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In spite of a large number of reports on the Norrish type II 
reaction of excited aryl ketones,1 there are only a few reports 
of a primary isotope effect on the hydrogen atom transfer step,2 

and the issue of quantum mechanical tunneling as a mechanism 
of hydrogen abstraction by triplet carbonyls has only begun to 
be addressed experimentally.3 Two recent studies on the related 
photoenolization reactions of 5,8-dimethyl-l-tetralone4 and 
1-methylanthraquinone5 implicate tunneling as an important 
contributor to the reaction at low temperatures and in the triplet 
and singlet manifolds, respectively. One may also note that 
activation energies and pre-exponential factors, as reported in 
the literature, may allow for hydrogen abstraction to occur at 
cryogenic temperatures. However, thermally activated rates 
should be slow enough to allow for competitive radiative decay 
from the triplet state so that a temperature dependence and 
isotope effect analysis of phosphorescence yields and lifetimes 
should be valuable in establishing the importance of quantum 
mechanical tunneling and activated mechanisms. Here, we 
report evidence of hydrogen atom transfer at temperatures as 
low as 18 K in the case of geometrically locked 1,4-dimeth-
ylanthrone (MAT) and l,4-dimethylanthrone-d8 (DMAT).6 The 
data are consistent with concurrent activated and tunneling 
mechanisms. 
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Phosphorescence lifetimes and total intensity measurements 
of the methylsubstituted compounds in methylcyclohexane 
(MCH) glasses were compared with those of the well-studied 
parent compound, anthrone (AT), which serves as the bench­
mark by which to evaluate the other photophysical parameters. 
Methyl substitution and ring deuteration have relatively small 
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effects on the photophysical properties of benzophenone, and a 
similar trend may be expected in the anthrone series. Picosec­
ond measurements of AT at room temperature have demon­
strated an efficient intersystem crossing with time constants 
between 10 and 50 ps7 while nanosecond flash photolysis 
indicates an efficient intermolecular hydrogen abstraction 
reactivity.8 

Placing AT in a MCH glass at 77 K results in phosphores­
cence parameters9 typical for diaryl ketones with rut* triplet 
configurations10 (r = 1.7 ms at 77 K).11 An ortho-methyl group 
in the anthrone chromophore opens the possibility for a 
hydrogen atom transfer which will compete with phosphores­
cence and with other, nonradiative decays for excited state 
deactivation. In fact, no phosphorescence emission was ob­
served from the protio compound (MAT), even at 18 K, while 
DMAT presented a weak, broadened, and red-shifted emission, 
compared with that of AT (Figure 1). The lack of a detectable 
emission in the protio compound is indicative of a large primary 
isotope effect and supports the y-hydrogen abstraction reaction 
as the main deactivation mechanism in the methyl-substituted 
compounds.12 Furthermore, the involvement of this reaction 
as a deactivation route at cryogenic temperatures in both DMAT 
and MAT was also shown by fluorescence detection of their 
corresponding photoenols, which were readily accumulated upon 
intense irradiation in EPA glasses not only at 77 K but also at 
18 K (Figure Ic).13-14 

The rate of an activated hydrogen atom transfer should 
decrease with decreasing temperature, resulting in longer triplet 
lifetimes and higher phosphorescence intensities for DMAT. 
Thus, measurements were carried out between 18 and 80 K with 
samples deposited on the probe of a closed cycle liquid helium 
refrigerator.15 Relative to that observed at 77 K, the phospho­
rescence of AT at 18 K (Figure la) revealed some spectral 
sharpening and a small kinetic heterogeneity that was fit to a 
double exponential (ri = 1.6, 75%; T2 = 4.4 ms, 25%).16-17 
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Figure 1. Phosphorescence spectra of (a) AT and (b) DMAT at 18 K 
in MCH. (c) Fluorescence spectrum of the DMAT photoenol ac­
cumulated at 77 K. Nearly identical photoenol spectra were obtained 
by irradiation of MAT at both 77 and 18 K (the spectra are 
approximately normalized for presentation). 

Samples of DMAT at 18 K presented a spectrum nearly identical 
to but more intense than that observed at 77 K, while repeated 
measurements with MAT continued to give no detectable 
emission. Intensity measurements relative to 10-3 parts of 
codeposited anthraquinone (4> = 1.0) allow us to conservatively 
estimate an upper quantum yield limit of <I>MAT ^ 4 X 1O-6. 
Even at 18 K, excited MAT is deactivated extremely efficiently 
by nonradiative processes. Intersystem crossing to the singlet 
ground state seems unlikely, and one may speculate whether a 
singlet state reaction more rapid than intersystem crossing or a 
triplet state reaction with rates greater than ca. 2.5 x 108 s_1 

may contribute to this. 
The intensity of DMAT phosphorescence showed a rapid 

decrease when the temperature was increased from 18 to 80 K. 
Phosphorescence decays were fit to double exponentials over 
the interval.17'18 A longer component consistently contributed 
70—76% of the total decay, with values ranging between 4.8 
x 10-4 and 2.3 x 1O-4 s. The short component ranged between 
9.6 x 10-5 and 3.0 x 10-5 s and had a temperature dependence 
similar to that of the long component. Arrhenius-type plots 
(Figure 2) constructed with the two components of the triplet 
decay of DMAT show a leveling in slope at about 30 K.18 The 
temperature-independent decay of DMAT (Figure 2) is almost 
an order of magnitude faster than that of AT which, at similar 
temperatures, gives X\ = 1.63 x 10-3 s (75%) and Xi = 4.3 x 
10-3 s (25%). The effect of methylation on phosphorescence 
rates is usually trivial, and the fast decay below 30 K suggests 
an additional triplet deactivation pathway. As a control for 
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Figure 2. Arrhenius plot of the triplet decay of DMAT in dilute MCH 
glass. Scales on the right and left pertain to the short (x) and long (•) 
components, respectively. 

effects of methylation on the radiative rate, 2,3-dimethylanthrone 
was also investigated. Its decay parameters are very similar to 
those of AT and substantially slower than those of DMAT.19 

Additionally, a survey of known triplet lifetimes of aromatic 
ketones without opportunity for intramolecular reaction at 77 
K finds none below 1 ms.10 We suggest that deuterium atom 
tunneling dominates in DMAT at low temperatures (<30 K), 
while an activated process gains importance at higher values. 
The ability to accumulate the enol of DMAT at 18 K is also 
supportive of this conclusion.14 

Phosphorescence intensity measurements from 18 to 30 K 
showed a ca. 40% decrease in intensity, despite the fact that 
the lifetimes remained constant over that region. This observa­
tion may suggest a very low barrier singlet state process in direct 
competition with intersystem crossing. A methyl group locked 
in the ortho position presents a hydrogen atom with a nearly 
ideal abstraction geometry, which may facilitate a very fast 
singlet state reaction.5 However, to compete with intersystem 
crossing, a singlet reaction requires a rate constant of the order 
of 1011 s_1 (assuming an ISC rate similar to that found at high 
temperatures),8 and the interpretation of this data should be 
viewed with caution. Studies in progress in our laboratories 
with DMAT and other geometrically locked o-methyldibenzo-
cycloalkanones are aimed to elucidate details of these processes 
as well as the potential energy surfaces involved. 
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