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Abstract: The temperature and viscosity dependence of the lifetimes of triplet biradicals derived from 2-phenylcycloalkanones 
have been studied by means of nanosecond transient UV absorption. Arrhenius plots for the temperature range 20 to -90 
0C are strongly curved. In the high-temperature range (ca. -10 to +20 0C) log A (s"1) and Ea (kcal/mol) are ca. 8.0 and 
1.0, respectively. In the low-temperature range (-50 to -90 0C) the values are ca. 10-11 and 3-4, respectively, typical of 
chain cyclization processes. The biradical lifetimes are strongly affected by solvent viscosity at low temperature but are nearly 
insensitive to viscosity at room temperature. The data suggest a transition in the rate-determining step for biradical decay 
from intersystem crossing control at room temperature to chain dynamics control at low temperature. At room temperature 
and above, the observable biradicals are almost exclusively triplets, but at low temperature one observes the decay of an 
approximately equilibrium mixture of singlets and triplets. 

What is the rate-determining step for intramolecular decay of 
a triplet biradical? This is a long-standing fundamental question 
in biradical chemistry,1 and the answer is expected to depend in 
some way on the biradical structure and on experimental con
ditions. In principle, the rate-determining step could be any one 
of the 3 processes shown in Scheme I: (1) intersystem crossing 
(isc) to the singlet biradical, (2) interconversion among biradical 
chain conformers (occurring in both singlet and triplet), and (3) 
product formation from a singlet biradical in a conformer poised 
for product formation. Current evidence2"7 favors isc as the 
rate-determining step for decay of small, flexible triplet biradicals 
in fluid solution. In this paper we present the first evidence for 
conditions which swtich the rate-determining step from isc to chain 
dynamics. Under these conditions isc is fast compared to biradical 
decay, and one observes decay of an approximately equilibrium 
mixture of singlet (S) and triplet (T) biradicals, i.e., T:S « 3 : 1 . 
We show that the rate-determining step is related in a simple way 
to biradical chain length, temperature, and solvent viscosity. The 
particular biradicals used in this study have one acyl and one 
benzylic terminus, but the qualitative conclusions are expected 
to apply to all flexible-chain biradicals. 

The triplet biradicals 32 (Scheme II) were generated from 
ketones81 by photolysis at 308 nm with a Lamba Physik excimer 
laser (15 ns fwhm, <20 mJ per pulse) and their lifetimes (r) were 
measured by nanosecond transient UV absorption monitored at 
320 nm. The analyzing light was generated by pulsing a 450-W 
Xe arc lamp (PRA Model 301 power supply, PRA Model 305 
pulser) and detected through an ISA HlO monochrometer using 
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Table I. Limiting Arrhenius Parameters for Decay of I6, 29, 2,2, 215 

methanol isooctane 
region 

high 
high 
high 
high 
high 
low 
low 
low 
low 
low 

n 

6 
9 

12 
15 
15' 
6 
9 

12 
15 
15' 

log A" 

1.1 
8.1 
8.1 
8.1 

7.7 
8.8 

10.6 
10.8 

ES 
0.8 
1.5 
1.2 
1.1 

0.8 
2.2 
3.6 
4.0 

log/I" 

7.9 
8.0 
7.9 
8.1' 

9.6 
10.0 
10.0 
9.0' 

*.» 

1.0 
1.1 
0.8 
1.1' 

2.9 
3.1 
3.2 
2.2' 

"±0.3; A in s_1. 6In kcal/mol, ±0.2. 'Isoviscous, 77 = 1.00 ± .05 cP, 
in alkane solvents, pentane to pentadecane. 

6 dynodes of an RCA 4840 photomultiplier tube. Signals were 
digitized with either a Biomation 4500 digital oscilliscope or a 
Tektronix 7912AD programmable digitizer. Data analysis was 
performed on a dedicated PDP 11/23 minicomputer. The ex
citation geometry was right-angle. Variable-temperature studies 
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Figure 1. Arrhenius plot (4-6 measurements per point) for decay of 2 U 

in MeOH. T is the biradical lifetime. The line is the best fit of the data 
to Scheme III, obtained with the parameters shown (see text). Errors 
are ±2 standard deviation. 
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Figure 2. Viscosity dependence of the biradical lifetimes at -81 and +15 
0C. Each point is an average of 3 measurements at -81° and 5 at 15°. 
Typical errors (±2<r) are ±5%. 

were performed with use of an optical dewar (three quartz windows 
positioned at 90° intervals) and chilled or heated with N2 gas. 
Temperature readings were made on an Omega Digicator with 
constantan thermocouple, which was attached directly to the cell 
holder in the dewar. All biradicals were characterized by their 
transient UV spectra in MeOH (Xn,,,, = 320 ± 2 nm)9 and by the 
invariance of r to isoprene quenching, both at 20 and at -80 0C.10 

The temperature dependence of T was measured for 26 in 
MeOH and for 29, 212, and 215 in MeOH and isooctane (2,2,4-
trimethylpentane) from 20 to -85 or -95 "C, depending on solvent. 
An Arrhenius plot of -log r vs. \/T is linear for 26, curved for 
29, and strongly curved for In and 2]5. Figure 1 shows the 
experimental points for 212 in MeOH. Table I lists the limiting 
values of the Arrhenius parameters in the high- (ca. -10 to 20 
0C) and low- (ca. -90 to -50 C) temperature regions. Because 
of the limited temperature range, these may not be the true 
asymptotic values. 

Table I includes the results of an isoviscous Arrhenius plot for 
215, obtained by measuring each experimental point in a different 
alkane solvent (pentane to pentadecane) at a temperature selected 
to hold the viscosity constant at ij = 1.00 ± 0.05 cP. The effect 
of viscosity was examined further by measuring T at -81° in 
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Figure 3. Qualitative representation of the dependence of the rate-de
termining step for biradical decay (isc vs. chain dynamics) upon viscosity 
T), temperature T, and biradical chain length. 
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pentane (0.79 cP)11 and heptane (2.6 cP)" and at +15° in nonane 
(0.77 cP)" and tetradecane (2.6 cP).11 The results (Figure 2) 
show a pronounced viscosity dependence at -81 0C but a negligible 
one at 15 0C. 

The data in Figures 1 and 2 and Table I are consistent with 
a change in rate-determining step for biradical decay from isc 
at high temperature to chain dynamics at low temperature. This 
situation is easily understood in terms of Scheme I. At 25 0C 
in fluid solution, isc is typically the rate-determining step for 
biradical decay,2""7 chain dynamics is faster, and product formation 
is fastest of all.6'7 To a first approximation isc is expected to be 
independent of both the temperature T and solvent viscosity ?j. 
On the other hand, conversion of an extended to a nearly cyclic 
conformer has an activation energy of ca. 2-4 kcal/mol12 and is 
slowed down by increasing j ; 1 2 t 1 3 as a result of frictional forces 
exerted by the solvent.14 As one increases rj/T, either by in
creasing jj or decreasing T, chain dynamics is slowed to the point 
where it becomes the rate-determining step. In general, with 
increasing biradical chain length n the change from isc to chain 
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dynamics occurs at lower values of t]/T. This is summarized 
qualitatively in Figure 3, which shows how the rate-determining 
step depends upon T, »j, and n. The transition zone between isc 
and chain dynamics is broad, corresponding to the large tem
perature range separating the two limiting regimes. AU our data 
are accommodated by this qualitative model. 26 corresponds to 
the left side of Figure 3, since the linear Arrhenius plot implies 
that even at -80 0C the biradical is in the low r\jT isc-limited 
regime. 212 and 215 correspond to the right side of Figure 3—their 
low- T Arrhenius parameters are typical of chain cyclizations.12 

The large effect of y at -81 0C and the negligible effect at 15 
0C corroborate the change in rate-determining step for 2{2 and 
1\ 5 on going from high to low T. 

For quantitative modelling, Scheme III (a special case of 
Scheme I) is the simplest model that exhibits a change in rate-
determining step and a curved Arrhenius plot. Biradicals are 
divided into two classes: nearly cyclic triplet/singlet conformers 
(Tc, S0) with small end-to-end distances R and extended con-
formers (T0, S8) with large R. The factor of 3 in the isc rate 
constants guarantees that T:S = 3:1 at equilibrium. The kinetic 
equations were solved exactly, subject to kp » ^1-/'7 and initial 
formation of Tc, to obtain kobsi (=T_ 1) , the rate constant for 
disappearance of T0 + T0 + S0 + S0. In the resulting tetraex-
ponential, Zt0040; corresponds to the slowest decay. The temperature 
dependence was simulated in a six-parameter fit by putting fc, 
= /J1 exp(-£,//?D, k2 = A2 exp(-E2/RT), with k} and k4 T 
independent. 

Ideally, each Arrhenius plot should yield four parameters: a 
slope and intercept at high T and at low T. In practice, one must 
be sure that one's temperature range reaches into the asymptotic 
high- and low- T limits. This condition is probably fulfilled for 
215, is probably not fulfilled for 29, and is borderline for 212. In 
any case the Arrhenius plot alone is not sufficient to determine 
the six parameters A1, Eu A2, E2, k3, and k4. However, for the 
case of 212 in MeOH, we have also measured the magnetic field 
dependence of T.,5b This yields additional constraints, such as 
the ratio of T at zero field vs. high field.15b (There is excellent 
reason to assume that the magnetic field affects only the extended 
conformers and that isc is decreased by a factor of 3 on going from 
zero to high field, where the Zeeman splitting isolates the T±1 
states.15b) Application of this constraint to a least-squares fit yields 
the solid line in Figure 1 with the parameters as shown. The fit 
has a mean deviation from experiment of 1.9%, and the quality 
of the fit is sensitive to all six parameters. A wide variety of 
starting guesses in the least-squares fit were tried, but the pa
rameters shown produce by far the best fit. The main conclusions 
we draw from the fit are the following: (1) Scheme IH is a 
reasonable framework within which to discuss the results, and (2) 
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the parameters are qualitatively reasonable. No magnetic field 
studies of 26,29, and 215 have yet been done. Therefore these fits, 
though all within experimental error, are not unique. 

One must keep in mind that the "nearly cyclic" and "extended" 
conformers of Scheme III each represent an average of a whole 
family of conformers. We have singled out the nearly cyclic and 
extended classes of conformers for special attention, because isc 
is strongly tied to the biradical geometry, in particular to the 
end-to-end distance.15'16 We15 and Closs4* have pointed out that 
spin-orbit coupling dominates isc in biradicals derived from cy-
cloalkanones. It does so because the nearly cyclic conformers, 
with small end-to-end distances, are associated with very large 
spin-orbit coupling.16 This leads us to expect k3 » /V4 in Scheme 
III, which is corroborated by the fitting parameters in Figure 1. 
At high temperature (>260 K) T0-T0 interconversion is fast12 

compared to isc, and equilibrium is reached among triplet con
formers prior to isc. Thus at high temperature T"1, the confor-
mationally averaged rate constant for isc depends on the equi
librium ratio Tc/Te. The high-temperature Arrhenius slope is 
related not to an activation energy for a rate process but to the 
temperature dependence of the Tc/Te equilibrium constant. 

For 2„ (n > 9) at low temperature, Te/T0 interconversion be
comes slower than isc. The time-dependent solution to Scheme 
III suggests that, on a time scale too short for us to monitor at 
present, part of the initially formed T0 is lost via isc to S0, and 
the rest is converted to T0, whose subsequent decay we measure. 
For 2t2 at -80 0C, the fitting parameters of Figure 1 imply that 
T0 and S0 equilibrate almost completely (Te:S0 = 78:22, virtually 
the same as the 75:25 equilibrium mixture) before conversion to 
T0 and S0. Thus for the large biradicals at low temperature one 
monitors the decay of an approximately equilibrium mixture of 
singlets and triplets. Irrespective of spin state, low-temperature 
decay is limited by passage from extended to cyclic conformers, 
and the calculated fcobsd is very close to k2. 

The viscosity effects reported here have literature precedent. 
Yang13" studied intramolecular exciplex formation in 3-(9-
anthryO-l-C/V-phenyl-N-methylaminoJpropane, and found that 
increased solvent viscosity retards the rates of formation and 
dissociation of the exciplex but has almost no effect on the 
equilibrium constant. This is precisely the model we advocate. 
At high T, T is insensitive to i), because T is controlled by isc, which 
depends on the T0/Te equilibrium. At low T, T responds to 77 
because T depends on chain dynamics. 
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