NaOH buffer) 
where irradiations were carried out, the reagent remained stable for at least 
1 day at room temperature. The NADH (the reduced form of NAD+) used was 
Serva (catalogue number 30314, p.a.). The disodium salt of fl-nicotinamide- 
adenine dinucleotide phosphate (NADP) and its reduced form disodium 
NADPH that were utilized were Fluka {~.a.) and were used as received. The 
complex tris(2,2’-bipyridine)ruthenium(II) chloride hexahydrate (S&em 
Inc.) and TEA (BDH 30502) were also used as received. 

2.2. Procedure 
Spectrophotometric detection of the products NADH and NADPH, as 

well as the measurement of the initial concentrations of the reagents, were 
carried out with a Hitachi-Perkin-Elmer 340 recording spectrophotometer. 
Determinations of Hz were carried out on a molecular sieve 5A gas chromato- 
graphic column as reported previously [l] . Laser photolysis experiments 
were performed with a JK 2000 frequencydoubled neodymium laser which 
generated 20 ns pulses at 530 nm.. Transient absorptions were detected by 
fast kinetic spectroscopy. The details of this method have been published 
elsewhere [ 71. Continuous irradiation experiments were carried out using an 
Osram X30-450 W lamp as a light source. A 400 nm cutoff filter eliminated 
the UV radiation and a 15 cm Hz0 filter was used as a cut-off for near IR 
light. The colloidal catalyst Pt-polyvinyl alcohol (PVA) was tested for its 
effect on NADH and H2 production. This system has previously been used to 
evolve Ha [ 21. This catalyst was prepared as reported before [ 31 and the 
sample was centrifuged for 1 h at 5 X lo4 gf. The catalyst contained 1.0 
(g I%) 1-l as determined by atomic absorption and contained 1% PVA. The 
particle radius was found to be 410 a with a Chromatix KMX-6 autocor- 
relator. Ag-PVA catalyst was prepared in the following way: 2 g of PVA 
were dissolved in 100 cm’ of Hz0 and the pH was brought up to 9.0. AgN03 
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(170 mg) was added and the solution was reduced for 2 h by bubbling 
Hz through it. It was left to stand overnight, leading to a brownish yellow 
colour (the reaction seemed to take some time to go to completion) which, 
on centrifugation (2 h at 6 X 10’ gf), gave a clear yellow solution of trans- 
parent Ag-PVA suspension. 

3. Results and discussion 

The mechanism of the reduction of NAD+ to its reduced form NADH 
has attracted much attention for many years, generally utilizing hydrogenases 
as transfer agents [ 81. The reverse reaction, namely the oxidation of NADH 
to NAD+, has also been reported to be mediated by dehydrogenases and 
peroxidases [Q, 10 1. Figure 1, curve a, is the absorption spectrum of a 
solution consisting of 10e4 M Ru(bipy)s2’, 0.12 M TEA and 6 X lo-’ M 
NAD+ in a 70%CHsCN-30%H20 solvent after irradiation for 6 h (X > 
400 run). The absorption cell had a path length of 0.2 cm and the spectrum 
of the photolysed solution was always measured against an unphotolysed 
solution as reference. The pH remained constant over a period of 6 h. In 
Fig. 1, curve a, it is possible to observe the depletion of Ru(bipyjs2* with a 
negative absorption change relative to the unphotolysed solution centred 
around 460 nm. From Fig. 1 it is inferred that Ru(bipy)s2+ does not cycle 
throughout the process but is depleted with time. Ru(bipy)s+ apparently is 
recycled during the process since no absorption was observed at its charac- 
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Fig. 1. Difference absorption spectrum in a 0.2 cm cell of a solution (1 O-’ M (Ru( bipy)a ‘*, 
5 X 10Va M NAD+ and 0.12 M in a 70%CH~CN-30%H~O solvent) which had been pho- 
tolysed for 6 h (measured with respect to an unphotolysed solution) (the light below 
400 nm was filtered out): curve a, no catalyst added; curve b, Ag-PVA catalyst added to 
give a solution containing 170 (mg Ag) 1-l. 
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teristic peak wavelength (515 nm) [S] , as shown in Fig. 1, curve a. The 
growth of the band at 340 nm shows the characteristic spectrum of NADH 
with e = 6220 M-l cm-‘, all in agreement with results reported already [ 111. 
It is not possible to observe the second band in the UV which is centred at 
260 nm since its absorption position coincides with the NAD+ band and the 
extinction coefficient is too Iarge (about 14 X lo3 M-l cm-‘) to make 
meaningful spectral observations [ 121. (Spectroscopic observations of effects 
induced by 530 nm laser pubes (duration, 25 ns) at 510 nm are shown in 
Fig. 3.) The growth of the characteristic absorption peak of NADH at 340 nm 
as a function of time is shown in Fig. 2(a) in which experimental results for 
an irradiation time of up to 6 h are shown. The fact that the sensitizer is 
indeed directly involved in the generation of NADH is shown in Fig. 2(b). 

3.1. Proposed mechanism of reaction 
According to the experimental observations, the following mechanism 

for NADH generation is postulated: 

Ru(bipy),‘+ 
hV 

b 

Ru(bipy)2+* + TEA k 

Ru(bipy)3+ + H20 , 

Ru(bipy)3+* Hz0 + NAD+ - 

Hi + BNAD’ - 

Ru(bipy)2” (1) 

Ru(bipy)3+ + TEA* (2) 

Ru(bipy),+*H20 (adduct) (3) 

NAD’+ Ru(bipy)32+-H20 (4) 

NAD+ + NADH (5) 

Ru(bipy)3+ has a lifetime in the presence of Hz0 (in 70%CH3CN-30%H20 
solutions) of about 1 PS, as shown in Fig. 3. In this experiment the photo- 
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Irradiation time(h) Ru (bip&* ClCf Ml 

(4 (b) 

Fig. 2. (a) Growth of the photolytically induced NADH measured at 340 nm as a function 
of irradiation (A > 400 nm) time in a solution containing lO+ M Ru(bipy)s2+, 6 X 

lo-’ M NAD+ and 0.12 M TEA in a 70%CH3CN-30%H20 solvent;(b) growth of NADH 
photolytically induced as a function of the initial concentration of Ru(bipy)a2+ (the 
photolysis cell has an optical path length of 3.0 cm; other reagents in the solution are 
5 X 10e3 M NAD+ and 0.12 M TEA in a 70%CHgCN-30%H20 solvent. 
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Fig. 3. 06cillo6cope trace at 515 nm for the lifetime of the transient specie6 induced by 
530 nm hwer flaeh photolydis on the solution measured in Fig. 1, curve a. The induced 
absorption is 6bown on the vertical axis and the time after the 26 ne p&e is shown on the 
horizontal axis. 

chemistry was induced by a 25 ns laser pulse (630 nm). The adduct formed 
Ru(bipy)B+* Ha0 then reduces NAD+ to the radical NAD’ which subsequently 
disproportionates to give NADH and NAD+ as reported previously 1133. 

The principal results of these studies involve a system in which the 
precursor Ru(bipy)s+ is directly and efficiently coupled with NAD+ aa noted 
in reaction (4) of the proposed scheme. The spectrum of this oxidation 
state of Ru*, which has a peak at 516 nm, is stable in pure CHsCN [141. 
Ru(bipy)s+ reverts to Ru(bipy)a2+ when Ha0 is introduced into the system. 
The reaction of Ru(bipy)a+ with NAP in F’ig. 1, cuNe a, is apparently so 
efficient that no accumulation of Bu+ is observed, i.e. there is no appreciable 
peak in the difference spectzum at 515 nm. In F’ig. 3 the trace shows a life- 
time of about 1 ps for the Ru(bipy)8+ species in the presence of 6 X lO_” M 
NAD* and 0.12 M TEA with 70% CHsCN in Hz0 as solvent at pH 10.0. The 
kinetics of Fig. 3 shows an approximate firstdrder decay, with a lifetime of 
1 PS which is due to the scattering effects in this multicomponent solution; 
tbis is probably responsible for the deviation from first-order kinetics that is 
observed. Under the experimental conditions stated, the lifetime determined 
by laser-induced spectroscopy is quite different from that of Ru(bipy)s* in 
dry CH&N which remained stable for several days. The efficient coupling of 
the Ru(bipy)s+ * mtermediate towards NADH production indicates that 
electron transfer with a neutral species such as TEA leads to a pronounced 
diminution in the possible back electron transfer that can take place in 
reaction (2). The addition of different concentrations of NAD* does not 
influence the lifetime of the Ru( bipy )s+ shown in Fig. 3, apparently because 
Ru(bipy),+ does not react directly with NAD+ in the presence of Ha0 but 
through a water.adduct as postulated in reaction (3). 

The role of TEA depicted in reaction (2) is to produce Ru(bipy),+ 
which subsequently affords, through reactions (3) and (4), the reduction of 
NAD+. TEA is consumed irreversibly in the reaction described by reaction 
(2) and makes the photoinduced NADH production a sacrificial system. In 
this way we provided a route effectively to bypass the energy-wasting reverse 
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electron transfer step and to store energy through the resulting redox product. 
In our case light-induced reaction of the Ru(bipy)2’ complex with TEA was 
found to be relatively straightforward. The fate of the TEA radical cation 
probably follows the same scheme as that proposed for tertiary amines in 
general, Extensive studies of photochemical [ 151 and electrochemical [ 161 
oxidation of tertiary amines indicate that, in aqueous solution, cleavage 
of the N-C bond occurs with hydrolysis and formation of a secondary 
amine and aldehyde via an iminium salt. When reaction (2) takes place in the 
presence of H20, acetaldehyde (CHaCHO) is formed as a product. The 
mechanism of reaction (2) leads to a net photoreduction of Ru(bipy)3+ 
which is shown in more detail by [ 171 

2Ru( bipy)a2’ + 2(C2H5)s-NH -+ 2Ru(bipy)s+ + (C2Hs)s-NH+ + 

+ (C2H&lj=CH-CHa (6) 

The CHaCHO is derived from hydrolysis of the (C2H6)N=CH+Hs 1181. 
The higher limit of 70% CHaCN in our mixtures is set by the solubility 
necessary for the other components of the mixture. Experiments were also 
carried out with NADP using 5 X 10v3 M of this reagent in the usual photo- 
chemical system lO+ M Ru(bipy)32’ and 0.12 M TEA in a 70%CH3CN- 
30%HsO solvent. An increase in absorbance was also observed at 340 nm as 
in the NAD-NADH system. To assess the concentrations of NADPH ob- 
tained, we used the same extinction coefficient reported for NADH [19]. 

Control experiments omitting separately light, NAD+, TEA, the ruthe- 
nium complex, CH3CN and Hz0 alI resulted in no generation of NADH. 
The synthesis of NADH occurred only in the light and was dependent on 
NAD+, Ru( bipy)32+ and an electron donor (TEA) as well as on a proper 
choice of the CHaCN:H20 ratio in the solvent. 

3.2. Enarge tics 
The energetics of NAD+ reduction by Ru’ can be derived from formu- 

lating two half-cell reactions as follows (the potentials are measured with 
respect to a normal hydrogen electrode (NHE)): 

2Ru(bipy)3+ + 2Ru(bipy)32+ + 2e- 

EO ' = +1.26 V (NHE) (7) 

NAD* + 2e- + H* + NADH 

Eo ’ = -0.32 V (NHE) (8) 

2Ru(bipy)3+ + NAD+ + H+ -f 2Ru(bipy)32+ + NADH 

EO ' = +0.94 v (9) 

The potentials for reactions (7) and (8) have been reported [20,21]. The 
large energy released in reaction (9) may have consequences in the coupling 
observed in this system. However, it is also possible that, when relatively 
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large molecules such as NAD* interact with Ru(bipy)s*, the reduction is 
retarded by steric factors. These considerations show that there is enough 
energy to drive the reduction process at high speed. These high rates possibly 
approach the di.ffusion~ontroIled rate in a reaction where the presence of 
redox sites both on the metal ions and on the NAD+ substrate are necessary. 
The efficiency of the process depicted by reaction (9) affords conversions up 
to 20% under irradiation for 6 h with visible light (h > 400 nm), since with 
5 X lob8 M NAD+ as the initial concentration a lo-’ M solution in NADH 
was attained as shown in Fig. 2(a). The irradiation flask was 26 cm’ under 
conditions of full light absorption. The limit of 6 h was set because of the 
following experimental ‘observation: prolonged irradiation of Ru(bipy)S2’ 
in aqueous CHsCN containing TEA led to a slow decomposition of the metal 
complex [22] . The quantum yield for the production of NADH is about 
0.10 with an incident light intensity of 1.60 X 101’ quanta min-l using a K-45 
Balkers cutoff filter for the incident light. If light in the visible can be as 
high as 40% efficient 1231, the maximum efficiency for solar photons is then 
about 0.40 X 0.10 = 4%, leading to the stable photoproduct NADH. A G o for 
reaction (2) is (-0.84) - (+0.82) = -0.02 V (NHE) and this ffivourable 
potential makes the coupling between Ru2+ and TEA possible [15]. The 
decomposition of TEA may be written as a two-electron sequence: 

R2fij--CH2-R’ -+ RiN+-CH2-R’ + e- 

R2N+--CH2-R’ + R2NdH-R’ + H+ 

R2N<H-R’ + R2N+=CH-R’ + e- 

R2N+=CH-R’ + Hz0 + R2NH + R’-CHO + H+ 

The overall oxidative decomposition process may be written as 

(10) 

(11) 

(12) 

(13) 

N(CzH& + H2O + HN(C2Hb)s + Hs-CHO + 2H+ + 2e- (14) 

It should be noted that the oxidation potential of TEA (+0.82 V (NHE)) 
is about the same as that of H20. Taking into consideration reaction (8) 
with a reduction potential of -0.32 V and reaction (14) with a reduction 
potential of -0.82 V, we have a negative A G for the addition of the reactions 
which are postulated to lead to NADH (reactions (1) - (5)). The facts that 
TEA is a suitable donor but that Hz0 is not should therefore be ascribed not 
to thermodynamic but to mechanistic reasons. The critical step in the 
sequence of reactions (10) - (13) is probably the deprotonation in reaction 
(11). The loss of the proton prevents reoxidation of the reduced ruthenium 
species by TEA+; furthermore, the neutral radical formed has reducing 
properties, making a second electron available in reaction (12), a property 
which may explain the rapid generation of the Ru+. The existence of a pH 
optimum for NADH generation, at about p,K,(TEA) 10.7 [24], sugge&s that 
in fact opposite effects are occurring: at low pH, Hz0 reduction is easier 
(reaction (10)) and possibly will not take place when the amine is protonated 
and the deprotonation step (reaction (11)) is slowed down. At high enough 
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pH (for instance greater than IO) the reduction potential of water is too 
low (less than -0.6 V) and the proton loss (reaction (11)) is fast enough to 
prevent back electron transfer in reaction (2). 

3.3. Action of the catalyst 
We saw in Fig. 1 the Ru2+complex-induced production of NADH, 

utilizing radiant energy. Attempts were made to see whether the reduction 
of NAD+ to NADH could be affected by a highly active Pt-polymer catalyst. 
Pt-PVA catalysts [3] with the characteristics already outlined in Section 2.2 
did not change the yields obtained for NADH and shown in Fig. 1, curve a. 
Nevertheless, the presence of Ag-PVA catalyst caused a decrease in the yield 
of NADH obtained in the photolysis (provided that all other conditions were 
identical) as shown in Fig. 1, curve b. Silver has been used widely in organic 
chemistry as a partial hydrogenation catalyst [ 251. A less efficient production 
of NADH is observed accompanied by a growth in absorption with a peak 
between 500 and 600 nm. Also the observed yield of H2 in the presence of 
the Ag-PVA catalyst was close to the yields observed for H2 production 
when Pt-PVA was present. The Ag-PVA catalyst induces a decrease in the 
yield of NADH and an increase in H2 compared with the situation where no 
Ag-PVA is present. This experimental observation confirms previous work 
[3] that shows that organic radicals charge the platinum or silver colloid 
catalysts by electron transfer. These particles assume the role of a pool of 
electrons which can reduce either NAD+ or H+ ions. If the catalyst is absent, 
the NAD+ reduction by Ru(bipy)s’ proceeds more efficiently since it is the 
only reaction taking place, compared with the two species which are reduced 
when a catalyst is present. The following reactions account for these experi- 
mental observations: 

Ru(bipy),+ + Ag, + Ru(bipy)a2+ +&,- 

Ag,- + NAD+ + H+ --t Ag, + NADH 

Ag,- + Hz0 --f Ag,++H,+OH- 

(15) 

06) 

(17) 

The negative absorption at 450 nm is due to the Ru2+ complex that inter- 
venes in the photolytic process and the band at 340 nm reflects the NADH 
produced. The possibility that NADH in the presence of the Pt-PVA catalyst 
would spontaneously release hydrogen and reconvert to NAD+ was checked. 
kom redox potentials such a process is thermodynamically favourable at 
pH < 5. However, the instability of NADH precluded work at an acidic pH 
where a rapid loss of activity was observed. 

3.4. Effects of light absorption and time of irradiation 
The amount of NADH synthesized is proportional to the amount of 

Ru2+ complex added up to about 10B4 M, as shown in Fig. 2. The optical 
absorption and the concentration of the active precursor increase with the 
Ru2+ complex, as indicated in the reaction mechanism. Figure 2(a) shows 
that after 6 h about 10 -3 M NADH is produced and little increase was ob- 
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served for the formation of this product after this time. This experimental 
obsemation agrees with the fact [ 263 that H&-CH&N mixtures containing 
amines lead to a slow decomposition of the metal complex. 

3.5. Variation in Hz0 in H,O-CH&N mixtures 
In Fig. 4 the yields of NADH and He are plotted against the Hz0 

content of the solvent mixture used. Details for the system are given in the 
caption to Fig. 4; the important modification in this case is that Pt-PVA is 
used as a catalyst to obtain significant yields of Hz compared with the Hz 
yield when no catalyst is added. Stable solutions with more than 70% 
CH&N in the mixture! could not be obtained without the presence of HzO. 
As the amount of CH&N present in the mixture is increased, the amount of 
NADH formed increases; this shows that the Ru+ complex in solution 
probably forms an adduct and leads to product formation. Both the products 
NADH and Hz need, for their formation, the Ru+ complex and protons 
(Hz0 in the net sense) which have different effects on their yield. 

% EH,CN] in *O 

Fig. 4. Yields of hydrogen and NADH produced in the photolysis of a solution con- 
taining Ru(bipy)s2+, 6 X lOA M NAD* and 0.12 M TEA in a 70%CH&N-30%H# 
solvent. Pt-PVA was also added (1 mg of platinum per 25 cm* of photolysed solution for 
Hz production). 

4. Comlusion 

The present results show that NAD+ can be reduced photocatalytically 
in an exergonic reaction with local conditions of pH and with ionic species 
present. Metal complexes afford possible control of redox rates that could be 
used successfully for other biochemical systems. 
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