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bstract

A kinetic law, the log–exp model, that describes the evolution of a unimolecular photochemical reaction, AB(1�), has been realised for the first
ime through a closed-form integration of the differential equation that involves a time-dependent photokinetic factor. As a consequence, a novel

nalytical formula for the efficiency of AB(1�) photoreactions has been established. The theoretical log–exp model has been successfully tested
gainst numerical integration data for simulated kinetics. It has been applied to the direct determination of the absolute values of the quantum
ields, at different visible irradiation wavelengths, for the photoisomerization of a diarylethene derivative in an organic medium.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Despite the importance of theoretical kinetic models in the
eld of reaction dynamics, the differential equation describing

he progress of a unimolecular photoreaction involving the trans-
ormation of an initial species A into a product B (vide infra Eq.
1a)) has thus far represented a challenge to kineticists and has
emained unsolved [1–13]. In fact, a lack of analytical kinetic
aws is noticeable for all basic first-order photochemical AB sys-
ems, irrespective of the number of reaction steps involved in the
imolecular process (at most equal to four: two pairs of opposing
hotochemical and thermal reactions) [1–12]; the only excep-
ions are those reactions performed under isosbestic irradiation
13,14].

The difficulty in achieving a closed-form integration of these
ifferential equations stems from the time-variation of the pho-

okinetic factor (vide infra Eq. (1c)), which is variable because of
ts explicit dependence on the total absorbance of the medium at
he irradiation wavelength (the latter being different from that of
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he isosbestic point) [1–6]. Because no integration procedures
xist to readily solve the mathematical form of the resulting
ifferential equation (i.e. Eq. (1a)), dealing with such kinetics
as so far meant resorting to either approximation methods or
mplementing a numerical integration [1–10]. Tomlinson et al.
15] have proposed the first parametric model for reversible pho-
odimerisation in a rigid matrix that expresses the intensity of the
ransmitted light (Itr) as a function of time. In this approach, an
stimate of the initial quantum efficiency can only be obtained
f the initial part of the latter curve is reasonably straight and
reliable estimation of the light saturation-intensity value (Is,

he model’s parameter) is obtained by extrapolating the curve
tr = f(t). Other approaches have been proposed by Brauer et al.
or actinometry [16–18], among these an empirical model [16],
ormally similar to the preceding one [15], where absorbances
eplaced light intensities. Equally, this approximation can only
e considered if the logarithmic coefficient involving the vari-
ble absorbance of the reaction medium is linear with irradiation
ime (which is essentially a similar condition to that imposed by

he preceding method [15]).

More recently, Bossi et al. [19] have used a simplified
odel in which the determination of the quantum yield val-

es for fulgide photoisomerization reactions (including the

mailto:mmaafi@dmu.ac.uk
dx.doi.org/10.1016/j.jphotochem.2006.10.030
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hotobleaching where the coloured isomer (E) is reverted to the
losed-form (C) under visible irradiation) was carried out under
he provision that the total absorbance of the reaction medium at
he irradiation wavelength was kept low (i.e. less than 0.05). In
hese circumstances, the photokinetic factor of the fundamental
quation could be approximated to a constant and the kinetics of
he studied unimolecular photoreaction could be described by a
rst-order homogeneous differential equation. The latter differ-
ntial equation is then readily solved by the variable separation
ethod.
Similarly, it is noticeable that a monoexponential model has

een used to fit the kinetic trace corresponding to the pho-
obleaching (a one step recyclisation reaction) of a coloured
nd thermally stable indeno-fused naphtopyran (here the trace
as been obtained by using an irradiation with visible light
λirr > 420 nm); λirr is situated near the maximum absorption
f the isomer) [20].

It is a fact, however, that these and similar approaches lack
he absolute theoretical rigour to yield the kinetic law for the
nimolecular photoreaction kinetics and/or a useful analytical
efinition for its quantum yield [1–34].

In this study, we present for the first time the kinetic law for
he photochemical transformation of a single absorbing species
nto its photoproduct. A definition for the quantum yield has also
een established. The relationship is obtained through a closed-
orm integration of the differential equation. It has been tested
gainst a theoretical data set and applied to the photochemical
ycloreversion of a diarylethene derivative.

. The log–exp kinetic model

The fundamental processes taking place in a photochemical
ransformation of species A into species B can be considered
o involve three steps (Scheme 1). The excited state molecules
A*) of species A are produced after the absorption of the exci-
ation photons. The A* molecules undergo processes by which
hey either deactivate to the ground state (A) or generate the
hotoproduct B. The photochemical quantum yield of the trans-
ormation is then given by the ratio φ = k2(k1 + k2)−1 [5].

In a photochemical reactor, steadily and continuously stirred
nd where the concentration in the excited state is supposed neg-
igible, the kinetic equation for the AB(1�) reaction is expressed
y [1,2]:

dCA(t)

dt
= −φλirr

ABIλirr
0 ελirr

A CA(t)lirr
1 − 10−Mλirr

Tot (t)

Mλirr
Tot (t)

(1a)
here CA represents the concentration of species A in the
edium at any reaction time, lirr the optical path length of the

xcitation light, φλirr
AB the quantum yield of the photochemical

Scheme 1.
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eaction, Iλirr
0 the incident light intensity received by the sample,

λirr
A the extinction coefficient of species A and Mλirr

Tot is the total
bsorbance of the reaction medium expressed by:

λirr
Tot (t) = ελirr

A CA(t)lirr + ελirr
B CB(t)lirr (1b)

In Eq. (1a), the analytical formula of the photokinetic factor,

λirr
Tot (t) = 1 − 10−Mλirr

Tot (t)

Mλirr
Tot (t)

(1c)

s a time-dependent function. In this condition, there is no pub-
ished analytical mathematical procedure which delivers the true
ntegral of Eq. (1a) [1–34], and hence so far, the kinetic law of
uch systems has not been reported in the literature.

For a unimolecular photoreaction, where only species A is
xposed to the monochromatic beam during the irradiation, the
quation of the total absorbance is expressed by a single term

λirr
Tot (t) = Mλirr

A (t) = ελirr
A CA(t)lirr (2a)

onsequently, the following differential equation is obtained

dCA(t)

dt
= −φλirr

ABIλirr
0 (1 − 10−Mλirr

A (t)) (2b)

f we take into account the previous provisions and separate the
ariables of the equation, we find

dMλirr
A (t)

1 − 10−Mλirr
A (t) = (−φλirr

ABIλirr
0 lirrε

λirr
A ) dt (2c)

n order to achieve the integration of the left-hand side term of
q. (2c) it is necessary to make use of a change of variable, e.g.
(10Mλirr

A ) = (ln(10))10Mλirr
A dMλirr

A , where ln is the Neperian
ogarithm.

Hence, integration of Eq. (2c) yields

d(Mλirr
A (t))

1 − 10−Mλirr
A (t) = 1

ln10

∫
d(10Mλirr

A (t))

10Mλirr
A (t) − 1

= −
∫

[φλirr
A Iλirr

0 lirrε
λirr
A ] dt (3a)

.e.

1

ln(10)
ln

(
10Mλirr

A (t) − 1

10Mλirr
A (0) − 1

)
= −φλirr

ABIλirr
0 lirrε

λirr
A t (3b)

eformulating Eq. (3b) yields the general expression of the
inetic law,

λirr
A (t) = log[1 + (10Mλirr

A (0) − 1) e−(φλirr
AB ελirr

A lirrI
λirr
0 ln(10))·t]

(3c)

here log represents the base 10 logarithm.
Also, from this relationship we can define new expressions

or the following quantities:
(i) the quantum yield of a unimolecular photoreaction,

φλirr
AB = ln[(10Mλirr

A (0) − 1)/(10Mλirr
A (t) − 1)]

ln(10)ελirr
A lirrI

λirr
0 t

(4a)
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Fig. 1. Fourth-order Runge-Kutta integration of Eq. (1a) (circles); calculation
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(ii) the reaction half-life time (t1/2),

t1/2 = 1

aAB
ln(10Mλirr

A (0)/2 + 1) (4b)

where the coefficient aAB = φλirr
ABελirr

A lirrI
λirr
0 ln(10) repre-

sents the overall photoreaction rate; and,
iii) the initial velocity of the photochemical reaction,

λirr
A (0) =

[
dMλirr

A (t)

dt

]
t=0

= aAB

ln(10)
(10−Mλirr

A (0) − 1) (4c)

hese further relationships (Eqs. (4b) and (4c)) allow us to
ewrite Eq. (3c) as

λirr
A (t)

= Log

[
1 + 10Mλirr

A (0) − 1

10−Mλirr
A (0) − 1

ln(10)

(
mλirr

A (0)

aAB

)
e−aAB t

]

(5)

his equation (Eq. (5)) is applicable when the same wave-
ength is used for both irradiation and observation, λirr = λobs
i.e. ελirr

A = ελobs
A ) and the optical path lengths for irradiation and

bservation are equal (lirr = lprobe).
A pair of more general equations that allow the monitor-

ng of both species via the total absorbance of the system
λobs
Tot (t) = ελobs

A CA(t)lprobe + ελobs
B CB(t)lprobe at a wavelength

ther than λirr, and which impose no constraints on the extinction
oefficients of the species or the optical path lengths for irra-
iation and observation (i.e. λirr �= λobs, ε

λirr
A �= ελobs

A �= ελobs
B �=

and lirr �= lprobe) can be derived from a combination of the
ass balance equation, Eq. (2a) and either Eq. (3c) or Eq. (5),

s

λirr
A (t) = (Mλobs

Tot (t) − ελobs
B C0lprobe)

ελirr
A

ελobs
A − ελobs

B

(
lirr

lprobe

)
(6a)

λobs
Tot (t) = ελobs

B C0lprobe + ελobs
A − ελobs

B

ελirr
A

(
lprobe

lirr

)

×Log[1 + (10ελirr
A lirrCA(0) − 1)

× e−(φλirr
AB ελirr

A lirrI
λirr
0 Ln(10))t] (6b)

hese equations may be used to analyse Mλobs
Tot (t) data directly

Eq. (6b)) or derive values of Mλirr
A (t) to use in Eq. (5).

From Eq. (6b) it is also possible to derive the general formula
or the quantum yield.

λirr
AB = ln[(1 − 10ελirr

A lirrCA(0))/(1 − 10(Mλobs
Tot (t)−ελobs

B C0lprobe)(ελirr
A /(

ln(10)ελirr
A lirrI

λirr
0 t

ote that Eqs. (6b) and (7) reduce, respectively, to Eqs. (3c) and
4c) if ελirr

A = ελobs
A , lirr = lprobe and ελobs

B = 0.
. Testing the model with numerical integration results

In order to test the model equations, we have simulated the
inetics of AB systems by using various sets of parameter values

w
w
f
i

−ελobs
B ))(lirr/lprobe))]

(7)

ased on data of Table 1 for the disappearance of the initial species. The kinetic
ata are incompatible with mono-exponential models (line in (a)), but are well
eproduced by the theoretical model (line in (b)).

o feed a fourth-order Runge-Kutta numerical integration of Eq.
1a). Kinetic traces have been constructed for both depletion of
he initial species A (recorded at λirr = λobs) or the appearing
roduct B recorded at λobs �= λirr (Figs. 1 and 2, respectively,
nd Table 1 are given here for illustration). These calculated
urves are found to be poorly fit by a pure mono-exponential
odel (Figs. 1a and 2a). Conversely and irrespective of the actual

bservation wavelength (Figs. 1b and 2b) and/or the parameter
ets (not shown), the kinetic traces are rigorously reproduced by
he theoretical models (Eqs. (3c) and (5)). Fig. 3 illustrates the
evel of agreement between the simulated data obtained from the
unge-Kutta calculation and Eq. (3c). These findings represent a
alidation of the theoretical model; and therefore, demonstrate
hat numerical integration methods are no longer required to
nvestigate such kinetics.

. Application example

For the classical example of the photoreduction of potas-
ium ferrioxalate, whose kinetics is considered to occur via

single photochemical step (Fe3+ hν−→Fe2+), where the exper-
mental data were analysed by the Runge-Kutta method
33], and the integration of the unimolecular photoreaction

ifferential equation by the Simpson’s numerical method [34],
ould now be modelled by using Eq. (3c). It is also the case for
ystems such as the kinetics of meso-diphenylhelianthrene [18]

here the application of our kinetic model should be straightfor-
ard, hence replacing the approximation method employed so

ar. However, only a few photochemical systems comprising an
nter-conversion between two species, present a specific spectral
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Table 1
Basic data used to perform Runge-Kutta methods as presented in Figs. 1 and 2

C0 (M) φλirr
AB ελirr

A (M−1 cm−1) I0 (Einst s−1 dm−3) ελobs
A (M−1 cm−1) ελobs

B (M−1 cm−1)

2.94 × 10−5 0.6 34,000 5.1 × 10−7 – 27,789

Fig. 2. Kinetic data points supplied by a fourth-order Runge-Kutta integration,
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sing parameter values from Table 1, for the appearance of the photoproduct
species B). The kinetic data are incompatible with mono-exponential models
line in (a)), but are well reproduced by our theoretical model (line in (b)).

egion where the reactant absorbs and the photoproduct does not
1–10,18,20]. Foremost amongst these are many photochromic
ompounds where the spectra of the initial and final species
verlap throughout the ultraviolet, but may differ in the visi-
le region (a variation that indicates the difference in chromism
etween the species). One can use this feature to advantage if
he coloured and colourless species are thermally stable, as it is
he case for many AB photochromes. These systems are excel-
ent candidates to test our model. In this case, the species of

nterest (A) can be synthesised photochemically and directly
onitored in solution (without being physically isolated). For

he present study, we have used the diarylethene derivative 1,

ig. 3. Representation of calculated R-K integration absorbances (MA,RK)
gainst those generated by the model equation, Eq. (3c) (MA,Mod.) as reported
n Fig. 1b (r is the correlation coefficient).

(
T
d

F
r

Scheme 2.

oth of whose isomers are thermally stable. Photoirradiation of
he commercially available “open-form” species by UV light
auses an electrocyclic closure of the central ring and the pro-
uction of a red-coloured isomer. The closed-form species can
ubsequently regenerate the original system if it is submitted to
isible light (λirr > 400 nm). The opening/closure cycles can be
epeated more than 104 times for 1 without serious degradation
22,26]. These features have made diarylethenes important basic
aterials for many technological applications including photo-

witches, optoelectronic, optical memory and display devices
2,3,10,18–32].

In the present experimental investigation we consider the
ing-opening reaction, i.e. the AB(1�) system as given in
cheme 2, performed by subjecting the coloured species (Fig. 4)

o visible (437- or 517-nm) light and monitoring the temporal
isappearance of its signal in solution (Fig. 5). The kinetic data
ave been recorded using a single irradiation/observation wave-
ength. The kinetic law (Eq. (6b)) rigorously fits the experimental
races yielding the results reported in Table 2. This agreement
ndicates that Eq. (6b) faithfully models the progressive photo-
hemical reaction of the closed-form isomer. These results also
onfirm that the closed-form is the unique species in the medium
hat reacts to the visible light and completely regenerates the
pen-form (this conclusion is drawn because Eq. (6b) (like Eq.

3c)) is only applicable if both the latter conditions are met).
he quantum yield values at the two irradiation wavelengths are
ifferent (Table 2), indicating that the visible irradiation wave-

ig. 4. Spectra of closed and open forms (A and B, solid and dotted lines,
espectively) in hexane at 15 ◦C.
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Table 2
Experimental parameter valuesa and the determined absolute values for the direct forward quantum yield of 1 in hexane at two different irradiation wavelengths

λirr (nm) aAB (s−1) ελirr
A (M−1 cm−1)b I0 (Einst s−1 dm−3) φλirr

AB
c

517 1.05 × 10−2 9.10 × 103 1.09 × 10−6 2.42 × 10−1

437 5.91 × 10−3 3.56 × 103 1.31 × 10−6 2.81 × 10−1

a The initial concentration of the closed-form is C0 = 1.82 × 10−5 M and lirr is 2.1 c
b The spectrum of the closed-form isomer and ε517

A have been reported in Ref. [25]
c Eq. (6b) has been employed for the determination of the quantum yields.

Fig. 5. Photokinetic traces of 1 in hexane solution (1.82 × 10−5 M (©) and
3
i
(

l
v
t
t
a
e

5

a
a
a
d
a
t
I
n
m
o
n

6

t
c
p

g
k
s
c
P
m
C
a
b
c
f
t
w
o
a
i
m
d
c
i
w
o
b
m

A

i

R

.28 × 10−5 M (�); 15 ◦C) at two irradiation wavelengths in the visible. Exper-
mental data (circles and squares) are readily fit by the theoretical model, Eq.
6b) (lines).

ength affects the cycloreversion efficiency of 1, even though the
alues only differ by 14%. Unsurprisingly φ437

AB > φ517
AB . Both

hese values (φ437
AB and φ517

AB ), are however found to be smaller
han the ones 0.41 [27] and 0.35 [28] reported earlier by Irie
nd co-workers for φ517

AB of 1 in hexane, and which have been
stimated using comparative methods [26,28].

. Conclusion

The theoretical kinetic law that we have established through
closed-form integration for photochemical AB(1�) systems,

llows the setting of a useful definition for the quantum yield of
unimolecular reaction. It has also been proven to be effective in
escribing the experimental data relating to the photoreaction of
diarylethene isomer. It has allowed the direct determination of

he absolute value for the quantum yield of this isomerization.
n addition, we have shown that this log–exp law can replace
umerical integration methods for such systems. This model
ight have potential to be exploited in optimising the design

f photochromes useful for information technology and/or acti-
ometry.

. Experimental
The diarylethene derivative (1) (l,2-bis[2-methylbenzo[b]-
hiophen-3,3,4,4,5,5-hexafluoro-1-cyclopentene) was pur-
hased from TCI Europe nv and was used without further
urification. The solvent hexane was spectrophotometric
m.
. ε437

A was calculated accordingly.

rade and supplied by Aldrich. The absorption spectra and
inetic profiles were recorded on an Agilent 8453 diode array
pectrophotometer. The sample holder (designed for a 1-cm
ell, i.e. lprobe = 1 cm) is equipped with a temperature control
eltier system model Agilent 8453. The irradiation equip-
ent was manufactured by Photon Technology International
orporation. The light source was an Ushio 1000 W xenon
rc-lamp located in a housing shell model A6000 and powered
y a model LPS-1200 power supply. The lamp housing was
onnected to a model 101 monochromator, which is a special
/2.5 monochromator with a 1200 groove/300 nm blaze grating
o allow irradiation wavelength selection. The excitation beam
as guided through an optical fibre to impinge upon the top
f the sample cuvette. Hence, the directions of the irradiation
nd analysis light beams were perpendicular. The incident light
ntensities were measured on Radiant Power/Energy meter

odel 70260. The measurements have less than 5% standard
eviation. The sample was maintained at 15 ◦C and was stirred
ontinuously during the experiment. A Levenberg-Marquardt
terative programme within the Origin 6.0 software package
ere used to run the non-linear fitting and the determination
f the best fit curves. The theoretical numerical integration has
een constructed on the basis of the fourth-order Runge-Kutta
ethod (results obtained from a homemade programme).

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.jphotochem.2006.10.030.
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