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processes in binary solvents are directly related to thermal
diffusion processes.?* Equation 3 may be sometimes more
useful as it expresses the HMP for a system (a type III sol-
vent)!? directly in terms of the Soret coefficient and the activity
factor,dIn a;/aIn ¢y, a function which indicates mixed solvent
nonideality as does the heat of mixing, AHM.,
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Nitroso Compounds and Azo Dioxides as Quenchers of
Singlet Oxygen (1Ap) and Sensitizer Triplet States
Sir:

We recently reported that 3,3,4,4-tetramethyl-1,2-diaze-
tine-1,2-dioxide (1) was a useful triplet quencher.! It ab-
sorbs at short wavelengths, efficiently quenches triplets of
energies =42 kcal/mol, and does not quench aromatic sin-
glet states. We now describe some unexpected quenching
properties of other azo dioxides and nitroso compounds.

Quenching of sensitizer triplets was monitored by the effect
of quenchers on the rate of sensitized formation of O, (14,)
in 95% ethanol. The reaction was followed by the disappear-
ance of ~9 X 107> M 1,3-diphenylisobenzofuran (DPIF).
Linear Stern-Volmer plots were obtained from which
quenching rate constants were calculated.2 The sensitizer
triplet lifetimes required for these calculations were estimated
from the product of the oxygen concentration in air-saturated

Log kq (M7 sECT)

25 €5

E T (S} (Keal/mole)

Figure 1, Rate constants for quenching sensitizer triplets by azo dioxides
in ethanol: W, 1; O, 2; @, 4; O, apparent kq for 5 ignoring possible
quenching of O (1A,). Dashed line is calculated for a classical quencher
(E1(Q) = 34 kcal/mol). Sensitizers, ascending order of E1(S), are chlo-
rophyll a and b, methylene blue, rose bengal, anthracene, pyrene, chrysene,
and naphthalene.

ethanol (1.57 X 1073 M)3 and the rate constants for oxygen
quenching of aromatic triplet states. The latter (1-3 X 10°
M~! s~1) were ecither known or estimated from the triplet
energies of the sensitizers.*

Representative quenching rate constants are compared in
Table I with the longest wavelength absorption maxima of azo
dioxides 1-6.° The absorption maxima of the unchlorinated
azo dioxides 1-4 decrease in energy as the quenching ef-
ficiencies increase. The accompanying structural changes
suggest that the orbitals of the increasingly strained transan-
nular 5,6-0 bonds in the series 1 (no bond), 2, 3, and 4, may mix
with the w*-azo dioxide orbitals and lower the excited state
energies.

+ 07 (CHy),
— N . IG
II /N_O /4 0
——No_ N N~
+ 07 + 0" + 0
1 2n=2 4
3, n=1
Ci
Cl
N—6 N
N// \N// ~o0
. +>0 Cl + N0
5 6

The introduction of a-chlorine atoms in the azo dioxides
should contribute to Coulombic destabilization of their ground
states relative to their less polar excited states. Thus the ab-
sorption maxima of § and 6 are red-shifted relative to their
unchlorinated analogues 2 or 3 and 4, respectively. Although
the greater quenching efficiencies of 5 and 6 suggest that
Coulombic destabilization is also relieved in their lowest triplet
states, significantly, the parallel relationship between ab-
sorption maxima and quenching rates found in the unchlori-
nated compounds was not observed.

The effect of sensitizer triplet energy on the azo dioxide
quenching rate constants was compared with that expected in
a classical energy transfer model (eq 1)

kditf K k—diff *
St +Q 2 S*+Q = [s+Qf —5+ Q& (1)
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Table I. Absorption Maxima and Rate Constants for Quenching
Sensitizer Triplets by Azo Dioxides in Ethanol

1078kq (M~1571)

Quench- ApaxFOH  Benzanthr-
er (nm) one?  Anthracene? Methylene bluec
1 255 144 1.2, 1.6° 0.052¢
2 264 4.94
3 265 11,4917¢ 0.066¢
4 271 134 0.12¢
5 270 86¢S 19¢/
6 274 34¢ 0.64¢

@ E1(S) = 47 keal/mol. » Ex(S) = 42.4 keal/mol. < E(S) = 34
kcal/mol.12 4 Determined by the previously reported method of
quenching sensitized trans-stilbene isomerization in benzene; ref 1.
¢ Determined by quenching sensitized formation of Oz (1A,). / Ap-
parent kg assuming no quenching of Oz (1Ay), ref 2,

Table Il.  Quenching of O2('4,) Generated from (C¢Hs0)3PO;
Quencher  107%q (M~'s™1) 107%q (s™1) Solvent

7 (5) 12,2 0.080% 2.1 11:5 CH,Cly/
CH;0H

8 5.3 1.9 11:5 CH2C12/
CH;0H

(CH3);CNO 9.3 1.1 15:1 CH,Cly/
CH;0OH

B-Carotenec 20 4.2 C¢Hs

6 2 x 1073 11:5 CH,Cly/
CH;0OH

a Calculated assuming 7 is the quencher, ? Calculated assuming
5 is the quencher. ¢ Reference 11a.

where energy transfer within the encounter complex is assumed
to be rapid relative to diffusion. The triplet energies of the
sensitizer E1(S) and quencher E1(Q) are then related by®

Er(S) = ET(Q) + RT In [kq/ (kdist = ko)] (2)

The thus calculated falloff in the quenching rate constant
(kq) with decreasing E1(S) exceeds that observed with every
azodioxide (Figure 1). These results suggest a nonvertical
energy transfer model in which the quencher triplet undergoes
slow (relative to k_gifr) electronic excitation coupled with
geometrical relaxation within the collision complex. Relaxation
of azo dioxide triplets to low energy twisted planar or trigonal
nitroxide biradicals appears probable.! It is noteworthy that
azo dioxide 1 with its eclipsed geminal dimethyl groups has the
greatest torsional strain at the N=N bond and shows the
greatest deviation from classical behavior,

The exceptionally efficient quenching by azo dioxide 5 raises
doubts about the assumption that O, (*Ag) is not quenched by
this compound.? Indeed § was found to strongly inhibit the
reaction of rubrene with O, (14) (generated by adding ! ml
of 1 X 1072 M (C¢H;50)3PO3 in CH,Cl; at —78° to 15 ml of
2.4 X 1073 M rubrene in 2:1 CH,Cl,-CH;0H at 25°).7 By
contrast, the other azo dioxides had little effect on this reaction.
It was found from experiments in the absence of rubrene that,
of the Oz (1Ag) that was quenched, less than 0.36% led to de-
struction of 8.

A linear quenching plot was obtained using the integrated
rate expression®

ke(P = Ro+ R)/In (Ro/R) = kq[Q] + k4 (3)

where R is the final rubrene concentration, P is the initial
ozonide concentration, and k, (4 X 107 s71) and k4 are, re-
spectively, the rate constants for reaction of O, (14g) with
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rubrene and for its decay in the absence of acceptors. Provided
the quenching is actually due to 5, the slope, kq, was 8.0 X 107
M~1s~1. However, 5 displayed a weak absorption band at 645
nm (e 0.32) in’this solvent mixture, and an equilibrium with
the bisnitroso isomer 7 was suggested by the temperature and
solvent dependence of this peak. Based on the spectrum of the
trans isomer 8% (Amax 645 nm, € 46) about 0.7% of 7 is esti-
mated to be in equilibrium with 5.

d <0 7 8
5
, o Yo
A

Quenching studies with both 8 and 2-methyl-2-nitrosopro-
pane demonstrated that nitroso compounds are efficient O,
(*Ag) quenchers (Table IT). Quenching by their azo dioxide
dimers was excluded by the Beer's law dependence of these
compounds at the quenching concentrations. At least part of
the O2 (14y) quenching by 5 is therefore due to quenching by
7. Indeed the apparent quenching of low energy sensitizer
triplets by § may be predominantly quenching of O, (14;) by
7. Using this assumption kg for this process was calculated as
9.2 X 10° M~! s~! with chlorophyll a (ET = 28 kcal/mol) as
sensitizer.!® This compares favorable with 12 X 109 M~1s~!
calculated when O (*Ag) was formed chemically (Table II).

A comparison of the O (!Ag) quenching constants with that
of carotene, an efficient O, (! Ag) energy acceptor,!! suggests
that the nitroso compounds probably quench by an energy
transfer mechanism. The exceptionally low effective triplet
energy of these compounds (<23 keal/mol) may result from
coupling of energy transfer with relaxation of the bent (verti-
cal) nitroso triplets to a low energy linear configuration 9,
isoelectronic with ground state oxygen.
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