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Abstract

Water-soluble viologen-linked zinc porphyrin (ZnP(C,V C,)4) and bisviologen-linked zinc porphyrin (ZnP(C,V, C,Vy),) were synthe-
sized. In ZnP(C,V, C;Vy ). two viologens (butylviologen and 1-benzyl-1'-butylviologen) are connected with the tetrakis- (4-pyridyl)-zinc
porphyrin via a methylene chain (~(CH,)4~). so as to produce a gradient of redox potential in the molecule. The photochemical and
electrochemical properties of ZnP(C,V,4 C,Vy), and ZnP(C,V C,), were investigated by using the absorption spectra, the fluorescence
speetra and the cyclic voltammetric measurement. The photoexcited triplet state of the porphyrin of ZnP(C,V 5 C4Vy), and ZnP(C,V C,),
was studicd by using a laser flash photolysis. In the case of ZaP(C,V, CyVy) 4. the photoexcited triplet state of the porphyrin was not quenched
by the bonded viologen. On the other hand, for the ZnP(C,V C,),. the photoexcited triplet state of the porphyrin was quenched by the bonded

viologen. © 1998 Elscvier Science S.A.
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1. Introduction

Photoinduced mtramolecular electron transter in donog--
photosensitizer-acceptor systems has been studied exten-
sively to undersiand the primary process in photosynthesis
and to establish the systems for solar ¢nergy conversion and
storage [1<8]. The donor-photosensitizer-acceptor cova-
lently linked molecules mainly consisting of triethylamine as
a donor, porphyrin as a photosensitizer and quinone, pyro-
mellitimide or viologen as an acceptor were synthesized to
mimic the photoreaction center. In these compounds, pho-
toinduced intramolecular electron transfer between porphyrin
and acceptor takes place via photoexcited singlet state of the
porphyrin. Kinetic studics of the charge separation and charge
recombination steps have been studied by using laser {lash
photolysis. These steps strongly depend on the redox poten-
tials of the donor and the acceptor, the distance between the
donor and acceptor, and the nature of the linkage [9-17].
Among these donor-photosensitizer-acceptor compounds,
violegen-linked porphyrins sound to be a good chemical
devices to change solar encrgy into chemical energy, for the
porphyrins have ma-imui absorption in the visible region.
the photoexcited porphyrin can reduce the viologen and the
reduction potential of the viologen is sufficiently ncgative to
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reduce water to hydrogen. As viologen-linked porphyrins
serve as photosensitizer and electron carrier in the same mol-
ceule, the photoexcited singlet state of the porphyrin reduces
the bonded viologen efficiently. Thus, viologen-linked por-
phyrins are attractive to develop the previous photoinduced
hydrogen evolution systems | 18=21] consisting of an elec-
tron donor, a photosensitizer, an electron carrier and a cata-
lyst. ‘To accomplish simpler redox systems for solar energy
conversion, viologen-linked porphyrins with longer lifetimes
of the charge-separated states are desired. We have reported
the preliminary study of the photoinduced hydrogen evolu-
tion system using synthetic water-soluble four viologen-
linked zinc porphyrins and the photochemical and
electrochemical properties of a series of water-soluble viol-
ogen-linked zine porphyrins | 22-24 ). To attain the high yield
of photoinduced hydrogen evolution, the long-lived charge-
separated species are desired. The long-lived charge-sepa-
rated state was accomplished by the multi-step electron
transfer in a photoscisiticei and some different acceptor-
linked molecules [ 11-14,25--27]. In this paper we hope to
describe the preparation and photochemical and electrochem-
ical characterization of the water-soluble bisviologen-linked
zinc porphyrin as shown in Fig. 1 (ZoP(C,V,CVy)4). Two
different viologens (butylviologen and 1-benzyl-1'-butyl-
viologen) are connected to the zinc porphyrin, so that pho-
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Fig. 1. Structure of bisvivdogen-linkad zine porphyrin and buyiviologen
linked zine parphyrin

toinduced two-step electron transfer can oceur 1o yield the
long-lived charge-separated species.

2. Experimental
2.1. Synthesis

All the reagents used were analytical or highest grade avail-
able. The synthesis route and structures of viologen-linked
zinc porphyrin and bisviologen-linked zine porphyrin are
shown in Scheme 1 and Fig. 1, respectively.

2.1.1. Zine tetrakis-(4-pyridvl)-porphyrin (ZnTPvP)
ZnTPyP was synthesized from tetrakis-(4-pyridyl)-por-
phyein (T2yP) as a starting material according to the litera-
ture [ 21]. TPyP was obtained from Aldrich Chem. Co. TPyp
(1.2% 10 *mol) and zinc acetate (16X 10 > mol) were
dissolved in 200 ml of acetic acid and heated o reflux at 80°C
tor 3 h. The solvent was removed by evaporation, A purple
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precipitate was collected and washed with water and then
with choroform and dreicd under vacuuim overnight to yiekd
the desired product.

2.1.2. 1-Benzyl-4.4° -bipvridinium (V)

4.4"-Bipyridine (016 mol)  and  beneyl  bromide
(0.15 mol) were dissolved in 400 ml of acetone and stirved
at room temperature for 24 h. A white precipitate was col-
lected by suction filtration and washed with acetone. The
desired product was reerystallized from ethanol (EtOH) and
water and dricd under vacuum overnight. Proton nuclear
magneti=resonance ('H NMR) in D,O: § (ppm) 5.7 (s,
2H)7.3-7.5 (m, SH), 7.7-7.8 (m, 2H). 8.2-8.3 (m, 2H),
RS5-8.0 (m. 2H), 8.8-89 (m, 2H).

QL3 -Beneyi 1 (nA-bromobue- 1 -v1)-4 48" apyridinium
{BrC,Vy)

E-Benzyl-3-2 -bipyridimum  brommde (31X 10 "mol)
was dissolved in 150 ml of acetonitnle (MeCN), treated with
exvess bd-dibromobutane (0.16 mol) and heated to reflux
for 24 h. A bright yellow precipitate was collected by suction
tiltration, washed with MeCN and dried under vacuum over-
mght. The product was recrystallized from E(OH and then
dissolved in water and a solution of ammonium hexafluoro-
phosphate (NH,PF,) was added to replace the counter-amon
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with PF,; . The white PF, salt was collected by suction
filtration, washed with water and dried under vacuum over-
night. 'H NMR in dimethylsulfoxide-d, (DMSO-«',): 8
(ppm) 1.85 (quint, 2H). 2.12 (quint, 2H), 3.60 (1. 2H),
4.72 (t, 2H). 5.92 (s, 2H), 7.4-7.7 (m, 5H), 8.3-8.4 (m,
2H). 8.7-8.8 (m. 4H), 8.4-8.6 (m, 2H).

2.1.4. 1-Benzyl-1'-[n-4-[ I-(4,4' -bipyridinium) Jbut-1-y! |-
4,4’ -bipyridinium (BpyC,Vp)

C,Vg PF, (1.5X 10 *mol) was dissolved in 150 ml of
MeCN, treated with excess 4.4'-bipyridine (0.14 mol) and
heated to reflux for 12 h. After cooling the solution to room
temperature, tetraethylammonium bromide ({EtN]Br)-
McCN solution was added to replace the counter-anion with
Br . The yellow precipitate was collected by suction filtra-
tion, washed with MeCN. The product (Br  salt) wasrecrys-
tallized from EtOH and McOH and then dissolved in water
and solution of NH,PF, was added to replace the counter-
anion with PF, . The white PF,; salt was collected by suction
filtration, washed with water and dried under vacuum over-
night to yicld BpyC,Vy 3PF, . 'H NMR in DMSO-d,; &
(ppm) 1.9-2.2 (m, 4H), 4.6-4.8 (m, 4H), 594 (5. 2H),
7.4-7.7 (m, SH), 8.0-8.1 (m, 2H). 8.6-9.0 (m, 8H), 9.1~
9.6 (m, 6H).

2.1.5. 1-Benzyl-1'-[n-4-[ 1" -(n-4-bromobut-1-y1)-4,4'-
bipyridinium Jbut-1-yl]-4 4 -bipyridinium (C,V,, C,Vp)
BpyC,Vy 3PF, (1.8%10 "mol) was dissolved in
250 ml of McCN, treated with excess 14-dibromobutane
(0.16 moi) and heated to reflux for 24 h. After cooling the
solution to room temperature, | EGN [ Br-MeCN solution was
added to replace the counter-anion with Br . The yellow
precipitate was collected by suction filtration. washed with
MeCN. The product (Br - salt) was reerystallized from EtOH
and MeOH and dried under vacuum overnight o yield
CoVACVy 4Be . "H NMR in DO 6 (ppm) 1.8S (quint,
2H), 2.0-2.3 (m, 6H), 3.42 (1. 2H), 4.6-4.8 (m, 6H), 5.81
(s, 2H). 7.42 (m, SH), 8.3-8.5 (m, 8H), 8.9-9.1 (m, §H).

2.0.6. 1-(n-Butyl)-4.4 -bipyridinium (C,V)

4.4"-Bipyridine (0.16 mol) and 1-bromobutane (0.15 mol)
were dissolved in 400 ml of acetone and stirred at room tem-
perature for 24 h. A yellow precipitate was collected by suc-
tion filtration and washed with acetone. The desired product
was reerystallized from EIOH and water and dried under
vacuum overnight. "H NMR in D,0: 8 (ppm) 0.85 (s, 3H),
1.25 (quint, 2H), 1.90 (quint, 2H), 4.55 (1. 2H), 7.7-7.8
(m, 2H), 8.2-8.3 (m, 2H), 8.6-8.7 (i, 2H), 8.8-8.9 (m.
2H).

2.1.7. 1-Bromobuyl- ' (n-butyl)-4,4"-bipyridinium
(BrC,VC,)
[OA
McCN, treated with excess 1,4-dibromobutane (0.13 mol)
and heated 1o reflux for 24 h. A yellow precipitate was col-
lected by suction filtration, washed with McCN and dricd

(3410 *mol) was dissolved i 150 ml of

under vacuum overnight. The product was recrystatlized from
EtOH and then dissolved in water and a solution of NH,PF,,
was added to replace the counter-anion with PF,, . The white
PF, salt was collected by suction filtration, washed with
water and dried under vacuum overnight. The PF, salt dis-
solved in MeCN and [Et;N|Cl~ was added to replace the
counter-anion with Cl " . The white Cl ~ salt was collected by
suction filtration, washed with water and dried under vacuum
overnight. '"H NMR in D,0O: & (ppm): 0.85 (s, 3H), 1.25
(quint, 2H), 1.89 (quint, 4H), 2.14 (quint, 2H), 345 (1,
2H), 4.6-4.7 (m, 4H), 8.3-8.5 (m, 4H), 9.0-9.1 (m, 4H).

2.1.8. Bisviologen-linked zinc porphyrin (ZnP(C,V, C,Vg)y)

ZnTPyP (29%X10 *mol) and C,V,C,Vy 4Br
(5.5% 10 * mol) were dissolved in 150 ml of dimethylfor-
mamtde (DMF)-McOH ( 1:1) and heated to reflux for 72 h.
The solvent was removed by vacuum pump and dissolved in
water. The desired product was obtained by column chro-
matography (Sephadex LH-20 column 40X 3 ¢cm, cluted
with witer). '"H NMR in DMSO-d,: 8(ppm): 1.9-2.3 (m,
32H), 4 6-4.9 (m, 32H), 599 (s, 8H), 8.1-8.2 (m, 20H),
8.7-9.2 (m, 44H), 9.3-9.7 (m, 36H).

2.1.9. Butylviologen-linked zinc porphyrin (ZnP(C,V C,),)
ZoTPyP  (29%10 *mal)  and BrC,VC, 2Br
(5.5x 10 *mol) were dissolved in 150 ml of DMF and
heated to reflux for 72 h. The solvent was removed by vacuum
pump and dissolved in water. The desired product was
obtained by column chromatography (Sephadex 1L.H-20 col-
umn 40X 3 em, cluted with water). 'H NMR in DMSO-d,,
a (ppm): 100 (s, 12H). 1.39 (quint, 8H), 1.9-2.2 (quint.
16H), 2.41 (m, 84, 4.6-4.8 (m, 16H), 499 (1, 8H). 8.7~

9.2 (m, 28H) 9.3-9.6 (m, 20H).

2110, Viologen-free zine porphyvim (ZnlP(C,).)

ZoTPyP (2910 * mob) and 1-bromobutane (BrCy)
(0.20 mol) were dissolved in 150 mi of DMF and heated to
reflux for 48 h. The solvent was removed by viacuum pump
and dissolved in water. The desired product was obtained by
column chromatography (Sephadex LH-20 column, cluted
with water). 'H NMR in DMSO-d,: 8 (ppm) ZnP(Cy)
1.25 (s, 12H), 1.74 (quint, 8H), 2.28 (quint, 8H), 4.95 (1.
8H), 9.0-9.3 (m,16H). 9.5-9.7 (m, 8H).

2.2, Spectroscopic measurementy

For 'H NMR measurement, the PE, salts of ZnP(C,V,
CoVi) o Z0nP(C,V Cy) yand ZnP(Cy) 4 were used. In the case
of photochemical and electrochemical experiments, the Cl
salts of ZnP(C,V, CaVi) g ZoP(CV Cy)y and ZnP(Cy) 4
were used.

'"H NMR spectra were recorded on a Varian GEMINI-200,
Chemical shifts were referenced to the solvent peak calibrated
against tetramethylsilane (TMS).

The absorption spectra of ZnP(CVy CaVi)a ZnP(CV
C,)4 and ZnP(C,) 4 were measured in water using a Hitachi
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U-2000 spectrometer. The absorption coefficients of
ZnP(C,V, CiVi)s), 20P(CV C,),s and ZnP(Cy), were
estimated using the absorption coefficient of zinc-5,10,15,20-
tetrakis( N-methylpyridinium-4yl) porphyrin (ZnTMPyP).

The fluorescence spectra of ZnP(C,V, C,Vg)..
ZnP(C,V C,); and ZnP(C,), were measured in water
at room temperature using a Hitachi F-4000 spectrometer.
The absorbance at the cxcitation wavelength was kept
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constant to be 0.2 for all the sample solutions in these
experiments.

2.3. Electrochemical measurements
Redox potentials were determined by cyclic voltammetry

(Hokuto Denko Potentiostat/Galvanostat HA-301, Function
Generation HB-111, Riken Densho X-Y recorder). All
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Fig. 2. 'H NMR spectra ( 200 MHze) of ZnP(C,V, C‘V“ Yo and ZaP(C,V C,), in DMSO-d,, The signal assignment is shows in the figure.
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measurcnents were carried out under Ar in solutions of
0.2 mol dm ~* KCI and 25 mmol dm * Tris-HCl (pH=

7.4) atacarbon working electrode. A Pt was used as acounter
electrode. All potentials are relative to Ag/ AgCl electrode as
the reference.

2.4. Laser flash photolysis

Taser flash photolysis was carried out by using an Nd-
YAG laser (Spectra Physics Quanta Ray DCR-3) with sec-
ond harmonic light with 532 nm (pulse width 10 ns) at room
temperature. Xenon arc lamp was used as a monitoring light
beam. The transient spectra were stored in storage oscillo-
scope (SONY-Tektronix 11401).

3. Results and discussion
3.1. Preparation of ZnP(C,V, C,Vp), and ZnP(C,V C,),

The preparation method of ZnP(C,V, C,Vy), and
ZnP(C,V C,), is shown in Scheme 1. The structures of all
synthesized compounds were chazacterized by "HNMR. The
'H NMR spectra of ZnP(C,V, CyVy), and ZnP(CV Cy),
is shown in Fig. 2 and the signal assignment is given in the
spectra.

1.2 Absorption spectia of ZnP(C,V, CVy)y ZnP(CV C)),
and ZnP(C,),

‘The wavelength of absorption maxima and the absorption
coefticients of ZnP(C,Va CiVida 2aP(CV Cyh)y and
ZaP(C,), are listed in Table 1 The speetra of ZnP(CV 4
CoaVi) g and ZaP(C,V Cy), are similar to that of ZnP(Cy).,

indicating no electronic interaction between the zinc porphy-
rin site and the bonded viologen at the ground state.

3.3. Electrochemical property of ZnP(C,V, C,Vg),
ZnP(C,V C,), and ZnP(C,),

The energy levels of ZnP(C,;V, C;Vy), and ZnP(C,V
C,)4 were studied by electrochemical measurements. The
results are listed in Table 2. The energies of the first excited
singlet states of the ZnP(C,V, CyVy), or ZnP(C,V C,),
were calculated from the average value of the frequencics of
the longest wavelength of absorption maxima and the shortest
wavelength of fluorescence emission maxima. The redox
potentials were determined from cyclic voltammetric meas-
urcments. The cnergies of charge-separated states of
ZaP ' (CyVa CyVp) g, ZnP ' (C4VA CyVy )aand ZnP ' (C,V
C, )4 were estimated from the first oxidation potential of
ZnP(C,), and the first reduction potential of butylviologen
and C,Vy,. Each energy level is listed in Table 3. No correc-
tion for Coulomb cffccts was attempted because of no inter-
action between each chromphore at the ground state.

For ZnP(C,V A C,Vy)a4 the first excited singlet state of the
zinc porphyrin lies at 1.99 ¢V above the ground state and the
nP' (CyVA CyVp)s and ZnP* (C4V4 C4Vy )4 charge-
separated states lic at 1.65 and 1.52 ¢V, respectively.

For ZnP(C,V C,).. the first excited singlet state of the zinc
porphyrin lies at 1.99 ¢V above the ground state and the ZnP*
(C,V Cy ), charge-separated states lic at 1.65 eV. Scheme 2
shows the cnergy levels of transient states of ZnP(C,V,
C,Vi)aand ZnP(C,V Cy) 4 from Table 2. The electron trans-
fer pathways are considered as shown in Scheme 2. Step |

Tahle 2
The first excited singlet state energtes of ZoPC, ) and redox potentials (vs,
A/ AgCl) for ZnP(C ), butylviolopen and €,V

‘Table 1 Compound Pev)® L)t BV
Wavelengih of absorption maxima of ZP(C,V, C Vi), ZaPCV Cydy -
und ZaP(Cy), 2P (Cy)y 1.99 098K

Butylviologen = (710
Compound Soret band (nm)  Q band (nm) CaVa = ().591
ZaP(CVA GV, 437 (180000) ° 565 (17916) 608 (7667) 1P is the energy of the first excited singlet state taken as the mean of the
InP(C,V Cy), 436 (180000) 564 (17333) 606 (3750) frequencies of the longest wavelength of the absorption maxtini and the
Zn(Cy), 438 (180000) 565 (17500) 607 (7700) shortest wavelength of the enmssion maxima,

* Absorption coefhicient (M Yem o ) given i parentheses.

Table 3

v g s the first oxidation potential,
¢ EDis the iest reduction potential

Energies of the first excited singlet state and the charge-separated state of ZaP(C,V CiVi)y and Znb CaVCy)y

Compound Pev)” E(ZnP (CV Coy) (eV) ! EZaP ' (CVACVi) eV " EAZaP (CaVa GV bad eV "
ZP(CaV A CaVi s 199 1.65 153
aP(C,V Coy 1.99 1.65

2 1P ig the energy of the first excited singlet state taken as the mean of the frequencies of the longest wavelength of the absorption maxima and the shorest

wavelength of the enission maxima.
» Calculated froim the results of cyclic voltammetric measurements
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20 r VZaP.C4VC4Vy (1.99eV)

ZnP-C4VC4Vp

Scheme 2.

represents non-radiative and radiative processes. Steps 2, 3
and § represent clectron transfer processes and steps 4 and 6
represent charge recombination processes, respectively. In
the case of ZnP(C,V , C4Vy) 4 the energy difference between
the first excited singlet state of porphyrin and cach charge-
separated state is 0.34 and 0.45 ¢V,

3.4, Fluorescence spectra of ZnP(C,V, C,Vy), ZnP-
(C,VC,),and ZnP(C,),

The photoexcited singlet states of ZnP(C,V, C,Vy)..
ZnP(C,V C,), and ZnP(C,), were studied using the fluo-

rescence emission spectra, The fluorescence spectra of

Zﬂp( C‘VA C4V|; )as Zﬂp( C4V C‘g),; and ZnP( C4 )sare shown
in Fig. 3. Relative fluorescence intensities are listed in
Table 4. These values were obtained by the integration of the
emission spectra of ZnP(C,V, C,Vy), and ZnP(C,V Cy),
relative 1o ZnP(C,),. The peak wavelength of the Soret band
of ZaP(CyV, CyVi) i, ZnP(C,V Cy), was used as the exci-
tation wavelength, The absorbance at the excitation wave-
Tength was kept constant to be 0.2 for all the sample solutions
in these experiments. The shape of the fluorescence spectra
of ZaP(C,V, CiVy), and ZaP(CV C,), ate the same as

that of ZaP(C,),. However, the Muorescence intensities of

ZnP(C,V, C,Vy), and ZaP(C,V Cy), are lower than that
of ZnP(C,),. These results indicate that the photoexcited
singlet state of porphyrin is quenched by the bonded viologen
due to intramolecular electron transter and no electronic inter-
action occurs between the porphyrin and the bonded viologen

intensiy fau.

Fig %’ Fluorescence spectra of (a) ZaP(C,),. (b) 2Py C,V ), and (o)
ZaPC,V, C, V), i water The excitation wavelength was 438 nm.

Table 4
Relative fluorescence intensities of ZnP(C,V,, C,Vy), and ZnP(C,V Cy),

Compound i1,
ZnP(C,V, C4Vp)a 0.29
ZnP(C,V Cy), 0.33

I, is the value of fluorescence intensity of viologen-free zinc porphyrin
ZnP(C,),.

in the photoexcited singlet state. The fluorescence of
ZnP(C,V, C,4Vp),4isquenched by the bonded viologen more
cfficiently than that of ZaP(C,V C,),.

3.5. Triplet state of ZnP(C,V, C,Vy), ZnP(C,V C,), and
ZnP(C,),

The clectron transfer from the photoexcited triplet state of
the porphyrin to the bonded viologen was studicd using laser
flash photolysis. Fig. 4 shows the decay of the transicnt states
of the porphyrin. The decay of the photoexcited triplet state
of ZnP(C,) 4. as shown in Fig. 4(a). cheyed first-order kinet-
ics, and the lifetime of photoexcited triplet state of ZnP(C,)
was 1.2 ms. For the ZnP(C,V C,),, the decay of the pho-
toexeited triplet state of porphyrin of ZnP(C,V C,), was
shown in Fig. 4(b) and obeyed first-order kinetics. The life-
time of photoexcited triplet state of porphyrin of ZnP(C4V
Cy)y was 9.5 ps. The lifetime became shorter than that of
ZnP(C,) 4 indicating that the photoexcited triplet state of the

@ 2P ),

1!“‘* 10%

o]

1ms

(b) ZnP (C,VC,),
ATz 10%

Wus

(€) Z0P (CV,CValy

Fig. 4. Typical decay of the photoescited triplat state monitored at 490 nm
after laser flash. The absorbance at the excitation waveleagth (332 mim) was
kepi to be 0.2 for all the sample solutions.
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porphyrin of ZnP(C,V C,), was quenched by the bonded
viologen. However. no increase of absorbance at 605 nm due
to formation of the reduced viologen was observed. This
result indicates that the back clectron transfer reaction occurs
very rapidly compared with the forward clectron transfer
reaction. For ZnP(C,V, C,Vp),. the decay of the photoex-
cited triplet state of the porphyrin of ZnP(C,V, C4Vpg), is
shown in Fig. 4(c) and obeyed first-order kinetics. The life-
time of photoexcited tripiet state of the porphyrin of
ZnP(C,V, C,Vy), was 0.8% ms. This value is almost the
same as that of ZnP(C,),, indicating no intramolecular elec-
tron transfer occurred via the photoexcited triplet state of the
porphyrin. This result incicates the quenching reaction
occurred via the photoexcited singlet state of the porphyrin
sitc of ZnP(C, V4 C\ V).
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