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Abstract 

The light-induced formation of hydrogen from water was studied using polyelectrolytes containing naphthalene antenna chromophores as 
sensitizer. Viologen compounds were employed as electron relay. In the presence of platinum catalyst, the systems produced hydrogen 
efficiently on irradiation with light at A = 300 nm. Natural solar light can also be used to generate hydrogen in such systems. © 1998 
Elsevier Science S.A. 
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1. Introduction 

The photochemical generation of hydrogen from water has 
recently been the subject of extensive research. This process 
is based on the production of a non-polluting fuel from water 
using solar light, and appears to be one of the more promising 
approaches to the conversion and storage of solar energy. 

The essential components of the systems used for this pur- 
pose include a photosensitizer (S),  an electron relay (R) and 
a catalyst [ 1 ]. The excitation of the photosensitizer leads to 
electron transfer via the reactions 

S+hv--*S* (1) 

S * + R ~ S + + R  - (2) 

In the presence of a catalyst, such as colloidal platinum, R -  
reduces the hydrogen from a water molecule and undergoes 
re-oxidation 

R - + H 2 0 - c l H 2 + R + O H  - (3) 

A sacrificial electron donor (D) is usually added to the solu- 
tion in order to recover the photosensitizer 

S + + D - ~ S + D  + (4) 

A number of such systems, varying in molecular organi- 
zation and composition, have been developed and studied 
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[ 1-28]. Homogeneous systems, which are much easier to 
prepare and can be well characterized, have relatively low 
efficiency. This is because of the need to carry out efficient 
primary charge separation (reaction ( 1 ) ) in such a way that 
the back recombination reaction is suppressed. This problem 
can be solved by using microbeterogeneous systems, but most 
of these systems are rapidly deactivated. For example, the 
semiconductors used for this purpose are known to undergo 
photocorrosion [24]. 

In previous papers in this series, it has been reported that 
water-soluble antenna polyelectrolytes, referred to as 
"photozymes",  act as microheterogeneous photocatalysts 
[29-38]. They have been shown to be highly efficient and 
very stable. It has also been demonstrated that several pho- 
tozymes containing naphthalene antenna units can act as sen- 
sitizers and electron donors in the photoreduction of viologen 
compounds [ 39]. 

This paper reports studies on the application of the pho- 
tozymes containing naphthalene antenna chromophores for 
the generation of hydrogen from water. 

2. Experimental section 

2. I. Materials  

The photosensitizers used in this work were synthesized 
and purified according to the methods described previously 
[29,37,38,40]: poly(sodium styrenesulfonate-co-2-vinyl- 
naphthalene) (PSSS-VN) 
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poly [ (2- (6-sulfo-2-naphthoxy) ethyl methylacrylate)-co- 
( 5- ( 3- ( methacryloyloxy ) propyl ) -25,26,27,28-tetrabutoxy- 
calix [ 41 arene] (NS-CAL) 
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methacrylate sodium salt 

(PVA, Aldrich, 100% hydrolyzed, Mw = 14 000) were used 
as received. 

Colloidal platinum was prepared according to the proce- 
dure given in the literature [ 1,6]. The sol was protected with 
PVA ( 1% ( w / w ) solution) or with Carbowax 20 M. (PVA 
was generally dissolved in deionized water, except for the 
reaction carried out in D20 solution, when PVA was dis- 
solved in D20.) The Pt-PVA or Pt-Carbowax solution was 
centrifuged for 1 h and the dark gray supernatant was sepa- 
rated from the black deposit. The platinum content in the 
supernatant was determined from the absorption spectrum of 
the Pt-PVA sol ( e=2 .3  × 1 0 3 M  I c m  ' a t  450 rim) [1]. 

2.2. Irradiation of samples 

Artificial source irradiation was performed using a 100 W 
high-pressure mercury lamp (Photon Technology Interna- 
tional, PTI, USA). The beam was passed through 10 cm of 
water in order to cut-off the IR radiation, and then through a 
313 nm interference filter. The incident light intensity was 
determined using a ferrioxalate actinometer [41] 
(Io = 2.5 × 10 -8 einstein s -  J). 

Alternatively, the samples were irradiated using a Rayonet 
Photochemical Reactor (Southern New England Ultraviolet 
Company, USA) equipped with ten RP-300 lamps. 

The aqueous polymer solutions containing viologen and 
TEA were deaerated prior to irradiation by flushing with 
argon for 30 min. The required amount of the separately 
deaerated Pt sol was then added. The samples were mixed 
during irradiation using a small magnetic stirring bar. 

Natural source irradiation was carried out using solar light. 
The experiments were performed in Toronto on bright sunny 
days in August 1994 between 10:00 a.m. and 3:00 p.m. 

2.3. UV spectra 

Solutions were prepared using the following buffers: potas- 
sium biphthalate for pH 4, potassium biphthalate-sodium 
hydroxide for pH 5 and potassium phosphate monobasic- 
sodium hydroxide for pH 6 and 7. For the set of experiments 
in which the formation of hydrogen was followed by mass 
spectral (MS) analysis, the solutions were prepared in deion- 
ized water or in D20 (Aldrich, 99.9 at.% D). 

Methyl viologen dichloride hydrate (MV 2~, Aldrich, 
98%) was used as received. 

4,4'-Bipyridinium- 1,1 '-bis (trimethylenesulfonate) 
(SPV) was prepared according to the procedure described in 
the literature [ 18]. 

Triethanolamine (TEA, Aldrich, 98%) was distilled under 
reduced pressure. 

Hydrogen hexachloroplatinate(IV) hydrate (Aldrich, 
99.9%), ethylenediaminetetraacetic acid, disodium salt di- 
hydrate (EDTA, Aldrich, better than 99%), citric acid, tri- 
sodium salt dihydrate (Aldrich, 99%), Carbowax 20 M 
(Chromatographic Specialties) and poly(vinyl alcohol) 

The UV spectra of the samples were measured using a 
Hewlett-Packard 8451 A diode array spectrophotometer. 

2.4. Gas chromatographic analysis 

The kinetics of hydrogen formation were measured by gas 
chromatography (GC). A GC-8A gas chromatograph (Shi- 
madzu), equipped with a thermal conductivity detector and 
a Carbosieve 5 A column, was used (column temperature, 
30 °C). Helium (Canox, high purity) was used as the carrier 
gas. The flow rate was adjusted to 40 ml min-  '. 

2.5. Mass spectra 

Analysis of the gas evolved during the experiments was 
performed using a Vacuum Generators 70 S-250 mass 
spectrometer. 
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2.6. High performance liquid chromatography (HPLC) 
analysis 

HPLC analysis was carded out using a Waters HPLC sys- 
tem equipped with a tunable absorbance detector and a ZOR- 
BAX ODS column (4.6 m m × 1 5  cm).  A mixture of  
methanol and water ( 10 : 90, v / v )  was used as eluent. 

3. Results and discussion 

3.1. Production of hydrogen photosensitized by polymeric 
naphthalene chromophores 

Irradiation of  deaerated aqueous solutions containing pol- 
ymers and viologen compounds with light absorbed only by 
the naphthalene polymeric units results in the photosensitized 
reduction of viologen, as demonstrated by monitoring the 
electronic absorption spectra. The increase in the absorption 
characteristic of  partly reduced viologen [ 10,42 ] in the 300-- 
800 nm range, with maxima around 395 and 600 nm, can be 
observed during irradiation. The changes can also be easily 
monitored visually because the solutions become blue. The 
process is especially efficient in the presence of  a sacrificial 
electron donor (TEA),  which reduces the naphthalene radical 
cation. It has been shown that the naphthalene chromophore 
in the excited state transfers an electron to the viologen com- 
pound. When methyl viologen (MV 2+ ) is used, the forma- 
tion of  MV °+ is observed, and SPV" is generated when SPV 
is present in the solution. A sacrificial electron donor, such 
as TEA (or EDTA),  when added to the solution, reduces the 
naphthalene radical cation and restores the photocatalytic 
activity of  the polymer. 

The properties of  the system change dramatically on addi- 
tion of  Pt sol. The blue color disappears and gas bubbles are 
formed. It is known that, in the presence of a Pt catalyst, 
MV "+ is re-oxidized by water with the generation of hydro- 
gen. GC and MS analyses have confirmed that, during the 
irradiation of  aqueous solutions of  several naphthalene 
antenna polyelectrolytes with MV 2~- or SPV in the presence 
of  TEA and Pt sol, hydrogen is efficiently produced. 

Fig. 1 shows the mass spectra for the gas produced during 
irradiation of PSSS-VN + MV 2 + + TEA + Pt sol dissolved in 
water and in D20. The reactions were carried out at pH 7 (no 
buffer added). The spectra clearly show that hydrogen (H2) 
is formed during irradiation in water and deuterium (D2) 
when D20 is used as solvent, confirming that the gas formed 
originates from the solvent and not from other components 
in the system. 

Fig. 2 shows the typical hydrogen production curves 
obtained during irradiation of aqueous solutions of  PSSS- 
V N + M V  2+ and P S S S - V N + S P V  in the presence of TEA 
and Pt catalyst at 300 nm and pH 4. After an induction time 
of several minutes, hydrogen is generated at approximately 
constant rates (56 and 30 ml 1 ~ h-~ when MV z+ and SPV 
are used as electron relays respectively). After about 2-3 h, 
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Fig. 1. Mass spectra of the gas formed during irradiation of solutions of 
PSSS-VN + MV 2 + + TEA + Pt sol in water (a) and in D20 (b) for 2 h with 
light at 300 nm. 
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Fig. 2. Kinetic curves for hydrogen production during irradiation of PSSS- 
VN+MV 2+ +TEA+Pt sol and PSSS-VN+SPV+TEA+Pt sol at pH 4 
with light at 300 nm. 

the rates decrease slightly. The curves for hydrogen formation 
in all of  our systems are qualitatively similar. The observed 
decrease in the rate of  hydrogen generation may be induced 
by the relatively high partial pressure of  hydrogen, because 
it is not removed from the system during irradiation. The 
growing partial pressure of  hydrogen can influence the redox 
equilibrium in the aqueous polymer solution. The hydrogen 
can also participate in the hydrogenation of  both oxidized 
and partly reduced viologen (e.g. MV z÷ and MV "÷) 
[ 14,23]. 

The sequence of  processes leading to hydrogen generation 
can be described by the following scheme 

N * + M V Z + - + N ' + + M V ' +  (5) 

N ' + + T E A ~ N + T E A o x  (6) 

Pt 

MV "+ + H 2 0  ~ MV 2+ +½H2 + O H  (7) 
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The efficiency of hydrogen generation is expected to be 
dependent on several factors, such as the type of polymer 
used, pH of the solution, concentrations of  the polymer, viol- 
ogen compound and Pt in the irradiated solution, type of  
sacrificial electron donor and type of support used to protect 
the Pt sol. 

3.2. Effect o f  agent used to protect the Pt sol 

In this work, the PVA-protected Pt sol was a much more 
efficient catalyst than that protected with Carbowax. Pt pro- 
tected by PVA generally displays a higher catalytic activity 
I 16 ]. However, the drastically reduced activity of  the Pt sol 
protected with Carbowax in our systems probably results 
from its hydrophobicity. The Carbowax-Pt  particles are 
hydrophobic and are probably solubilized in hydrophobic 
pockets created within the polymer chains. This explanation 
is consistent with the observation that the Pt sol protected 
wilh Carbowax is a better catalyst when the NS polymer is 
used as sensitizer than when PSSS-VN is applied. PSSS-VN 
displays a much higher solubilizing ability towards hydro- 
phobic molecules dispersed in water than does the NS 
polymer [40].  

2.5. Effect qf  the photosensitizer and viologen compound 
it.red 

The quantum yields of hydrogen production photosensi- 
tized by the PSSS-VN photozyme were estimated to be 
0.15 +0 .02  when MV z+ was used as electron relay and 
0.08 ___ 0.01 when SPV was used. This indicates that the effi- 
ciency of  hydrogen production is determined by the efficiency 
of  irreversible formation of  MV 2 +. 

However, in spite of  the higher hydrogen yields with 
MV 2 +, the quantum yields of  formation of  S P V ' -  were gen- 
erally much higher than those for MV "÷ [39].  This effect is 
probably caused by the fact that the redox potential for MV 2 ÷ 
is lower than that for SPV. 

Stramel and Thomas [ 43 ] have reported that poly (sodium 
styrenesulfonate) (PSSS)  forms a complex with viologen in 
which the absorption spectrum is shifted to longer wave- 
lengths, resulting in the direct excitation of  viologen by near- 
visible light. In the presence of  TEA, this would also be 
expected to produce hydrogen. In a control experiment in 
which the only change was the replacement of  PSSS-VN by 
PSSS, the presence of  reduced viologen ( M V  ÷ ) was detected 
after prolonged irradiation, but at a concentration more than 
an order of magnitude lower than that obtained with PSSS- 
VN under similar conditions. It therefore appears that the 
naphthalene antenna groups and the hydrophobic domains 
created by them play an essential role in increasing the effi- 
ciency of  hydrogen generation in the photozyme system. 

3.4. Dependence on p H  

Lhe rates of hydrogen production determined after 60 min 
c-f irradiation of  several polymer systems are given in 
Table 1. The quantum yields for electron transfer from naph- 
th,t!ene chromophores to MV -~+ determined in separate 
experiments (in the absence of  Pt) are also included. It can 
be ,,bserved that these values correlate quite well. The pro- 
0t_,,.iion of hydrogen is faster in the systems in which the 
efficiency of formation of  MV "+ is higher. The high perform- 
ante of  the PSSS-VN photozyme reflects the importance of 
tt~,: s~:paration of  the radical ion pair (N "+ and MV "+ ) formed 
in ~!-~e primary photochemical event. 

R:.tes ,ff hydrogen production in reactions photosensitized by the various 
lt3r t. ~ ~z~ q~e antenna polymers ~ and the quantum yields of electron transfer 

?.,~: !:~ ,iymeric naphthalene chromophores to MV 2+ b 

P;,: ;:~'~ ;- l / u , ( m l l  ~h ') 4~(_+5%)×103 

~,~"-~ ~" 14 2.5 
", i' ~ ."d. 46 3.3 
SP'? ~ 48 1.4 
(, > '~ ~ +..' ".I 56 1.8 
?x~ 5 0. l 

; ' :~ ~., ........ ,>=1.5×10 ~ M, C'Mv-',=lXl0-3M, C.rEA=5X10 -2 M, 
'E',:-5:ngl ',pH4. a,,,=300nm. 
i Ex!>c~ imems carried oul iil the absence of Pt catalyst, Ai~r = 313 nm. 
' !i~i~ ~btaiy~ed u.~ing the Mw-molecular-weight model compound (NS) 
i E C , i ' , k x ~  f o r  c o m p a r i s o n .  

The rates of  hydrogen formation during irradiation of  pol- 
ymer  solutions at different pH are given in Table 2. It can be 
seen that there is a strong dependence on the pH of  the solu- 
tion, and the evolution of hydrogen is faster at low pH. 

There are two major reasons for the observed pH depend- 
ence. The first is simply the dependence of  the redox potential 
of  hydrogen ( E n ÷ / n 2) on the activity of  hydrogen ions an +, 
and the second is the difference in stability of  the system at 
different pH values. 

The elementary process of  hydrogen reduction is given as 
follows 

H + + e - ~ ½ H 2  (8)  

and 

EH+/n2=(RT/F)  In an+ (9)  

Table 2 
Rates (VH,) and quantum yields (oh) of hydrogen production in PSSS- 
VN + MV 5+ + TEA + Pt solutions at various pH values " 

pH VH., (ml 1 -I h - ' )  & ( + 10%) 

4 56 0.150 
5 30 0.075 
6 23 0.057 
7 6 0.015 

" 1.5× 10 -3 M, =2× 10 -3M, CTEA=5× 10 _2 M, Cnaphthalene units ~ CMV 2" 

Opt = 5 mg I ~, Air r = 300 nm. 
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Fig. 3. Dependence of the volume of hydrogen formed on the exposure time 
of the PSSS-VN + MV z + + TEA + Pt system to natural solar light. 

At constant temperature E n +/n 2 is dependent only on [ H ÷ ], 
e.g. at 25 °C 

EH+/H2 =--0 .059×pH (V) (10) 

The redox potentials for viologens measured vs. the normal 
hydrogen electrode (NHE) are as follows: for MV 2+, 
E°Mv2+/Mv+ =--0.44 V; for SPV, ~sr, v/sPv = - 0 . 3 7 V  
[ l 8 ]. The difference between the values of the redox poten- 
tial for hydrogen and for MV z + (or SPV) is the driving force 
for hydrogen generation. It is obvious that the difference 
decreases with increasing pH value. 

The second important factor influencing the overall effi- 
ciency of hydrogen production is the photochemical and 
chemical stability of the reactants under the experimental 
conditions. The polyelectrolytes used as sensitizers in our 
experiments display very high stability. The stability of viol- 
ogens during irradiation was tested by HPLC. It was shown 
that the stability of both MV 2+ and SPV decreases consid- 
erably with increasing pH of the irradiated solution. An 
attempt to obtain quantitative data was not successful due to 
the relatively poor separation of the reaction mixture under 
our experimental conditions. The observed consumption of 
the viologens can be explained by considering their hydro- 
genation. The platinum-dependent hydrogenation of MV 2 + 
has been the subject of several studies [ 12,14,23,43 ]. The 
process results in the formation of N,N'-dimethyl-4,4'-bipi- 
peridine [44]. 

3.5. Production of  hydrogen driven by natural solar light 

It has been shown that the exposure of an aqueous solution 
of PSSS-VN + MV 2 ÷ + TEA + Pt sol to natural solar light 
results in the generation of hydrogen. Fig. 3 shows a typical 
curve for hydrogen production under these conditions. 

4. Conclusions 

These experiments demonstrate that polyelectrolytes con- 
taining naphthalene antenna chromophores can act as effi- 
cient photosensitizers for hydrogen evolution from water. 
The efficiency of hydrogen formation correlates well with 
the quantum yields of photoreduction of the viologen corn- 

pounds. The high performance of PSSS-VN and SPVN indi- 
cates the importance of the separation of the radical ion pair 
formed as a result of electron transfer from the naphthalene 
chromophore to viologen. At low pH, the system consisting 
of PSSS-VN and SPV can produce the largest total amount 
of hydrogen. We propose that this is due to two cooperative 
effects: the specific conformation of the PSSS-VN chain 
which leads to the location of the naphthalene chromophores 
inside the hydrophobic microdomains of the polymer, thus 
separating them from SPV'-  present in the aqueous phase, 
and the electrostatic interactions between the negatively 
charged sulfonic groups in PSSS-VN or SPVN and the 
reduced SPV'-  radical ions. 

Acknowledgements 

The financial support of the Natural Sciences and Engi- 
neering Research Council of Canada is gratefully acknowl- 
edged. M.N. thanks the Polish State Committee for Scientific 
Research for support in the form of a research grant. We are 
grateful for helpful comments from a referee. 

References 

[ 1 ] P.-A. Brugger, P. Cuendet, M. Griitzel, J. Am. Chem. Soc. 103 ( 1981 ) 
2923. 

[2] B.V. Koriakin, T.S. Dzhabiev, A.E. Shilov, Dokl. Akad. Nauk SSSR 
233 (1977) 620. 

[3] J.M. Lehn, J.P. Sauvage, Nouv. J. Chim. l (1977) 449. 
[4] K. Kalyanasundaram, J. Kiwi, M. Gr~itzel, Helv. Chim. Acta 61 

(1978) 2720. 
[5] J.R. Bolton, Science 202 (1978) 705. 
16] A. Moradpour, E. Amouyal, P. Keller, H. Kagan, Nouv. J. Chim. 2 

(1978) 547. 
[7] J. Kiwi, M. Gr~itzel, J. Am. Chem. Soc. 101 (1979) 7214. 
[8] M. Kirch, J.M. Lehnen, J.P. Sauvage, Helv. Chim. Acta 62 (1979) 

1345. 
[9] K. Kalyanasundaram, M. Gr~itzel, J. Chem. Soc., Chem. Commun. 

(1979) 1137. 
[ 10] A.I. Krasna, Photochem. Photobiol. 29 (1979) 267. 
[ 11 ] A.J. Bard, J. Photochem. Photobiol. A: Chem. 10 (1979) 59. 
[ 12] P. Keller, A. Moradpour, E. Amouyal, H.B. Kagan, Nouv. J. Chim. 4 

(1980) 377. 
[ 13] A.I. Krasna, Photochem. Photobiol. 31 (1980) 75. 
[ 14] P. Keller, A. Moradpour, J. Am. Chem. Soc. 102 (1980) 7203. 
[ 15 ] O. Johansen, A. Launikonis, J.W. Loder, A.W.-H. Mau, W.H.F. Sasse, 

J.D. Swift, D. Wells, Aust. J. Chem. 34 ( 1981 ) 981. 
116] T. Nishijima, T. Nagamura, T. Matsuo, J. Polym. Sci., Polym. Lett. 

Ed. 19 (1981) 65. 
l 17 ] A. Harriman, G. Porter, M.-C. Richoux, J. Chem. Soc., Faraday Trans. 

2 11 (1981) 1939. 
[ 18] P.-A. Brugger, M. Gr~itzel, T. Guarr, G. McLendon, J. Phys. Chem. 

86 (1982) 944. 
[ 19] R.N. Dominey, N.S. Lewis, J.A. Bruce, D.C. Bookbinder, M.S. 

Wrighton, J. Am. Chem. Soc. 104 (1982) 467. 
[201 K. Kalyanasundaram, Coord. Chem. Rev. 46 (1982) 159. 
[21] M. Gr~itzel (Ed.), Energy Resources Through Photochemistry and 

Catalysis, Academic Press, New York, 1983. 



290 M. Nowakowska, J.E. Guillet / Journal of Photochemistry and Photobiology A: Chemistry 112 (1998) 285-290 

[22] Y. Okuno, Y. Chiba, Y. Osamu, J. Chem. Soc., Chem. Commun. 
(1984) 1638. 

[23] T.W. Ebbesen, J. Phys. Chem. 88 (1984) 4131. 
[24] R. Baba, S. Nakabayashi, A. Fujishima, K. Honda, J. Phys. Chem. 89 

(1985) 1902. 
[25] Y. Nosaka, A. Kuwabara, H. Miyama, J. Photochem. Photobiol. A: 

Chem. 32 (1986) 143. 
[26] E. Adar, Y. Degani, Z. Goren, I. Willner, J. Am. Chem. Soc. 108 

(1986) 4696. 
[27] R. Bauer, C. Konigstein, J. Photochem. Photobiol. A: Chem. 59 

(1991) 61. 
[281 Y. Nosaka, K. Yamaguchi, A. Kawabara, H. Miyama, R. Baba, A. 

Fujishima, J. Photochem. Photobiol. A: Chem. 64 (1992) 375. 
[ 29] M. Nowakowska, B. White, J.E. Guillet, Macromolecules 21 (1988) 

3430. 
130] M. Nowakowska, B. White, J.E. Guillet, Macromolecules 22 (1989) 

2317. 
[31 ] B. White, M. Nowakowska, J.E. Guillet, J. Photochem. Photobiol. A: 

Chem. 50 (1989) 147. 

[32] M. Nowakowska, E. Sustar, J.E. Guillet, J. Am. Chem. Soc. 113 
(1991) 253. 

[33] M. Nowakowska, J.E. Guillet, Macromolecules 24 ( 1991 ) 474. 
[34] M. Nowakowska, H. Bakhtiyari, E. Osselton, M.R. Steele, J.E. Guillet, 

J. Photochem. Photobiol. A: Chem. 64 (1992) 329. 
[35] M. Nowakowska, B. White, S. Vogt, J.E. Guillet, J. Polym. Sci., 

Polym. Chem. Ed. 30 (1992) 271. 
[36] M. Nowakowska, V.P. Foyle, J.E. Guillet, J. Am. Chem. Soc. 115 

(1993) 5975. 
[37] D.M. Gravett, J.E. Guillet, Macromolecules 28 (1995) 274. 
[38] D.M. Gravett, J.E. Guillet, Macromolecules 29 (1996) 617. 
[39] M. Nowakowska, H. Reese, D.M. Gravett, J.E. GuiUet, submitted for 

publication. 
[40] D.M. Gravett, Ph.D. Thesis, University of Toronto, 1994. 
[41] C.A. Parker, Photoluminescence of Solutions, Elsevier, New York, 

1968. 
[42] T. Watanabe, K. Honda, J. Phys. Chem. 86 (1982) 2617. 
[ 43 ] R.D. Stramel, J.K. Thomas, J. Chem. Soc., Faraday Trans. 2 82 (1986) 

799. 
[44] A.P. Phillips, J. Mentha, J. Am. Chem. Soc. 77 (1955) 6393. 


