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Summary

Using u.v. spectroscopic measurements for the determination of the
change in concentration of products, photoreactions can be employed as
simple and convenient actinometers, if their photokinetic rate equations can
be solved with sufficient accuracy. By application of the new “linear inter-
polation method’ [4] this can be done for the photoisomerization of
azobenzene in methanol as accurately as required with comparatively less
mathematical expenditure and smaller errors than before. It is shown that
this photoreaction fulfils the above requirements. Two different types of
evaluation, an arithmetical and a graphical one, are compared. Their
results and advantages are discussed.

Introduction

A photoreaction should be suitable for a convenient and exact chemical
actinometer, if its rate law is easy to calculate and if the time-dependent
change of the concentration of products can be measured in a simple way
with high accuracy. These requirements could be met by measuring the ab-
sorbance change during reaction procedure, e.g. by spectroscopic means, for
a non-complex and uniform photoreaction with well determined quantum
vield. However, even for a very simple photoreaction, the exact rate equa-
tion normally cannot be solved by direct integration [1], since the factor:

F(EY=E'/(1—10"F) (1)

which is part of every photokinetic rate law, is dependent on reaction time
in most cases. According to the Lambert—Beer law, E’, the absorbance at the
wavelength of irradiation, is given by all products of the solution, absorbing
at this wavelength. Up to now the necessary approximations for F(E’') were
either simple in calculation but very insufficient or caused extensive calcu-
lations [1 - 4] . Recently a new approximation method has been developed

[4].

* Presented in part at the Bunsentagung fiir Physikalische Chemie, Vienna, 1975.
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By this method the factor F(E’) can be calculated for an absorbance E
at the reaction time t between two supporting points of absorbance £, and
E, at reaction times ¢, and {, by the following equation without large ex-
penditure:

F(E) = (2)

F(E)) - By —F(Ey) -Ey I'I«Ez)——F(El)]
E,—E, L E.—E,

By this so-called ‘linear interpolation” [4] the evaluation of spectroscopic
measurements becomes unlimitedly exact using suitable supporting points.
Since this method can be principally used for all photoreactions, a possibility
was given, to obtain the rate of a photoreaction with required high accuracy
and comparably low expenditure of calculation. It was necessary to test the
procedure for a simple photoreaction; but only a very few of them are
known. Thus the photoisomerization of azobenzene in methanol was chosen
as a test system, since it has been examined in great detail {3, 5, 6] and has
even been proposed as an actinometer [7].

Derivations

With the assumptions, that the irradiation is monochromatic, the quan-
tum yields are independent on light intensity, and that the thermal cis —»
trans reaction is comparatively slower than the photoisomerization, the fol-
lowing rate law can be derived (for further details see ref. [1])

g% =a=1000 1o - (25" €cis + b — DPY™ c€pqns-a) [FE)] 1 (3)
where g and b are the concentrations of trans- and cis- azobenzene depen-
dent on reaction time, I, is the intensity of irradiation, ®{°"* is the quantum
yield for the first reaction step, whereby the photoreaction is initiated by the
trans-product, ¢§° is the corresponding quantum yield for the cis—trens pho-
toreaction, and €’ is the molar absorbance coefficient at the irradiation wave-
length.

With

a0=a+b (4)

that means the trans-concentration at the beginning of the reaction equals
the sum of the frans- and cis-products at any reaction time, and the condi-
tion @ = 0 in the photostationary state at time { = oo,

cis ’
(pZ * €cis " Qg

oo = ; (5)

trans ’ cis
Py * €prans T P2 ¢ €4

is obtained. These equations give the time dependence of {rans-azobenzene
concentration to:

& =—1Io - 1000 - (D" - Ehruns + P5* €ry) - (@ —a.) [F(EN] (6)
B

Q
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The ‘““pseudo total quantum yield”’ @ is independent of time and concentra-
tion. Because of the factor F(E"), the above equation cannot be solved by
direct integration. Since it was proposed for an easy actinometer to measure
the concentration change by spectroscopic means, eqn. (6) is altered by the
following relations:

(E —E.)
@—ax)=——— (7a)
q
and
E
a=— (7b)
q
according to ref. [1] with:
g =d (€cis™ €trans) (8)

According to eqn. (8), g is a time independent constant given by the optical
pathlength and the molar absorbance coefficients. Thus the following equa-
tion is obtained from eqn. (6):

5, dE t,
Ef FE) -— =—10-Q-tlf dr (9)

By using the above mentioned ““linear interpolation’ method (eqn. 2), this
integral can be solved with a systematic error smaller than 0.2%, even if the
supporting points are as far apart as 0.2 absorbance units in the measurable
region of absorbances 0.3 < E < 1.5. The advantage is that neither total ab-
sorbance (E' > 4) nor negligible absorbance (E' < 0.02) at the irradiation
wavelength is necessary to avoid the large errors (sometimes up to 40%) by
the commonly employed approximations (see for references in refs. (1] and
[4]1). Therefore the irradiation wavelength and the wavelength for the ‘‘con-
centration’-measurement can be the same. The experimental procedure can
be simplified to a large extent and in the following there is no reason to dis-
tinguish between E’ and E. With this simplification and the above equations
one gets the following expression for the light intensity, which can easily be
calculated with any modern small calculator and fulfils the stated require-
ments for a convenient actinometer.

- 1 3 [F(El)(Ez —E.) —F(E;(E,—E.) F, —E.»]
o= n +
Q(t; —tz) E,—E, E;—E.
F(E,) — F(E2) { (10)
Results

The intensity of the irradiation source has been determined for many
different intensities by a large number of independent measurements accord-
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ing to Parker [8, 9] for 313 nm. With this known intensity a mean value for
the “pseudo total quantum yield’’ Q was calculated according to egn. (10).
This value proved to be independent on azobenzene concentration; its error
depends mainly on the accuracy of the actinometry according to Parker. The
value @ = (3.70 + 0.05) X 108 cm?/mol was obtained under our laboratory
conditions. For routine application of this azobenzene actinometer two pos-
sibilities of evaluation are shown, an arithmetical and a graphical one.

Arithmetical method

To calculate egn. (10) in an easy way, an HP-computer 9820 with pe-
ripheric apparatus was programed™. In combined irradiation- and measuring-
devices (single beam apparatus [10] and double beam recording system [11])
the absorbances at the irradiation wavelength were measured at certain reac-
tion times ¢ (the program also allows the calculation of intensities, if irradia-
tion and measuring wavelength are different). In Table 1 a teletype print-out
is given for one of those experiments. On top of the scheme the constant Q,
the value E. [E(UNEND)], the number of measured absorbances, according
to the number of supporting points for the ‘‘linear interpolation’’, and the
choice of wavelength are printed out. Next, the values of F(E) are calculated
for the measured absorbances. Besides the reaction times, These absorbances
are printed in the first row and second column, representing the supporting
points £, and E,. The calculated intensities I, for any combination of these
values £, and E, are given in a matrix-ike representation, where the first
value (4.807E — 10) results between E; = 0.827 and E, = 0.734, and the
value 4.854K — 10) between E, = 0.827 and E, = 0.342. This intensity has
the largest systematic error, since the distance between the supporting points
is the furthest, increasing in the first column from top to bottom and in the
last row from right to left. On the other hand, the intensities with the
smallest systematic error (calculated for the closest supporting points) are on
the first diagonal (labelled with @ in Table 1); they give the mean intensity
I, of the irradiation lamp in Einstein/cm?s. If they differ systematically,
then the lamp intensity was not constant during measuring time. An inaccu-
rate measurement of absorbance (error = + 0.002 absorbance units) can be
detected very easily, e.g. the value 0.473 in the fifth row of the given ex-
ample.

Further advantages of this arithmetical evaluation method are, that the
value K, does not have to be measured; it can be determined from a linear
relationship between E. and the absorbance at the isosbestic point. Inaccu-
racies in the determination of £, can be detected very easily, since the ma-
trix representation becomes inconsistent (mean values must increase slightly
from (1) to (5)). Moreover, the knowledge of weight-in concentration is super-
fluous, only a good spectroscopically measuring region should be chosen.
Further, it should be pointed out, that the knowledge of absorbance coeffi-
cients according to eqn. (10) is not necessary any more [7]. It turns out to

* This program, IG-PRGG, can be obtained on request.
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be unnecessary to take a larger number of supporting points (absorbance
change FD < 0.1), since the error caused by the approximation of linear in-
terpolation, is far less than the obtainable accuracy of absorbance measure-
ments.

Graphical method

In case the convenient possibility of a small computer is not given, the
following procedure might be favoured. In a test measurement (for this case
the above values were used) the absorbance as dependent on reaction time is
plotted against 7 values, which are calculated from the relation:

t being the reaction time. This is done for a definite and chosen weight-in
concentration. For all the following routine actinometric measurements it
has to be determined at this concentration, defined by the absorbance at the
isosbestic point. For those experiments the above test diagram is taken
(curve in Fig. 1). The absorbance values, measured during the actinometric
reaction, are marked on this test curve (in Fig. 1 by the numbers 1 to 6; the
values of K taken for a different experiment, but with the same weight-in
concentration as the test measurement). Next the origin of the 7 axis is
shifted parallel into the first measured absorbance value, marked in the test
curve. Thus a 7 value can be determined for each absorbance graphically on
the new 7 axis (- - -) and an intensity can be calculated from the related reac-
tion time ¢t and eqn. (11). The error depends on the accuracy of the test dia-
gram and on the graphical representation.

Discussion

Azobenzene is shown to be the postulated convenient actinometer,
since the experimental procedure is little, the same set-up and measuring
technique as in photokinetics can be used, and the results are very good. For
the measured light intensities [10~!° Einstein/s cm? for a HPK-125 (Phillips-
high-pressure Hg lamps) or St 75 (Hanau high-pressure Hg lamp)] the ther-
mal cis—trans isomerization is incomparably slower. The absorbance change
is 0.005 in 1 h, whereas the photoreaction results in the change of 0.1 absor-
bance units in a few minutes. The advantages of this new method are:

(1). There is no need for extensive sample preparation under specific
conditions.

(2). The reaction is insensitive to oxygen.

(3). The knowledge of the molar absorbance coefficients of the cis- and
trans-product is not necessary any more.

(4). Only during the actinometric irradiation itself, does stray light have
to be avoided; light, which falls on the cell before the actual actinometric
measurement, does not influence the results at all.

(5). With a few values of absorbance only, even taken just at one wave-
length, several intensity values are obtained for each experiment; from those
the average can be taken.
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Fig. 1. Test diagram for actinometric measurement of azobenzene in methanol; irradiation
and absorbance measurement wavelength, 313 nm.

(6). In the case of the arithmetical evaluation the knowledge of weight-
in concentration is not necessary at all; with less arithmetical expenditure
the graphical method needs a definite concentration, which can be “weight-
in”” by means of the isosbestic point.

The photoisomerization of azobenzene can be used directly in the re-
gion of ~365 to 268 nm. For an irradiation wavelength below 268 nm, at
first the cis-product has to be produced by irradiation at longer wavelength.
Then the photoreaction of the cis-azobenzene could be used for actinomet-

ric purposes [7].-
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