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Chemistry of Singlet Oxygen. 37. One-Electron Oxidation of 
Tetramethyiphenyienediamine by Singlet Oxygen7 

Lewk E. Manring and C. S. Foote" 

oepe-nt of Chembtty, UniversHy of Callfornis, Los Angeles, California 90024 (Received: January 25, 1982; 
In  Final Form: February 22, 1982) 

Tetramethylphenylenediamine (TMPD) undergoes a one-electron transfer to '02 in H20; the formation of 
TMPD+. (Wiirsters blue) is detected by laser flash spectroscopy. The formation of TMPD+- is competitively 
quenched by known '02 quenchers. Furthermore, there is a large increase in TMPD+. formation in DzO, relative 
to H20, as would be anticipated for a '0, reaction. The rate (k,) of electron transfer to lo2 is shown to be (3.3 
f 1.5) X log M-' s-l, close to the diffusion-controlled limit. The formation of observable ions does not take 
place in any solvent other than H,O(D,O), or with any other of the electron-rich aromatic amines studied. It 
is suggested that the formation of observable radical ions depends on the ease of ionization of the substrate 
and on the solvation of the resulting ions. 

Electron-transfer-initiated photooxygenations have been 
of interest to our group and others for some time.Q We 
have noted both similarities' and differences3i4 between 
the electron-transfer-initiated and lo2 reactions. The 
poasibility of direct electron transfer from substrate to loz, 
yielding substrate radical cation and superoxide, was first 
suggested by Mazur and F ~ o t e . ~ ~ ~  However, direct evi- 
dence for the formation of either substrate radical cation 
or Oz-- in these reactions has been lacking. Recently, in- 
direct chemical evidence for the formation of 0,. (- 1 % ) 
in the reaction between '02 and NJV-dimethyl-p-anisidine 
in aqueous media has been reported.' It has also been 
suggested that some electron transfer occurs between 
NADH and lo2, the 02-* formation being detected by 
monitoring benzoquinone reduction in a laser flash ex- 
periment.E Direct observation of either superoxide or the 
concomitant cation from these reactions has not been re- 
ported. 

We now report direct evidence that one of the major 
modes of interaction between lo2 and tetramethyl- 
phenylenediamine (TMPD) in aqueous medium is electron 
transfer, yielding TMPD+. (Wtirster's blue), as shown by 
laser flash photolysis?JO The frequency-doubled 530-nm 
beam of a NdYAG laser was used to excite erythrosine 
(4 X M TMPD in 02-saturated (1 
atm) water. The speciea thus formed is long-lived, showing 
no decay after 50 ps. The absorption spectrum measured 
15 ps after the flash is shown in Figure 1, along with a 
spectrum of TMPD+.. The spectra match very well, con- 
firming that the species is TMPD'.. 

If we exclude contributions from dye-dye interac- 
tions,11J2 there are four major pathways which could lead 
to TMPD+. formation (Scheme I). TMPD exhibits a weak 
absorption at 530 nm, e = 313,13 and path A (direct ejection 
of an electron) is a known reaction for electron-rich aro- 
matic  compound^.'^ Path A can be excluded here because 
a solution photolyzed without erythrosine gave no evidence 
of TMPD+. formation. Path B, direct reaction with singlet 
dye, is unlikely a t  the concentration of TMPD used be- 
cause of the short fluorescence lifetime of erythrosine in 
HzO, 120 ps.16 We confirmed that path C (reaction of 
substrate with triplet) is not a major pathway by showing 
that, under oxygen (where [O,] > lO[TMPD]), the amount 
of TMPD+. formed is greater than in a helium-saturated 

'Paper no. 36: Ogilby, P. R.; Foote, C. S. J .  Am. Chem. SOC. 
Submitted for publication. 
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solution. (However, the fact that TMPD+. is still formed 
under He-saturated conditions indicates that path C can 
occur in the absence of 0%) By exclusion, pathway D (loa 
is the major route for oxidation of TMPD. We confirmed 
the '02 pathway by several different kinetic tests. 
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Flgure 1. Absorptlon spectrum of species formed by laser flash of 
TMpD+.. (a) Spectra taken on Beckman Model 25 spectrophotometer 
after Ho2cl, oxidatbn of TMPD and mRapore flllration. (b) Spectra taken 
15 ps after laser flash (see ref 10). 

The rate of electron transfer from TMPD to loz, k,, can 
be determined approximately by calculation from the 
amount of '02 produced and the final amount of 
TMPD+..ls We find k, - (3.3 f 1.5) X lo9 M-' s-', close 
to the diffusion-controlled value for HzO, 6.4 X lo9 M-' 
S-'.~O This value for k, is somewhat higher than the rate 
of quenching of 'Oz by TMPD in methanol, reported to 
be 1 X lo9 M-l s - ' .~~  

C o n f i i  that 'Oz is the major pathway is the fact that 
compounds known to react with loz competitively inhibit 
TMPD+. formation. The quenching rate (k,) for these 
acceptors can be determined from 

(1) 

where k d  = 3.3 X lo5 s-' in Hz0,22 k, = 3.3 X lo9 M-' s-' 
(see above), A and A. are the amount of TMPD oxidized 
15 ps after the laser flash in the presence and absence of 
Q, respectively, [TMPD] is the initial concentration of 
TMPD (eq 1 assumes [TMPD] >> A), and [Q] is the 
concentration of added inhibitor. The rates thus deter- 
mined for dimethylfuran, 1.1 X lo9 M-' s-', and anthra- 
cene-9-carboxylate, 2.0 X lo7 M-l s-', compare well with 
the known rates for these acceptors of 1.5 X 10s M-' s-' 23a 
and 4.5 X lo7 M-' s-1,23b respectively. 

The lifetime of 'Oz is known to increase dramatically 
when solvent is changed from HzO to Dz0.24925 Path D 
dictates a corresponding increase in the amount of 
TMPD+. if kd limits the lifetime of Figure 2 shows 

&/A = 1 + k,JQI/(k,[TMPDl + kd) 

(16) [TMPD+.]~,.I [kr[TMPD]/(kr[TMPDl + kd)l[lOAinitia~. 
[lOz]initi.l can be calculated from *(lo,) with erythrosine (0.68)'' and the 
amount of erythrosine excited by the h e r  flash. The amount of eryth- 
rosine excited by laser is determined from the change in optical density 
at  475 nm immediately after the flash (assuming e for Serythrosine is 
much less than that for ground state, a t  475 nm, as it is for the ve 
similar dye, eosin).18 Since c476,(erythrosine) = 1.73 X lo' M-' cm- , 
A[erythrosine] = AoD475,/(1.73 X lo'). [TMPD+slrln~ can be deter- 
mmed from ita extinction coefficient at 606 nm, 11OOO M-' cm-'.lg 
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M) the terms are under these conditione (where [TMPD] = 4.4 X 
1.5 X lo6 and 3.3 X lo6 (ref 221, respectively. 
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Figure 2. Effect of solvent deuteration on TMPD'. appearance: (0) 
absorbance In H,O, (A) absorbance in D,O; solid Ilnes are the theo- 
retical curves. 

that this is indeed the case. Also drawn in Figure 2 are 
theoretical curves for appearance of TMPD'., due to re- 
action of TMPD with loz, in HzO and D20. The curves 
were calculated according to the method of Young et aLZ7 
(see Appendix A). The excellent fit observed confirms the 
mechanistic pathway suggested. 

We have studied the TMPD-'02 reaction in a variety 
of solvents (MeOH, (CF&CHOH, and HCONH2). The 
formation of TMPD+. from 'Oz is not observed in any 
solvent other than HzO (DzO) although some TMPD+- is 
formed in these solvents by other mechanisms. We have 
also looked at  several other electron-rich aromatic amines 
which could in principle give radical cations absorbing in 
the visible (tetramethylbenzidine, tetramethylbenzidine- 
3-sulfonic acid, N,N-dimethyl-p-anisidine). We have not 
observed electron transfer to 'Oz for any of these com- 
pounds even though the process should be exothermic in 
HzO for all of the compounds studied.= Consistent with 
these results is the report by Inoue et a1.3' that the yield 
of O p  with TMPD is 6.5%, but with N,N-dimethyl-p- 
anisidine it is only about 1.1%, probably too low to be 
detected by our apparatus. It is likely that the initial 
charge-transfer complex between 'Oz and these substrates 
decays to ground state at  a rate which is competitive with 
dissociation to free ions.32 

We assume the 0,. is the initially formed coproduct in 
the electron-transfer process; however, we have no direct 
evidence that this is the case. As mentioned previously, 
some 02-* has been noted in both N,N-dimethyl-p- 
anisidine7 and NADHs reactions with '02 in H,O. 

It should be noted that the dismutation of 02-- (pre- 
sumably formed by electron transfer to 'Oz or by direct 
3erythrosine-0z interaction)% in HzO would create strong 
oxidizing agents which certainly could oxidize TMPD 
under the reaction conditions. These effects can be ignored 
because the disproportionation of O p  should be slow (on 
our timescale) under the reaction  condition^.^^ Further- 
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more, formation of Oz-. by 3erythrosine0z interaction is 
a very inefficient process, accounting for <0.1% of the 
3erythrosine0z interaction." 

The results show that path D is the major mechanism 
of photooxidation of TMPD under our conditions. The 
formation of the radical ions seems to depend on the ease 
of ionization of the substrate and solvation of the resulting 
ions. If both factors are not favorable, no separation to 
observable ions appears to occur. 

Appendix A 

Figure 2 were the following: 
The parameters used to obtain the theoretical lines in 

In ([TMPD]/[TMPD],) = k,[lOz]oe-at/a 

where CY = k,[TMPD], + k d ;  k, = 2.0 X log; [lOz]O = 1.7 

(35) Behar, D.; Czapski, G.; Rabani, J.; Dorfman, L. J.; Schwarz, H. 

(36) Mann, C. K.; Barnes, K. K. "Electrochemical Reactiona in Non- 
A. J. Phys. Chem. 1970, 74, 3209. 

aqueous Systems"; Marcel Dekker: New York, 1970. 
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X lo-' M in both HzO and DzO; k H2° = 3.3 X 10' s - ' , ~ ~  
k d b O  = 1.9 X lo4 [TMPD]&2° = 4.0 X lo-' M, 
[TMPDImDz0 = 3.06 X lo-' M; [TMPD],, = [TMPDIo - 
[TMPD+*],/2. 

The value of [TMPDImH@ can be read directly from the 
curve 
[TMPDImH2O = [TMPDIo - [TMPD+.]mH20 = 

0.038A 
11000 cm-' M-' 

4.38 X lo-' M - 

k,[TMPD] + k d  
[TMPD'.] mH20 k,[TMPD] ['OZ]OH20 = 
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Two-Partlcle Dynamlcs: Reflections, Rings, and Reactions 
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A microscopic theory of two-particle motion in reacting and nonreacting fluids is presented. The emphasis 
of the description is on the correlated collision events which are responsible for a coupling of the motions of 
the particles and, in the reactive case, give rise to the coupling between particle diffusion and reaction. In addition, 
some phenomenological approaches are examined from the perspective of the microscopic theory. 

1. Introduction pend on the interactions between pairs of particles. The 
A number of dynamical processes of chemical interest 

involve the correlated motion of pairs of particles in so- 
lution. Consider, for instance, the frictional properties 
(viscosity, friction, and diffusion coefficients) of colloidal 
suspensions.' Here the system of interest is a collection 
of large colloidal particles dispersed in a medium composed 
of small molecules. In this circumstance it is sensible to 
treat the fluid as a continuum and apply the methods of 
hydrodynamics to the problem. Provided the concentra- 
tion (volume fraction) of the suspended particles is small 
then, in most cases, first corrections to the frictional 
properties (like the Huggins coefficient for viscosity) de- 

iesulting two-particle hydrodynamic probiem is difficult 
but tractable. However, there are situations where one is 
interested in the frictional properties of solute molecules 
whose size is not large compared to that of the solvent, 
such as those that arise in the discussion of various cor- 
relation functions of interest in nuclear magnetic relaxation 
or collision-induced light-scattering studies.2 

Another example is the study of chemical reactions in 
the condensed phase.3 The (bimolecular) reaction process 
involves the correlated motion of pairs of reactant mole- 
cules in a dense solvent. Often the reactanh are not large 
compared to the solvent molecules, in fact, it is not difficult 
to realize situations where the solvent is larger than the 
solute. One of the most studied examples, that of iodine 

(2) B. J. Berne and R. Pecora, "Dynamic Light Scattering", Intersci- 
ence, New York, 1976; W. M. Gelbart, Adu. Chem. Phys., 26, 1 (1974). 
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ersen, Adv. Magn. Reson., 8, l(1976). 
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