
Communications to the Editor 3995 

(13) Potentials for the excited-state couples Ru(bpy)2(CN)2
+/0* and Ru-

(PhSn)2(CN)+'0* were estimated by subtracting the experimental emission 
energies (1.86 and 1.88 V) plus 0.05 V from the ground-state (Ru(III)ZRu(II) 
potentials (0.83 and 0.84 V). The factor of 0.05 V has been estimated to 
be the difference between the emission energy and the free-energy content 
of the thermally equilibrated excited state for Ru(bpy)3

2+*.4 

(14) Noyes, R. M. Prog. React, Kinet. 1961, J, 129; (b) Pilling, M. J. "Lasers in 
Physical Chemistry and Biophysics", J. Joussot-Dubien, Ed.; Elsevier: 
Amsterdam, 1975; pp 486-487; (c) North, A. M. "The Collision Theory of 
Chemical Reactions in Liquids"; Methuen: London, 1964; pp 8-9. 

(15) kD was calculated using the Debye-Smoluchowski equation: kD = [ATN(D^ 
+ De){rk+ rB)']/1000, where f= 1.0 for a diffusional process involving 
uncharged particles.16 The diffusion coefficients for Ru(bpy)2(CN)2

+0 and 
Ru(phen)2(CN)2

+0 were calculated from polarographlc data in DMF17 and 
corrected for the viscosity difference between CH3CN and DMF to give D 
= 7.4 X 1O-6 cm2/s. For the pyridinium ions and radicals, the Stokes-
Einstein equation D = kT/6irrirw was used.18 Values of r were calculated 
from van der Waals increments given in the literature.183 The radii for 
Ru(bpy)2(CN)2 and Ru(phen)2(CN)2 were taken to be 6.0 and 6.2 A, re­
spectively. 

(16) (a) Debye, P. Trans. Electrochem. Soc. 1942, 82, 265, and references 
therein; (b) Petrucci, S. "Ionic Interactions", S. Petrucci, Ed.; Academic 
Press: New York, 1971; Vol. 2, pp 101-110. 

(17) Matsumura-lnoue, T.; Morimoto, T.; Nakayama, T. /Vara Kyoiku Daigaku 
Kiyo, Shizen Kagaku 1977, 26, 83. 

(18) (a) Edward, J. T. J. Chem. Educ. 1970, 47, 261, and references therein; 
(b) Alwattar, A. H.; Lumb, M. D.; Birks, J. B. "Organic Molecular Photo-
physics", J. B. Birks, Ed.; Wiley: London, 1973; Vol. 1, Chapter 8. 

(19) Given the energies involved (ref 13), A<3 for even the most highly favored 
reactions are insufficient to repopulate the MLCT excited states so that 
complications from the reactions 

R»—N + Ru11KbPy)2(CN)2
+ R + - N + Rufbpyl^CN),* 

do not exist. 
(20) (a) Levich, V. G. Adv. Electrochem. Eng. 1966, 4, 249; (b) Dogonadze, R. 

R. "Reactions of Molecules at Electrodes", N. S. Hush, Ed.; Wiley: New 
York, 1971; (c) Schmidt, P. P. J. Electroanal. Chem. 1977, 82, 29; (d) 
Kestner, N. R.; Logan, J.; Jortner, J. J. Phys. Chem. 1974, 78, 2148; (e) 
Christov, S. G. Ber. Bunsenges Phys. Chem. 1975, 79, 357; (f) Sondergaard, 
N. C; Ulstrup, J.; Jorner, J. Chem. Phys. 1976, 17, 417; (g) Fischer, S. F.; 
Van Duyne, R. P. Chem. Phys. 1977, 26, 9; (h) Efrima, S.; Bixon, M. Chem. 
Phys. 1976, 13, 447. 

(21) Duke, C. B. "Proceedings of the Conference on Tunneling in Biological 
Systems", B. Chance, Ed., in press. 

(22) Avouris, P.; Gelbart, W. M.; El-Sayed, M. A. Chem. Rev. 1977, 77, 793, 
and references therein. 

(23) Balzani, V.; Bolletta, F.; Moggi, L. Spectrosc. Lett. 1978, 11, 525; Balzani, 
V.; Bolletta, F.; Scandola, F.; Ballardini, R. Pure. Appl. Chem. 1979, 51, 
299; Teresa, M.; Scandola, F. J. Am. Chem. Soc. 1978, 100, 7733. 

Jeffrey K. Nagle, Walter J. Dressick, 
Thomas J. Meyer* 

Department of Chemistry, The University of North Carolina 
Chapel Hill, North Carolina 27514 

Received November 14, 1978 

Exciplex Formation from Transition-Metal Complexes. 
Luminescent Nonpolar Exciplexes from Palladium(II) 
Porphyrin Triplets and JV,N-Dimethylaniline 

Sir: 

Both photoredox reactions and exciplex emission have been 
observed upon irradiation of various chromophores in the 
presence of amines.1-8 While exciplex emission has been ob­
served for a variety of organic substrates, it has not been gen­
erally detected with transition-metal complexes,9'10 even 
though the latter frequently undergo photoreaction with 
amines and other substrates that give luminescent exciplexes 
with aromatic hydrocarbons.M"'5 One group of reactions that 
might be anticipated to involve exciplex intermediates is the 
photoreduction of metalloporphyrins. This reaction, which has 
been observed for a variety of different metal complexes,14"17 

generally involves the consecutive conversion of the porphyrin 
to chlorin and isobacteriochlorin complexes (eq 1) under ir­
radiation in the presence of a variety of reducing agents. In 
recent investigations we have examined photoreactions of the 
platinum(II) and palladium porphyrins.18 These complexes 

H Ph 

M = Pd; R = H 
M = Pd; R=CH2N(-CH3)C6H5 

(1) 

2, M = Pd; R= H 
4, M = Pd; R = CH2Nt-CH3)C6H5 

show very weak fluorescence and prominent phosphorescence 
in fluid media at room temperature, and the long triplet life­
times, particularly for the palladium complexes,18"20 permit 
the observation in several cases of relatively slow and ener­
getically uphill excited-state reactions.18 We felt that these 
properties should make these complexes especially useful for 
a study of metalloporphyrin excited-state interactions with 
amines and other reductants. In the present paper we report 
results that indicate the formation of luminescent exciplexes 
between amines and palladium porphyrin triplets. Our results 
indicate that the exciplex has little charge-transfer character 
and strongly resembles the uncomplexed porphyrin triplet in 
both lifetime and emission spectrum. The results observed here 
with luminescent triplets are apparently related to those ob­
tained previously for nonemitting metalloporphyrin triplets 
with electron acceptors.21'22 

Palladium(II) porphyrin complexes were prepared as pre­
viously described.18'23 Our study has included several different 
porphyrins (e.g., octaethylporphyrin, a,)3,7,5-mesotetra-
phenylporphine (TPP), and mesotetra(a,a,a,a-o-hexadecy-
lamidophenylporphine)), as well as a number of potential 
donors (triethylamine, TV.A'-dimethylaniline (DMA), and 
SnCl2-2H20); however, the present report will deal only with 
the system PdTPP-DMA, which shows typical behavior and 
has been studied in greatest detail. Irradiation of degassed 
solutions of PdTPP in the presence of 0.5-5 M DMA in a 
number of solvents (e.g., benzene, pyridine, acetone, 2-pro-
panol, or isobutyronitrile) with light absorbed only by the 
porphyrin leads to inefficient (<j> ^ 0.001 at 3.9 M DMA) 
formation of reductive adducts 3 and 4. In addition to pho-
toadduct formation, we find that DMA produces changes in 
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Figure 1. Stern-Volmer plot of phosphorescence quenching of PdTPP by 
DMA in pyridine. The ordinate is the ratio of intensity of the unquenched 
to quenched phosphorescence, Io/I. The abscissa is the molar DMA 
concentration. 

both the lifetime and intensity of the PdTPP luminescence. 
Figure 1 gives a plot of phosphorescence intensity quenching 
by DMA in pyridine. Although an apparent initial quenching 
is observed at low [DMA], it is clear that there is a leveling off 
at moderate concentrations of DMA such that no further 
quenching can be detected.24 Phosphorescence lifetimes 
measured over the same range of concentrations show quali­
tatively similar behavior, although there is somewhat more 
scatter in the data. The weak fluorescence consists of prompt 
and delayed components;20 the effect of DMA on this emission 
is less easy to measure, but the very limited quenching observed 
here compared to the phosphorescence suggests only the de­
layed portion is affected and that the effect is similar to that 
observed for the phosphorescence. The luminescence and 
transient absorption spectra obtained for PdTPP in the absence 
and presence of large amounts of DMA are identical within 
the limits of detection. The absorption spectrum of PdTPP is 
unaffected by addition of DMA, suggesting that there is little 
or no complex formation in the ground state.25 

The results obtained are most consistent with reaction of 
DMA with the excited triplet of PdTPP to form an exciplex 
as outlined in eq 1-6:25*26 

hv 
.pi* ^: P 3 * 

P 3 *-H»-P+ hv 

p3* —>-p 

p3* + A<=±PA3* 

PA3*—>-P + A + hv 

PA3* 
ki' 

P + A 

(D 

(2) 

(3) 

(4) 

(5) 

(6) 

Since no change in the emission spectrum is observed at high 
[DMA], it is assumed that emission from the complex (eq 5) 
is nearly identical with that from the uncomplexed metallo-
porphyrin. A slight modification of previously derived kinetic 
treatments27 leads to Stern-Volmer type expressions for sit­
uations where there is equilibration between P3* and PA3* (K 
= ke/k-e) (eq 7) or where the complex is formed irreversibly 

<t>° k„ 
kp + Kkp'[A] 

kp + kp'ke[A]T, 

+ K[A] 

(l+*eT°[A]) 

(7) 

(8) 

where T0 and re are the lifetimes for the emission at zero and 
high DMA concentrations. Both expressions predict an in­
crease in c/>°/0 at low concentrations of DMA and a leveling 
off at high concentrations. Since the limiting value 0°/0 = 
kpT°/kpTe in both cases and T0 and re are measurable, it is 
possible to generate plots from eq 7 and 8 for different values 
of K and kq, respectively. Although both treatments lead to 
reasonable fits for the experimental data yielding best values 
of K =; 10 M - 1 and A:q ̂  105 M - 1 s -1, it seems unreasonable 
in view of the relatively long lifetimes for both P3* and PA3* 
to assume no reversibility in the quenching step. This would 
imply a large stabilization of the complex, which would almost 
surely result in altered emission and transient absorption 
spectra. The results seem much more compatible with a weak 
complex in which the equilibrium constant is small but equi­
librium is rapidly established. 

The low indicated value of K suggests that even with a 
moderately ordered system the stabilization of the complex can 
be no more than a few kilocalories per mole. Although the 
formation of reductive adducts suggests that interaction of 
excited states of PdTPP with DMA may involve charge-
transfer interactions, the stabilization of the exciplex formed 
in the present process must involve these interactions to only 
a very limited extent, since from redox potentials the "pure" 
charge-transfer state, PdTPP-DMA+, can be estimated to lie 
about 6.5 kcal/mol above the PdTPP triplet. The present re­
sults are most satisfactorily explained by assuming eq 4 in­
volves formation of a "nonpolar exciplex" in which the energy 
minimum may arise in part from charge-transfer interactions, 
but in which the excitation remains largely localized on the 
metalloporphyrin. This would then represent a limiting case 
of the range of exciplexes as recently outlined by Lewis and 
others.28"32 Further evidence in favor of an emitting nonpolar 
exciplex is provided by the study of a linked porphyrin-DMA 
compound (5). This complex can be easily obtained by oxi­
dation of 3 with 2,3-dichloro-5,6-dicyanoquinone (eq 9).33 5 
has absorption and luminescence spectra nearly identical with 
those of PdTPP; however, 5 has a lower phosphorescence in­
tensity (80%) and lifetime (84%) than PdTPP. That its excited 
triplet is largely a complex between PdTPP and the bound 
DMA is indicated by the finding that its phosphorescence is 
unquenched by added (up to 1.2 M) DMA. The transient ab­
sorption spectrum for 5 is also nearly identical with those for 
uncomplexed PdTPP and PdTPP at high [DMA]. 

Although similar behavior has been observed with trieth-
ylamine and with DMA and other palladium porphyrins, a 
rather dramatic change occurs when PdTPP is excited in the 
presence of 4-methoxy-/V,/V-dimethylaniline (MDMA). Here 
the triplet is quenched efficiently to near completion with a rate 
constant kq = 2.2 X 107 M - 1 s_ l , while the prompt fluores­
cence is unaffected. No products are detected on prolonged 
irradiation, and no transients are detected upon flash photol­
ysis. Since MDMA is a better electron donor than DMA by 
ca. 5 kcal/mol, it is reasonable that charge-transfer interac­
tions would play a much greater role in stabilizing any exciplex 
formed in this case and perhaps that actual electron transfer 
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CH, 

I Ph C H 2 - N - C 6 H 5 

H 

DDQ (9) 

provides a rapid channel for nonradiative decay in this 
system.28 

The results observed with the luminescent palladium por­
phyrins and DMA appear closely related to those previously 
obtained with long-lived but nonemitting triplets of zinc and 
magnesium porphyrins with accetpors such as aromatic nitro 
and halogen compounds.21'22 Here initial apparent quenching 
is followed by formation of relatively long-lived complexes 
having transient spectra very similar to the uncomplexed me-
talloporphyrin triplet. For these systems too it can be concluded 
that charge-transfer interactions play a limited role and that 
the exciplex is nonpolar. Since weak complex formation is a 
fairly general phenomenon in the ground state, there is no 
reason why phenomena similar to those reported in the present 
study should not occur for a variety of substrates having long 
excited-state lifetimes and that such very weak exciplexes could 
be frequent but masked precursors to photoproducts. 
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Thermally and Photochemically Induced Shifts of Silicon 
on the Phenalene Ring System 

Sir: 

In recent years there has been a great deal of interest in the 
fluxionality and sigmatropic behavior associated with a- and 
7r-bonded metal derivatives of organic IT ligands, among them 
being metal derivatives of cyclopentadienyl, indenyl, cyclo-
heptatrienyl, cycloheptatriene, and cyclooctatetraene.1 Su, in 
a theoretical paper describing the nature of several of these 
reactions, suggested that one could explore these reactions 
(metallotropic shifts) more deeply and in entirely new ways 
by using new organic 7r ligands.2 We suggest that the phen-
alenyl ring system (1) is an excellent choice for this purpose 

b) R1 - D, 

because (1) it possesses high symmetry (£3/,); (2) both a- and 
7r-bonded metal complexes are possible;3 and (3) for a given 
derivative, several metal shifts, some of which are unique here, 
are possible. Consider, for example, the a complex 1-tri-
methylsilylphenalene (2a). Here there are possibly three 
nonequivalent 1,3-silicon shifts, to C-3, -9, and -13,4 and two 
nonequivalent 1,2 shifts, to C-2 and -11. We wish to report our 
results pertaining to the thermally and photochemically in­
duced sigmatropic shifts of silicon on 2. 

Silane 2a,5 which was prepared by the reaction of the phe-
nalenyl anion with trimethylsilyl chloride, in C(X>b is non-
fluxional on the NMR time scale at temperatures up to 185 
0 C, 6 with studies at high temperatures being precluded by 
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