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The Effect of a Non-uniform Concentration Profile on the Kinetic 
Interpretation of Flash Photolysis Experiments, with Particular 
Reference to Time-dependent Electron Spin Resonance Signals 
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It is shown that non-uniform concentrations of free radicals produced in light pulses in solution affect the 
kinetic behaviour which is observed. Effects due to variation of detection sensitivity over an e.s.r. sample 
can be ignored. 

In chemistry, excited states or free radicals are commonly 
produced by intermittent illumination techniques so as to 
obtain their decay kinetics from a suitable concentration 
measurement as a function of time. Most often the excited 
species are created with a non-uniform spatial distribution, 
for example as a result of the Beer-Lambert law of light 
absorption, and this can lead to false impressions of reaction 
orders and erroneous values of rate constants. Departure from 
anticipated rate laws may be difficult to recognise within the 
noise limitations of the observations. Here the problem is 
considered in the general case but then particular attention 
is paid to e.s.r. methods of radical detection. These imply 
fairly strict limitations on optical cell dimensions since the 
sample sits in a microwave cavity, and also the sensitivity of 
detection of a radical varies with its position within the cavity. 
It is assumed that this sensitivity and the general instrument 
response are independent of time. Diffusion is taken to be too 
slow to affect the initial non-uniform distribution within the 
radical's lifetime.2 

A train of light pulses is often used experimentally with 
signal averaging of successive decay curves to improve the 
signal-to-noise ratio of the observations. It is assumed that 
the experiment is designed sufficiently well that either the 
radical concentration decays to zero between pulses or that a 
pre-pulse signal is subtracted from the post-pulse one; failure 
to meet this requirement leads to large errors in interpretati~n.~ 
It is further assumed that the observed species is formed within 
a time short compared with the pulse length and then decays. 
This neglects the time profile of the light flash and is reason- 
able when the pulse length is much shorter than the period 
over which this species is formed. This condition is usually 
met in flash experiments, but not in chopped beam ones. 

Theory 
A sample cell of dimension 26x x 26y x 262 is considered 
with the origin at its centre; a uniform uni-directional beam 
of light pulses is applied along the z-direction. The concen- 
tration and molar absorption coefficient of the absorber are 
taken as cA and respectively. Assuming the system obeys 
the Beer-Lambert law, the concentration of the active species 
produced in the absence of reaction is given by equation (1) 

c(z,t) = c(-Sz,t) e--(z+62)/h (1) 

where c(-Sz,t) is the concentration at the front face of the 
cell at time t after the pulse and h = (2.303&ACA)-' is the 
* optical length '. 

From an nth order decay, equation (2) holds where k is the 

rate constant of the reaction. The time-dependent signal 

observed is simply expressed by equation (3) where a is a 

(3) 

time-independent constant of proportionality of the apparatus 
and an expression for the concentration must be substituted 
from equation (1). 

For a first-order reaction c(z,t) is directly proportional to 
c(z,O), the initial concentration following the pulse, and so the 
effect of substitution from equation (1) leaves the time- 
dependence of S ( t )  unchanged. The reaction is observed to be 
first-order with its true rate constant [equation (4)] where 

1) c(- Sz,O) e-kt (4) 

P = 2 Sz/h, 2.303 times the absorbance. For other orders of 
reaction, from equation (2) we have equations ( 5 )  and (6). 

c(z,t) = [c('-")(z,O) - (1 - n)kt]"-"" ( 5 )  

For a second-order reaction this yields equations (7) and (8) 
with T = ktc(-Sz,0) = t/t+ where t+ is the half-life at the 
front of the cell. 

- - - - I n (  - a 1  1 + z e - B  
P 7  1 + T  ) 

Expanding the exponential in equation (8), neglecting 
terms higher than first-order in P and expanding the logarithm 
yields S( t )  = a/(1 + T) provided P < 1. This has the same 
functional dependence on time as is obtained from a simple 
second-order analysis. 

Second-order behaviour is consequently observed provided 
that the z dimension of the cell is small compared with its 
optical length. The effect of changing the ratio of the two is 
shown in the Figure: the decay appears to be slower as the 
fraction of light absorbed is increased. Once more than a few 
percent of the incident light is absorbed a significant deviation 
from true second-order behaviour is observed. Both the shape 
and the apparent rate change, with the fit of the decays to 
pure (1 + T)-' behaviour growing progressively worse as more 
light is absorbed. Physically this is simply due to the initially 
high concentration of reactive species at the front of the cell 
making reaction there faster than at the back. 
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t /  half-life 

The dependence of the observed signal on time for (i) pure second- 
order behaviour, p = 0, (ii) j3 = 0.1, (iii) p = 0.7, and (iv) p = 2.3, 
corresponding to 0, 10, 50, and 90% of the incident light being 
absorbed respectively. The curves have been normalised to em- 
phasise the shape changes 

Although e.s.r. sample cells are narrow, the conditions 
required to distort second-order behaviour are easily reached 
in practice. In this laboratory, an observation was made of 
the decay of durosemiquinone anion radicals formed upon 
irradiation of a 0 . 0 5 ~  solution of duroquinone in 4 : 1 (v/v) 
propan-2-01-triethylamine with a nitrogen laser at room 
temperature. Simple analysis gave an apparently good statis- 
tical fit for a conventional second-order decay curve with a 
radical first half-life of 2.56 ms. However with = 27.6 x 
lo3 m2 mol-l and a cell width of 3 mm, p = 9.5 and the experi- 
ment was well within the non-uniform concentration region; 
a proper full analysis gave a half-life of 0.72 ms. It cannot be 
stressed too strongly that apparent fit to assumed kinetic 
behaviour is not a sufficient test to justify simple analysis. 
Contributions to the literature which have neglected or 
underestimated the effect of light absorption on second-order 
decays are common and recent: although proper consider- 
ation has sometimes been given to it.5 Methods for dealing 
with the problem in the gas phase have long been known.6.’ 

Spatial Dependence of Sensitivity.-The foregoing analysis 
has assumed no dependence of the sensitivity of detection of 
the radicals on their position in the sample cell although this 
is a known characteristic of a microwave cavity. A priori, the 
spatial dependence of the sensitivity will affect the apparent 
time dependence of the signal via the z-dependence of con- 
centration. Below saturation, the signal from an e.s.r. 
spectrometer is proportional to the ratio of the power dis- 
sipated in the sample to the power stored in the overall cavity 
volume [equation (9) where B1 is the microwave field, V is 
the volume of the sample, and y is a constant]. 

Consider the commonly used TEloz cavity with dimensions 
a x b x c and let c = 2a, as is approximately the usual case. 
The cavity is centred at the origin. The components of the B1 
field are given by equation (10) where Bl(O,O,O) is (within a 

[-. (5) cos ( F), 0, sin (7) sin (31 (10) 

normalization factor) the microwave field at the centre of the 
cavity. Note that the axis system is shifted with respect to that 
employed in ref. 8. Consequently, we have equation (11). 

Substitution into equation (9) gives (12) where q = [asin- 
(2n6x/a)]/2n6x, a constant for a given sample cell in a given 

S(t)  = c ( z , ~ ) [  1 + q~ cos (31 dz (12) 262 -& 

cavity. The shape of S(t) is affected by sensitivity consider- 
ations only in so far as the cosine term is involved. Expanding 
the cosine and excluding terms second order or higher in 
(2nz)/a yields equation (13) which is isomorphic with 

equation (3), showing that any distortions of the shape are due 
to the higher order terms. 

S( t )  in equation (12) was evaluated numerically, using 
Romberg’s a lg~ri thm,~ for a second-order reaction. Analytical 
solution, employed to check the numerical calculation, is 
straightforward except for the integral [equations (14)---(16)]. 

Expansion of the term in brackets in equation (15) for 
z > e(z+Sz)/h , or in equation (16) for z < e(z+6z)lh then yields 

solvable integrals of the form efn(= i- sz)k0s(2nz/4 dz. 

For typical cavity (a 23 mm) and sample cell (6x 10 mm, 
6z < 5 mm) dimensions, the contribution from the higher 
order terms is a few percent of that due to equation (13). 
More importantly, the shape of the decay due to these terms 
is different from the uncorrected solution of equation (13) by 
well under 1% and the net effect on the shape of S( t )  is 
negligible. 

Irradiation down the long axis of the sample tube, i.e. the 
x-axis, would yield identical results (since the field distribution 
is the same) while direction of the light along the y-axis would 
allow the spatial dependence of the sensitivity to be truly 
neglected, since Bl(y) = 0. 

I 

Conclusions.-In this analysis of the time dependence of the 
e.s.r. signals observed from radicals produced in a light pulse 
it has been shown that unless a few percent of the incident light 
only is absorbed the non-uniform distribution of reactive 
species affects the observed kinetics. A possible further effect 
on the observed signal arising in the non-uniform sensitivity 
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of the detection method over the sample is negligible for a 
TElo2 cavity using sample cells of typical dimensions. 
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