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Kinetic Analysis of Photoreversible Photochromic
Systems under Continuous Monochromatic
Irradiation from Abs. vs Time Curves

V. PIMIENTA and J.C. MICHEAU

Laboratoire IMRCP, UMR 5623, Université P. Sabatier,
F-31062 Toulouse (France)

Photoreversible photochromic systems can be analysed quantitatively even if the photoi-
somers have not been isolated. Quantum yields of photocoloration and photodecoloration and
UV / visible spectra of each photoisomer can be extracted simultaneously by numerical simu-
lation and fitting of Abs™ vs time curves recorded under continuous monochromatic irradia-
tion at selected wavelengths.

Keywords: Photochromic parameters — Photokinetic Analysis

I. INTRODUCTION

1,2-diarylethenes’, fulgides® and azobenzenes® are of considerable interest for their
potential use for practical applications in optical data storage. The absence of back
thermal reaction is the main advantage of such photochromic systems.
For the purpose of kinetic modelling, we consider in this paper the so-called (R-1 R-
2) system: it is assumed that only two photochemical processes and two photoisomers
are involved:

A - B (bv) (Pas) R-1)

B <> A (hv) (Ppa) R-2)
In order to select the most suitable compounds and to establish quantitative structure
- properties relationships, an accurate knowledge of all the photochromic parameters
is essential: among them are quantum yields ®a5 and g, and UV / visible spectra
of both photoisomers. If the two photoisomers have been isolated, the determination
is easy. But if only one or none of the photoisomers can be isolated, the problem is
more complicated. Two principle techriques are described in the literature, namely
those of Fisher' and Wyman®. These methods are based on the resolution of
photostationnary equations and on the assumption that the quantum yields are
wavelength independent. They can determine the UV / visible specua of the
photoisomers and their quantum yiclds ratio ®,p/®pa. Fisher assumes that one
photoisomer has been isolated. The calculations show that the problem can be solved
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if two steady state UV / visible spectra have been recorded after irradiation at two
different wavelengths. Wyman assumes that none of the photoisomers has been
isolated. The problem now involves a supplementary unknown (g,), but Wyman
shows that it can be soived by using a third irradiation wavelength. Three steady
state UV / visible spectra are needed in this case.

In this paper, we propose a photokinetic analysis of the (R-1 R-2) model. Our
method uses Abs vs time kinetic curves recorded under continuous monochromatic
irradiation at sclected wavelengths. In contrast to the photosteady state methods, the
photokinetic analysis of the (R-1 R-2) system produces both quantum yields @5 and
¢BA~

. PHOTOCHEMICAL RATE LAW OF THE (R-1 R-2) SYSTEM

Under monochromatic continuous irradiation® and assuming that the reacting
solution is homogeneous, the evolution of the (R-1 R-2) system can be described by a
unique differential equation’:

d[AYdt = -(dap €ATA] - 9 esTBDIGLF  [eq.1]

where F’ stands for the photokinetic factor,
F’ = (1 -10*")/Abs’ feq2]
and Abs’= (e'a[A] + €5 [BD |t feq3 1]

[A] and [B] are linked by the mass balance equation: [A] + [B) =[M])y {eq.4]

As a consequence. the absorbance is always a linear function of [A]. Kinetic systems
exhibiting this property are known as monovariable®, they are recognisable by the
presence of one or more isosbestic points and / or by the linearity of absorbance plots
{Abs*{(t) vs Abs*(1)). The parameters used in this paper are presented in the Table 1.

Symbol or Units Significance
abbreviation
[X] mol.L! concentration of product X
Oan adimensional quantum yield of the photochemical reaction
A B )
£k &' L.mol".cm? molar extinction coefficients of product X at
irradiation (A and monitoring (A) wavelength:
Iy mol.L's? monochromatic irradiation photon flux at
wavelength '
I cm photochemical reactor irradiation optical path
Abs* adimensional Absorbance of the solution at A

TABLE 1: Significance of symbols and abbreviations.
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I11. PHOTOKINETIC RUNS AND DATA TREATMENT

1. Simulated data

In order to check if the proposed photokinetic analysis was able to extract the
values of the photochromic parameters, several runs have been simulated using [eq.1
to 4]. They were then submitted to a curve fitting to check if the original values of
the photochromic parameters could be retrieved. Such Abs* vs time kinetic curves
with simulated "experimental” points and continuous fitted lines are shown on figure
1.
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Figure 1: Absorbance vs time photokinetics under continuous monochromatic
irradiation at A" and A" of a (R-1,R-2) system with the following values of the
photochromic parameters (€'a = 15000, £”s = 44000, €3 = 23000, €5 = 4000, Pp =
22, @pa = .18, Ip = 4x10° mol.L™.s", I'y = 20x10° mol.L"s", [A)y = 1.2x10°
mol.L' and [M], = 3.0x10° mol.L"). Kinetics are shown at the corresponding
irradiation wavelength. Dots: simulated "experimental" points with random noise of
1 .002 Abs. unit added; continuous lines: numerical fitting.

2. Analysis of the photokinetic data of the (R-1 R-2) photochromic system

For a monovariable system, any experimental kinetics as shown in figure 1 can
be described by [eq.5}:  Abs'(1) = (Abs, - Abs*pss)G(1) + Abs'pss  [€q.5)
where G(t) is a characteristic time function which is independent on the monitoring
wavelength A and PSS stands for the photosteady state i.e. d[Abs}/dt = 0. From a
single kinetic run monitored at A’, experimental data are obtained by measuring the
initial absorbance (Abs’), the photosteady state absorbance (Abs'pss), the current
absorbance Abs'(t) and the photokinetic slope dAbs(t)/dt. These data are governed by
three new relationships ([eq. 6, 7 and 8]) deriving from [eq. 1 t0 4]. In [eq. 6, 7 and
8], unknown photochromic parameters (€'s, €'s, Pas and Pp,) have been merged on
the right side.
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a)-: the initial absorbance: Absy = (€4 - EB)A)n + €5 [M]y [eq. 6)

b)-: the photosteady state absorbance:

Abs'pss / (Mo = [(€'A€"s (Pan+ Ppa) / (€4 as + €3Psa) [eq. 7]
c})-: the current slope:
(dAbs'(t)/dt) / [(Abs’ess - Abs' (1)) (I'9F")] = (€'A@pp + €2 Psa) [eq. 8)

Numerical fitting of the experimental data uses the information of the photokinetic
curves to extract the values of the unknown photochromic parameters. We will now
consider situations that are likely to be encountered experimentally, depending on
the number of pure photoisomers that have been isolated (2, 1 or 0). The purpose of
this discussion is to see if the information that is obtained from the available
photokinetic curves is sufficient to extract all the required unknown parameters.

3. A and B have been isolated

If both photoisomers A and B have been isolated, £, and €'y are known as well
as Abs’. In these conditions, any photokinetic run provides a sufficient information
to determine the two unknown parameters ®,5 and ®g, using the initial slope in {eq.
9] (deriving from [eq. 8]) and the photosteady state absorption in [eq.10] (from [eq.
.
D5 = (dAbS/dt)o / [(€'5 - €74) (1 - 10744y} feq. 9}
Dpp = (Past'a / EB)ADSpss - €5[{Alo ) / (€A [A]o - Abs’pss) leg. 10]

4. Only A has been Isolated (Fisher’s case)

If A has been isolated, its spectrum (e*,) is known, as well as its initial
absorption Abs’,. In these conditions, a single photokinetic run is not sufficient for
the determination of three unknown parameters: €'s, ®25 and ®p,, because there are
more unknown parameters than independent relationships. However, the record of a
second kinetic run using a second irradiation wavelength (A" must be selected so that
the epsilon ratio is different (€”s / €74 # €'3 / €'A)) provides two more independent
relationships and brings only one more unknown (€7g). The situation is now solvable
with 4 independent relationships and 4 unknown parameters.

5. Neither A nor B have been isolated (Wyman’s case)

This situation corresponds to the most general case. [eq.6 to 8] provide three
independent relationships, but as there are four unknown parameters: €'y, €5, @ap
and Ppa. a second irradiation wavelength (A7) is required in order to provide three
more independent relationships. Although two more unknown are added (¢”, and
€7p), the problem is still solvable with 6 unknown parameters and 6 independent
relationships. However, in these last two cases, determinations are not feasibie by
hand calculations and a curve fitting procedure is required.
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6. Curve Fitting

Personal computers are now of sufficient power for numerical simulation and
fitting for these photokinetic calculations. Changing the experimental conditions (lo,
[M],, A), several experimental photokinetic curves (Abs* vs t) are recorded.
Recording a second monitoring wavelength provides overdetermination which make
easier the treatment of noisy data. These experiments are then simulated numerically
using [eq. 1 to 4} and roughly estimated values of the unknown parameters. An error
function EF = Z,T,%(AbSy - Abs.)’ between experimental (Abs,y,) and simulated
absorbances (Abs,y) is computed, it takes into account n irradiation wavelengths, p
monitored wavelengths and k measurement times so that npk experimental points
are fitted simultaneously. During this computation, the values are automatically
varied until a minimum in EF is obtained. Several starting values of the unknown
parameters must be tried in order to check that the calculation is not trapped into a
false minimum and that the optimized set is unique. At the end of the calculation,
the conversion rate has been determined and quantitative UV / visible spectra of each
photoisomer can be calculated from the recorded mixture spectra using [eq.2] and
[eq.3]. From the experiment shown on figure 1, quantum yields were extracted
within an error of less than + 6% and the molar extinction coefficients with a less
than * 4%).

IV) CONCLUSION

This paper shows that photokinetic analysis of Abs. vs time curves recorded under
continuous monochromatic irradiation of (R-1 R-2) systems provides a more
complete information than photostationnary methods. Apart from the absorbance at
the steady state, it takes into account the initial absorbance and the current slope.
Individual quantum yields rather than just their ratio are obtained. Moreover, even if
both photoisomers cannot be isolated, photochromic parameters can be extracted
using only two irradiation wavelengths instead of three in the Wyman's method.

The photokinetic method can also be applied when one photoisomer is not stable and
undergoes a spontaneous (thermal) return to the starting product or when there is a
photodegradation process. Spiropyrans’, spirooxazines'®, dihydroindolizines''
azobenzenes'? and chromenes'® are among the most well known thermally bleaching
organic photochromes. The conversion rate at the photosteady state depends not only
on the irradiation wavelength, but also on the incident photon flux'* and on the
temperature”. In these case, monovariable systems are recognized by the presence of
a monoexponentional thermal decay. In these conditions. they are easy to handle,
provided that the thermal decay kinetics has been measured independently and taken
into account®.
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Photodegradation is a parasitic phenomenon that is characterised by a slow decay of
the photochromic process: a loss of photocolorability and / or the impossibility to
obtain a complete bleaching'”. Photodegradation could be significantly slowed down
if the reactions that are responsible of the decay were sufficiently understood'®, In the
case of thermally bleached photochroms, a photokinetic analysis can to discriminate

between a light-promoted or a dark degradation process'’.
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