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Abstract: The photochemistry of the dithiocyanate complex, (MV2+(SCN")2), is very similar to (MV2+(Cr)2) and yields MV+-
and (SCN"-)2 with a quantum yield of 0.16 as observed by nanosecond flash photolysis. Picosecond flash photolysis reveals 
that both the monothiocyanate and the dithiocyanate complexes give charge transfer upon excitation (respectively (MV+-SCN-) 
and (MV+-SCN-SCN")) with a quantum yield of ~0.3. The radical pair (MV+-SCN-) undergoes geminate recombination 
with a rate constant >6 X 109 s'1 while (MV+-SCN-SCN-) rearranges to (MV+-(SCN"-)2) in less than 30 ps. (MV+-(SCN"-)2) 
forms a bonded radical pair with an association constant Kn = 120 M-'. Half of the (MV+-(SCN"-)2) formed undergoes geminate 
recombination (5 X 108 s"1) while for the other half the two radicals diffuse apart (5 X 10s s"1). MV+- and (SCN"-)2 reencounter 
by second-order kinetics (6 X 1010 M"1 s"1). The picosecond photochemistry of MV2+(Cl)2 is also analyzed and compared 
with that of MV2+(SCN~)2. The energetics of these reactions are considered, and the general consequences of these results 
are discussed. 

Viologens have been used as electron acceptors in a great variety 
of studies in such areas as herbicidal activity and photosynthesis,1 

photochemistry,2 photoelectrochemistry, and solar energy con
version.3 Therefore it is most important to fully understand the 
photochemistry of viologens. 

The photochemistry of methyl viologen, MV2+(X~)2, has been 
mostly analyzed in alcoholic solutions,4 but it has also been studied 
in polymers5 and on cellulose,6 and it has been observed in acidic 
solution7 although, as we have pointed out elsewhere, the results 
were inconclusive.8 

Both in alcoholic and aqueous solutions the photochemistry of 
MV2 +(Cr)2 depends on the existence of ground-state charge-
transfer halide complexes.9 From the nanosecond flash photolysis 
study we showed that the products from exciting the dichloride 
complex in water were the radicals MV+- and (CN)2.

9 To further 
analyze the events leading to these radicals it is reported here first 
the results of both nanosecond and picosecond studies on 
MV2+(SCN-J2. The behavior of the chloride and thiocyanate salts 
are identical as observed by nanosecond flash photolysis; however, 
for picosecond absorption measurements the latter is more con
venient since both radicals formed absorb in the visible spectrum. 
Then by comparison with MV2+(SCN")2, the picosecond flash 
photolysis results of MV2+(Cr)2 are analyzed. 

Experimental Section 
The static spectroscopy was performed with a Cary 219. A SLM 

photon-counting spectrofluorometer was used to measure emission. For 
the nanosecond laser flash photolysis a Molectron UV 400 (pulse width 
10 ns) was used, exciting the samples at 337 nm in a pseudo-front-face 
setup, unless otherwise indicated. The quantum yield measurements were 
done with the 265 nm excitation wavelength of a Quanta Ray Nd-Yag 
laser system, and naphtalene was used as actinometer.10 The picosecond 
laser flash photolysis apparatus has been described elsewhere." The 
pulse width was 30 ps, and the excitation wavelengths were 355 and 266 
nm for MV2+(SCN")2 and MV2+(Cl^)2, respectively, unless otherwise 
indicated. 

The methyl viologen dichloride (l,l'-dimethyl-4,4'-bipyridinium di
chloride) was purchased from Sigma Chem. Co. The thiocyanate salt 
was obtained by passing the chloride salt through an ion-exchange col
umn (Anga 542, J. T. Baker Chem. Co.) loaded with thiocyanate. The 
solutions were buffered with a 0.1 M phosphate (pH 7). The presence 
of the phosphate did not interfere with the experiments. 

Results 

(1) Ground-State Complexation. Upon addition of excess S C N -

to a solution of MV 2 + a new band appears at the longer wave
lengths in the absorption spectrum of MV 2 + as shown by the 
differential absorption in Figure 1, parts b, c, and d. As can be 
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seen this absorption band (with a maximum at about 310 nm) 
increases with increasing [SCN"] and is indicative of the formation 
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Figure 1. (a) Absorbance spectrum of MV2+(SCNO2; (b, c, and d) the 
growth of the charge-transfer band of the ground-state dithiocyanate 
methyl viologen complex as a function of [SCN-] ([MV2+] = 1O-3 M) 
as seen by differential absorption. Inserted is the Benesi-Hildebrand plot 
for the charge-transfer complex (see text). 
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Figure 2. Comparison between the initial transient spectrum (after na
nosecond pulse) (—) and the theoretical spectrum ( ) calculated by 
assuming it to be the sum of the spectra of MV+- («606 = 13 700 M-

cm"1)12 (•) and (SCN-O2 (uso = 7800 M"1 cm"1)13 (A) at equimolar 
concentrations. 

of a ground-state charge-transfer complex. Inserted in Figure 
1 is the Benesi-Hildebrand plot giving a value of 2.0 M"1 for the 
association constant A 2̂SCN

 0^ 1 ^ complex. This is assumed to 
be the constant for the association of the second SCN" to the 
monothiocyanate complex 

(MV2+SCN-) + SCN" ^ (MV2+(SCN-)2) K2SCN (a) 

as is indicated by the photochemistry results discussed in the next 
section. The formation of the monothiocyanate complex will not 
interfere with the Benesi-Hildebrand plot for the binding of the 
second SCN" as long as its constant, ^ISCN> 'S much larger than 
•^2SCN- Unfortunately, A^SCN could not be determined by the 
Benesi-Hildebrand method (probably because of the low extinction 
coefficient of (MV2+SCN-)) nor by the activity of SCN" in 
MV2+(SCN")2 solutions because of the interference of halides 
(already at 1 ppm) at the specific SCN" electrode. 

(2) Photochemistry. Nanosecond Flash Photolysis. MV2+-
(SCN")2 may undergo intracomplex charge transfer and rear
rangement upon excitation at 337 nm 

MV2+(SCN")2 + hv — MV+- + (SCN-O2 <10 ns (b) 

(8) Ebbesen, T. W.; Levey, G.; Patterson, L. K. Nature (London) 1982, 
298, 545. 
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Figure 3. The inverse of the observed initial quantum yields of reaction 
b (in nanosecond flash photolysis experiments) is plotted against the 
inverse of the [SCN-] (see text). 

as shown in Figure 2. The observed spectrum is the sum of 
equimolar quantities of MV+- and (SCN-O2. (In a previous paper9 

the pair of radicals of the type formed in reaction b was labeled 
as a radical pair which was obviously a misnomer.) Reaction b 
occurs faster than the time resolution of our nanosecond apparatus 
(IO"8 s). And since the quantum yield of reaction b is dependent 
on the [SCN"], we wished to determine, by an indirect method, 
whether it was due to competition kinetics after excitation of 
methyl viologen or to the fact that only one of the species in the 
ground state equilibria led to the products. 

If only the dithiocyanate complex undergoes reaction b, then 
using an excitation wavelength where the dithiocyanate complex 
has approximately the same extinction coefficient as the other 
species present, the observed quantum yield of reaction b, </>', is 
the product of the true quantum yield <j> of reaction b for the 
complexed species and the fraction of complexed species present 
in the solution: 

K2x[X-] 
4>' = 4> where X = SCN (c) 

1 + K2x[X-] 

The second term in eq c is valid only if [SCN-] » [MV2+] which 
was the case in these experiments. Thus by plotting 1/0' vs. 
1/[SCN-] (Figure 3) l/</> is the intercept and 1/0AT2SCN is the 
slope and we find <p = 0.16 (± 0.04) and /ST28CN = 2.3 (± 0.4) M-1 

by using 265 nm excitation light. This value of £2SCN is in good 
agreement with the one determined by the Benesi-Hildebrand 
plot given above. Therefore just as for the chloride species,9 

reaction b occurs only for the ground-state charge-transfer com
plex. 

The radicals formed in the pulse disappear by essentially dif
fusion-controlled second-order kinetics 

MV+- + (SCN-O2 — MV2+(SCN-)2 k'r (d) 

where k'r (3 X 1010 M"1 s"1) is independent of pH (1-8), as 
expected. The disproportionation reaction of (SCN-O2 does not 
interfere with reaction d to any significant degree, because its rate 
constant is much smaller (2k = 3 X 109 M"1 s"1).14 

A picosecond study was then undertaken to try to understand 
some of the earlier events leading to the radical products of re
action b and to verify directly that reaction b only occurs for the 
dithiocyanate charge-transfer complex. 

Picosecond Flash Photolysis. Immediately after the excitation 
pulse at 355 nm, the characteristic spectrum of MV+- is observed 
with a peak around 600 nm. However, Figure 4, parts a and b, 
shows that at the shorter wavelengths the absorption is too strong 
to be that of MV+. alone and indicates that (SCN-O2 is already 
present. The two dots in Figure 4a indicate the relative absor-

(12) Watanabe, T.; Honda, K. J. Phys. Chem. 1982, 86, 2617. 
(13) Hug, G. L. Natl. Stand. Ref. DataSer. (Natl. Bur. Stand.) 1981, 69. 
(14) Ross, A. B.; Neta, P. Natl. Stand. Ref. Data Ser. (Natl. Bur. Stand.) 

1979, 65. 
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Figure 4. Observed spectra at two [SCN-], (a) 0.128 M and (b) 0.416 
M, at various times after picosecond laser pulse: (1) 77 ps, (2) 163 ps, 
(3) 334 ps, and (4) 1 to 50 ns. The two dots in part a indicate the 
expected relative absorbances at 600 and 450 nm if MV+- was initially 
present alone. 

bances at 600 and 450 nm if MV+- was present alone. But MV+-
and (SCN"-)2

 a r e n o t present in equimolar concentrations. An
other important feature, which helps in the understanding of these 
spectral results, is that the total initial yield of MV+- is constant 
and independent of [SCN-] (0.1 to 1 M) and [MV2+] for a given 
absorbance at the 355 nm excitation wavelength. The initial 
amounts of (SCN"-) 2 do, however, decrease with the [SCN-] (as 
can be seen by comparing the absorbance at the shorter wave
lengths in Figure 4, parts a and b). Since neither the electron-
transfer reaction from SCN" to MV2+ nor the subsequent reaction 
between SCN- and SCN - to form (SCN"-)2 could occur in 30 ps 
with [SCN"] c* 0.1 M if they were due to diffusional encounter 
between the species, both reactions must be intramolecular, or 
more correctly intracomplex. This indicates that two species 
absorb at the excitation wavelength and give MV+- with the same 
quantum yield but only one of the species leads to (SCN"-)2 

formation. The obvious candidates that absorb at the excitation 
wavelength are the mono- and dithiocyanate complexes which both 
will undergo charge transfer upon excitation: 

(MV2+SCN-) - ^ - (MV+-SCN-) </>ctl < 30 ps (e) 

(MV2+(SCN-)2) -^* (MV+-SCN-SCN-) 0ct2 < 30 ps (f) 

In the case of the dithiocyanate complex (reaction f) the coun
terfoils rearrange within the same time resolution to give the stable 
radical pair: 

(MV+-SCN-SCN-) — (MV+-(SCN"-)2) <£„ < 30 ps (g) 

Thus the initial spectrum obtained on the picosecond time scale 
is the sum of the spectra of (MV+-SCN-) and (MV+-(SCN--)2), 
and the proportion of the latter varies according to the concen
tration of [SCN"]. 

In both parts a and b of Figure 4, a fraction of the MV+- decays 
within 160 ps, leaving the spectrum of (MV+-(SCN"-)2). However, 
as the [SCN-] increases, the fraction of MV+- disappearing de
creases while the amount of (MV+-(SCN-O2) left increases. 
Therefore the fraction of MV+- disappearing is interpreted as 
geminate recombination in the radical pair (MV+-SCN-) 

(MV+-SCN-) — (MV2+SCN-) </>gr = 1, kv (h) 

where kv > 6 X 109 s"1. 
Of the (MV+-(SCN"-)2) present at 160 ps, ~50% disappears 

within 1 ns, independently of its initial concentration, leaving 
spectra a(4) and b(4) in Figure 4. Then from 1 to 50 ns the 
spectra do not change. From the nanosecond flash photolysis 

results reported above it is known that the product at 50 ns is the 
separated radicals MV+- and (SCN-O2. Therefore back-electron 
transfer and diffusional separation of the radicals must be in 
competition 

(MV+-(SCN-O2) - (MV2+(SCN")2) 4>bt = 0.5, *„, (i) 

and 

(MV+-(SCN-O2) - MV+- + (SCN-.)2 </>ds = 0.5, kds Q) 

where kbt and kis both are ~ 5 X 108 s"1. 
The nanosecond photochemistry of MV2+(Cr)2 was already 

reported in a previous paper.9 The picosecond photochemistry 
of MV2+(C1")2 in water was analyzed with the 266 nm excitation 
wavelength. Because of the lower signal-to-noise ratio at this 
wavelength and because the Cl2"- absorption peak (340 nm) is 
below the limit of the detection system (~400 nm), it was much 
more difficult to analyze the picosecond flash photolysis results 
of MV2+(Cr)2. However, from observing only the absorption of 
MV+- generated in the laser pulse, some of the features are 
strikingly similar with those of the thiocyanate complexes. 
Therefore the analysis was carried out by analogy with MV2+-
(SCN-)2 results just described. First, MV+- is formed within the 
time resolution of the picosecond apparatus and the initial quantum 
yield of MV+- was constant within experimental error when [Cl"] 
was varied from 0.1 to 0.4 M. Thus just as for the thiocyanate 
species, both the mono- and the dichloride complexes lead to MV+-
with approximately the same quantum yield. A tentative analysis 
of the kinetics suggests that (MV+-Cl-) undergoes back-electron 
transfer in less than 1 ns while (MV+-Cl2"-) undergoes diffusional 
separation with a quantum yield of 0.6 within 2 ns. These results 
with those of MV2+(SCN")2 are summarized in Table I and will 
be discussed in the next section. 

Since no photophysics was observed with the complexed species, 
attempts were made to detect excited states of the uncomplexed 
species. With use of the 266 nm excitation wavelength of the 
picosecond laser, no transients absorbances were observed between 
400 and 700 nm for the SCN-, Cl-, and Br" salts of MV2+ with 
[MV2+(X-)2] < 10"3 M. Only the characteristic spectrum of the 
solvated electron was observed in certain conditions when the laser 
intensity was too high and the water was ionized, confirming a 
recent report.15 Finally with use of a sensitive single-photon-
counting spectrofluorometer, no emission was detected from any 
of these salts either in their complexed or uncomplexed forms that 
could be attributed to methyl viologen. 

Discussion 
The quantum yields of reaction b for MV2+(Cr)2 and 

MV2+(SCN-J2 are essentially identical (~0.2), while for the Br
and I" salts it is less than 0.01 due to the intracomplex heavy-atom 
effect.9 Since the oxidation potential of the anions varies as Cl" 
> Br- > SCN" > I", there seems to be no correlation between the 
energy gaps of the charge-transfer transitions (as estimated from 
these potentials) and the observed quantum yield. At the same 
time one would not expect the triplet charge-transfer state, 3CT, 
to be so much lower in energy than the excited-singlet charge-
transfer state, 1CT, that complete electron transfer cannot occur 
from 3CT. Therefore it seems most likely that Br" and I" increase 
the probability of intersystem crossing to the ground state (3CT 
to S0) by spin-orbit coupling as has been observed for other types 
of donor-acceptor complexes.16 All the transitions are non-ra
diative and evidently very fast since the radical pairs are formed 
within 3 X 10-11 s. 

Table I gives the summary of all the observed reactions and 
their parameters for the thiocyanate and chloride complexes. The 
quantum yields 0ctl and 0ct20ra

 w e r e calculated from 4>is and <j> 
(the quantum yield of reaction b). 0^ potentially includes primary 
recombination in the solvent cage and secondary recombination 
as defined by Noyes.17 

(15) Miyasaka, H.; Masuhara, H.; Mataga, N. Chem. Phys. Lett. 1983, 
98, 277. 

(16) Birks, J. B. In "Photophysics of Aromatic Molecules"; Wiley-Inter-
science: New York 1970; Chapter 9. 
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Table I. Summary of Reactions for MV2+(X")2 

reactions SCN- Cl" 

(1) M V 2 + + X - ^ (MV2+X") 

(2) (MV2+X-) + X- ̂  (MV2+(X")2) 

(3) (MV2+X") + hv — (MV+-X-) 

(4) (MV+-X-) — (MV2+X") 

(5) (MV2+(X")2) + hv — (MV+-X-X") 

(6) (MV2+X-X-) — (MV+-(X"-);) 

(7) (MV+-(X-O2) - MV+- + (X-O2 

(8) MV+- + (X-O2 - (MV+-(X--),) 

(9) (MV+- X-O2) - (MV2+(X-)2) 

^ l X 

^2X 

"•«1 

0cl 1 
Ic 

<t>v 

Ka 
0ct2 

0ct20ra 

^dS 

<t>ds 

K 
^ b I 

<t>U 

2.0 M"1 

>3 x 10" s"1 

«0.3 

>6 X 109 s-' 
1.0 

>3 X 1010 s"1 

>3 x 10'° s-1 

«0.3 

« 5 X 108 s"1 

«0.5 

« 6 X 1010 M"1 s-1 

« 5 x 108 s-' 
«0.5 

1.5 M"' 

> 3 X 10 1 0S- ' 
«0.3 

10' s-1 

>3 X 1010 s"1 

«0.3 

« 6 X 108 s-1 

«0.6 

>1010M-1 s"1 

« 4 x 108 s"1 

«0.4 

The rate constant for the diffusional separation of the radical 
pair (reaction 7, Table I) can be estimated by using the equation 

A:ds = 47rl0-3iV(£>A- + £>D+) 
ad 

aAV(es- 1) 
(k) 

with v = e0
2/(ekTa) and AV = (2ir X 10"3)JVa3 where N is 

Avogadros number, DA- and Z)D+ are diffusion coefficients of A" 
and D+, a is the separation of A" and D+, and e0, k, and e are 
respectively the elementary charge, Boltzmann constant, and 
dielectric constant of the medium. For a < 7 A and DA- + Z)D+ 
> 10"5 cm2 s"1, we obtain kis > 5 X 109 s-1 in water at room 
temperature. This calculated value of &ds is at least an order of 
magnitude larger than that found experimentally (5 X 108 s'1). 
This is best explained by the fact that MV+- and X2"- interact more 
strongly than expected from simple Coulombic attraction. Indeed, 
a nonnegligeable equilibrium constant, Km for the radical pair 
(MV+-(SCN^)2) can be calculated from the ratio kr/kis, which 
gives ~120 M-1. Therefore this bonded radical pair might not 
undergo physical processes such as secondary recombination ex
pected of radical pairs having no constraints to remain near each 
other.17 Both the geminate pairs and the pairs formed through 
recombination by second-order kinetics (reactions 6 and 8) will 
most likely undergo reaction 9 with quantum yield 0bt. In the 
case of geminate pairs 4>it represents the quantum yield of gem
inate recombination excluding primary recombination which occurs 
on a much shorter time scale and most likely secondary recom
bination, as defined by Noyes, for the reasons just discussed. 0bt 

also represents the quantum yield of the second-order recombi
nation (or back transfer) reaction d as observed in the nanosecond 
experiments. Thus reaction d is kinetically limited by the dif
fusional separation of the intermediate bonded radical pair. 

One question which arises from these results is the following: 
why is (MV+-(X-O2) so stable if there is such a strong interaction 
between the two radicals? Unfortunately, with the evidence 
available we are unable to elucidate this aspect. It is interesting 
to note though that the potential barrier for back-electron transfer 
increases significantly on going from (MV+-X-) to (MV+-(X--J2). 

The minimum energy necessary for reaction 1 

(MV2+(X")2) — (MV+-X-X") 

can be estimated from 

AG = E(D+/D) - E(A/A-) + £AG a 

(1) 

(m) 

where £(D+ /D) and E(A/A') are the oxidation and reduction 
potential, respectively, of the final separated donor and acceptor 
and EAG3 '

s t r i e sum of the association and dissociation energies 
of the various species involved. For example, the redox potentials 
of MV2+/MV+- and (SCN--)2/(SCN")2 are -0.4420 and 1.5 V,19 

(17) Noyes, R. M. J. Am. Chem. Soc. 1955, 77, 2042. 

respectively. j;AGa is calculated from ^ISCN. -K2SCN* ^m a n d the 
equilibrium constant for the formation of (SCN-O2 from SCN-
and SCN".19 £AG a is then larger than 31.3 kJ/mol (0.324 eV) 
since only a minimum value of AT1SCN is known. The minimum 
energy AG required for reaction 1 is then according to eq m 
~218.4 kJ/mol (2.26 eV). In other words, photons with a 
wavelength shorter than 550 nm are necessary for reaction 1 to 
occur when X - is SCN-. This calculation assumed that the 1CT 
state is isoenergetic with (MV+-X-X") and that the energy of X2"-
formation from X- and X" remains unchanged when it occurs 
intracomplex. Both assumptions are unlikely, and therefore the 
energy calculated from equation m is only a rough estimate of 
the required energy. 

In listing the reactions in Table I, no details were presented 
as far as the possible spin states for the radical pairs as discussed 
by Weller for radical pairs originating from exciplexes21 since we 
have no information pertaining to this aspect. 

Methyl viologen being electron deficient will form complexes 
with a wide variety of negatively charged or electron-rich com
pounds,22"28 besides the halides.8-9 In some cases the resulting 
complexes are inactive22 and in others they have their own in
teresting photochemistry.23"28 Therefore when MV2+ is used as 
an electron acceptor in photochemical studies where there is a 
large concentration of anions (or compounds such as alcohols), 
careful verifications must be made to whether or not the methyl 
viologen is contributing to the observed photochemistry.29 

A recent report illustrates well how the yield of MV+- (in the 
absence of a photosensitizer) varies as a function of the type of 
anions present and their concentration.28 In the presence of 
phosphate dihexadecyl vesicles the yield of MV+- decreased be
cause the phosphate concentration was much higher than that of 
the chloride and efficiently competed for MV2+. Addition of 
EDTA increased in turn the MV+- yield by replacing a fraction 

(18) Knibble, H.; Rehm, D.; Weller, A. Ber. Bunsenges. Phys. Chem. 1968, 
72, 257. 

(19) Endicott, J. F. "Concepts of Inorganic Photochemistry"; Adamson, 
A. W., Fleischauer, P. D., Eds.; Wiley-Interscience: New York, 1975; Chapter 
3. 

(20) Homer, R. F.; Mees, G. G.; Tomlinson, T. E. J. / . Sci. Food Agr. 
1960, 11, 309. 

(21) Weller, A. Z. Phys. Chem. (Weisbaden) 1982, 130, 129. 
(22) Rougee, M.; Ebbesen, T.; Ghetti, F.; Bensasson, R. V. J. Phys. Chem. 

1982, 86, 4404. 
(23) Hoffman, M. Z.; Prasad, D. R.; Jones, G., II; Malloy, V. / . Am. 

Chem. Soc. 1983, 105, 6360. 
(24) Barnett, J. R.; Hopkins, A. S.; Ledwith, A. J. Chem. Soc, Perkin 

Trans. 2 1973, 80. 
(25) Deronzier, A.; Esposito, F. Nouv. J. Chim. 1983, 7, 15. 
(26) Poulos, A. T.; Kelley, C. K. J. Chem. Soc., Faraday. Trans. 1 1983, 

79, 55. 
(27) Sullivan, E. P.; Dressick, W. J.; Meyer, T. J. J. Phys. Chem. 1982, 

86, 1473. 
(28) Lukac, S.; Harbour, J. R. J. Am. Chem. Soc. 1983, 105, 4248. 
(29) Fox, M. A.; Lindig, B.; Chen, C-C. J. Am. Chem. Soc. 1982, 104, 

5828. 



7404 / . Am. Chem. Soc. 1984, 106, 7404-7410 

of the phosphate as counterion thereby probably forming the 
photoactive MV2+-EDTA complex also reported recently.23 

Similar competition between B r and EDTA for MV2+ was ob
served28 where Br" reduced the MV+- yield as expected from our 
recent findings.9 

The toxicity of MV2+(Cr)2 as a herbicide is believed to occur 
through its reduction by the photosynthetic system.1 As discussed 
in a preliminary account,8 this is certainly the major toxic pathway. 
Our results suggest that the photochemistry of methyl viologen 
charge-transfer complexes is a potential parallel toxic pathway 
since it results in the additional formation of a strong reactive 
oxidizing agent such as (X"-)2- However, it must be added that 
the importance of this pathway will of course depend on the 
location of the methyl viologen in the plant cell. At a given location 
the relative concentrations of the various anions will determine 
which are associated with MV2+, while the type of counteranion 
will determine the photoactivity and the extent of absorption in 
the solar spectrum, and therefore the potential phototoxicity. 

Conclusion 

The photochemistry of methyl viologen, in general, seems to 
involve only the complexed form of the species most probably 

Phthalocyanine compounds often show high thermal and 
chemical stability and interesting optical and electrical proper
ties.1"5 We and others have been interested in the conductivities 
of these materials6,7 and in their application to the sensitization 
and stabilization of semiconductor electrodes in photoelectro-
chemical cells.89 The group 4 metal phthalocyanines are of 
interest because various groups can be attached to the axial (or 
trans) positions.10 Further, some group 4 phthalocyanines are 
linear stacked polymers.4'11 We describe here the synthesis and 
the electrochemical and spectroscopic properties of a (trialkyl-
siloxy)silicon phthalocyanine, bis(tri-«-hexylsiloxy)(phthalo-
cyaninato)silicon [SiPc(OR)2], and its 2,3-naphthalocyanine 
analogue, [SiNc(OR)2] (Figure 1). We also describe the synthesis 
and properties of the dimeric analogue of the phthalocyanine 

t University of Texas. 
'Case Western Reserve University. 

because the excited states are very short lived. The photochemistry 
of the halide complexes presents many interesting and unusual 
features such as the following: very fast intracomplex rear
rangement of the counteranion with its radical form, formation 
of a bonded radical pair, and generation of both strong reducing 
and oxidizing radicals, and this with a relatively high quantum 
yield for the final separated species. Potential applications of the 
photochemistry of methyl viologen include, for example, generation 
of H2 and Cl2 from MV+- and (Cl"-)2 with an upper quantum 
efficiency of 0.2 with use of solar energy. Finally, when used as 
an herbicide, the photochemistry of methyl viologen complexes 
may play a role in the phototoxicity. 
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[RO(SiPcO)2R]. The presence of the trialkylsiloxy groups on 
the central Si atom leads to relatively high solubility in these 
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Abstract: The synthesis, spectral characterization, and electrochemical behavior of bis(tri-n-hexylsiloxy)(2,3-phthalo-
cyaninato)silicon [SiPc(OR)2], its dimer [RO(SiPcO)2R], and its naphthalocyanine analogue [SiNc(OR)2] are described. 
All compounds show near-UV absorption corresponding to Soret and N bands and intense absorption in the visible-near-IR 
region corresponding to Q bands. In CH2Cl2, within the solvent stability limit, there are two reductions and one oxidation 
for SiPc(OR)2 and two reductions and two oxidations for RO(SiPcO)2R and SiNc(OR)2; all appear as reversible one-electron 
waves, although n = 2 for the dimer. The difference in the peak potentials of the first oxidation and first reduction waves 
agrees well with the excitation energy and fluorescence (corresponding to Q bands) of SiPc(OR)2 and SiNc(OR)2. Both compounds 
emit upon electrochemical generation of reduced and oxidized forms (electrogenerated chemiluminescence, eel). The corrected 
eel maxima are near 684 nm for SiPc(OR)2 and 792 nm for SiNc(OR)2; the latter corresponds to the longest wavelength eel 
emission reported so far. The phthalocyanine dimer, RO(SiPcO)2R, is easier to reduce and easier to oxidize than the monomer. 
The voltammetric waves in this case involve two-electron transfers with peak splittings characteristic of Ie waves, suggesting 
that the two phthalocyanine rings in the dimer do not strongly interact. No fluorescence or eel was observed from the dimer. 
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