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Abstract

A procedure is presented which combines the method of Fischer (J. Phys. Chem. 71 (1967) 3704-3706) with techniques for calculating
the absorbance in the photostationary state, in particular the method of formal integration and that of *‘transformed time’’. The proposed
procedure thus enables the quantum yields of a reversible photoisomerization as well as the absorption spectrum of the photoproduct to be
calculated from a set of reaction spectra A(#,A) measured at sufficiently low exposure times ¢. Finally, using the method presented here,
the photoisomerizations of several model compounds were analysed to demonstrate its applicability and performance. © 1997 Elsevier

Science S.A.
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1. Introduction

Any kinetic analysis of a photochemical reaction requires
a knowledge of the absorption coefficients of all the species
involved. Although the determination of the absorption coef-
ficients of the reactants is generally not difficult, the evalua-
tion of those of the products often demands considerable
effort. This is particularly the case when the photoproduct
cannot be prepared in a pure state, e.g. because of poor sep-
arability from the reactants or a lack of thermal stability. In
this case, the absorption coefficients of the photoproducts
may only be determined together with the quantum yields,
i.e. by evaluating the rate equations.

The computer program FACSIMILE, frequently used for
chemical process assessment and for solving rate equations
of complex chemical reactions including diffusion, advective
mechanisms and photoinduced gas-phase reactions {1}, was
not originally planned to describe photochemical reactions in
condensed media, such as solutions, and therefore did not
seem to be suitable for our purposes.

A simple, but widely used, technique for calculating the
quantum yield of photoproduct formation is the *‘initial slope
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method’’ [2]. However, it works only if the absorption coef-
ficients of the product at the irradiation and observation wave-
lengths are known from direct measurements or if there is at
least one wavelength A, at which the product does not absorb,
i.e. €g(A,) =0. In the latter case, in addition to the quantum
yield, the absorption coefficient of the product at the irradi-
ation wavelength A; may be determined.

On the other hand, for reversible photoisomerizations
A = B, Fischer [3] has proposed a method which enables the
absorption coefficients of product B to be calculated from the
absorbances of the irradiated solution in two different pho-
toequilibrated states. In contrast with the former method, the
latter does not require any assumptions concerning the
absorption spectrum of the pkotoproduct. However, its prac-
tical application is limited by the fact that, because of side
reactions, the photostationary state cannot be attained for a
large number of photoreactions.

In this paper, a procedure is presented which combines
Fischer’s method [3] with two different ways of calculating
the absurbance in the photostationary state, i.e.

1. the method of *‘formal integration’” [2,4];
2. the method of ‘‘transformed time’’ [5,6].

By application of this procedure to the kinetic analysis of
a number of photoisomerizations, it has been shown that both
the absorption spectrum of the product and the quantum
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yields can be determined for reactions in which the photo-
stationary state cannot be attained.

2. Theory

2.1. Equations relating the absorption coefficients and the
quantum yields to the photostationary state

The kinetics of reversible photoisomerization

hy

A=B

proceeding in a stirred solution, can usually be described by
the rate equations

dCA(;;(t) =F,[PRea(A)car— PRea(X)carl (1
d"‘L&“(.’-)-: F,\l Ppea(Ai)can
t
- PReg(X)car] = —dCA(;;(') @

where A, indicates the wavelength of light irradiation and
F,, denotes the so-called photokinetic factor

1— 10 Antra0

=R *
Here A,,(1,A;) designates the absorbance of the solution at
the irradiation wavelength A; and I, is the intensity of the
incident light. Furthermore, €,(A;) and €g(A;) denote the
molar absorption coefficients of A and B respectively meas-
ured at the wavelength A, @3 designates the partial quantum
yield for the formation of B when A is excited and &} des-
ignates the partial quantum yield for the reverse case. Pro-
vided that the above reaction scheme and hence the rate
equations (Eqgs. (1) and (2)) are valid for any wavelength
A, from the long-wavelength absorption band of the reactant,
the quantum yields P4 and @4 are considered to be constant
within this A range.

Because of Eq. (2), the concentrations of A and B satisfy
the balance equation

can(t) +cpp (1) =¢p 4)

with the help of which one concentration may be eliminated,
so that the remaining rate equation can be rewritten in terms
of the dimensionless extent of conversion

ceall) _ . can(2)

a, ()= . =]- . (5)
which lzads to
da, (2
—_EIQ=FA|["'AF‘PA.“M(1)] (6)

where ¢, denotes the total concentration and the parameters
m,, and p,, are given by

’"A;‘—'EA(Ai)‘DQ @)
Pa=€a(X) PR+ ea(A) PR (8)

In order to relate m,, and p,, with an appropriate observable,
we consider the photostationary equilibrium where the time
derivatives of the concentrations and all concentration-
dependent quantities vanish, and hence the following relation
holds

da, (D)
( dt )H,*O ©)

Setting (da,,/dr) equal to zero in Eq. (6), we obtain for
the extent of conversion a,,{*) in the photostationary state

the expression
my_[ . (k) gg)]“
aM(m)_Pm [l +€A(Ai) (qyg (10

Since, according to the remarks at the beginning of this
section, the quantum yields @ and &% are assumed to be
independent of the wavelength, their ratio P35/ @3 will also
be constant within the spectral range considered [7,8].

The absorbance A, (2,A,) of the irradiated sample meas-
ured at the observation wavelength A, as a function of the
irradiation time ¢ is apparently gi ¢n by

A)u(t"\o) =d[€A(Ao)CAM + EB(AO)CBM] (ll)

If Eq. (5) is taken into account, the above relationship
becomes

Ay (LA) =AA(A,) + (AB(A,) —AA(A,)) ay (1) (12)
where

An(A,) =dcoea(A,) (13)
and

Ap(A;) =dcoeg(A,) (14)

designate the absorbances of the hypothetically pure samples
only containing species A and B respectively with the con-
centration co. In the limit of infinitely long exposure times 1,
ie. in the photostationary equilibrium, the absorbance
amounts to

AM(FS c."01‘\0) =AM(°°»A0)
=Aa(A,) +(Ap(A,) —Aa(A,)) ) () (15)

and the corresponding absorbance difference can be
expressed as

AAM(OOaAo) =AA|(°°vAn) -AM(O’AG)
= (As(A,) —Aa(A,)) ) () (16)

where the boundary condition A,,(0,A,) =A,(A,) has been
used.
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By measuring the absorbance differences between the pho-
toequilibrium and initial states at the wavelengths A; and A,
and using Egs. (10) and (16), the following three equations

oy [ 1 2 A 51»_2)]
o) '[”AA(&) (rbs

AA, (X)) = (Ap(A) —Aa (X)) ap ()
AAM(OO’AO) = (AB(’\O) -AA(‘\O) )aM(OO)

are obtained, not allowing the four unknown parameters
Ag(A),Ap(A,), Do/ P§ and a,, () to be determined in this
way.

However, the problem can be solved if, following the
method proposed by Fischer [3], two different photostation-
ary states resulting from irradiations at wavelengths A, and
A, are involved. By choosing the wavelengths A, and A, as
observation points, using Egs. (10) and (16) we can estab-
lish a total number of six equations

AAL(®A) = (As(A) ~Ar(Ar) ) itp () (17)
AR (A3 = (As(A) = Ar(A) ) an() (17b)
AAL(0s) = (As(As) —Ar(A))an () (17¢)
BA(0A) = (As(A) ~Ar(A)) ar(®) (17d)
_ AB(A,)(_?;)]" 7
(%) [”AA(A,) o4 (17e)
o) = M(ﬁ)r 17f
G ot o

which are obviously not linearly independent. Dividing Eq.
(17a) by Eq. (17d) and Eq. (17b) by Eq. (17¢), we have
AA, (M) - a,, ()
AAA:(OO’AI) a.\z(oo)
and
AAM(OO’AZ) = a‘\l(oo)
AAN(R47) @y (®)
from which finally
(AA.\.(“%M) + AA,\.(‘”,A:))= zax.(w)
AAt\z(wvAl) AAAz(vaZ) a:\z(m)
results. Thus, by combining this equation with Egs. (17a),

(17b), (17¢) and (17f), we may extiact the following five
linear independeat equations

AA, (%,A)) = (Ag(A) —AL(A)) oy, () (18)
AA,,(,A2) = (Ag(Az) —AA(A2)) )y () (19)
a,,(®) =ra,,(x) (20)
-1
-1

where

r=l [AA,\.(OO,AI) AAA|(°°9/\2)]
2 AAAz(covAl) AAAz(w9A2)

Solving Eqgs. (18)—(22) for the variables ), (), ay,(x),
Ag(A1), Ag();) and @R/P§ by a substitution techrique
finally yields

(23)

@), (®) =ra,,() (24)

aAz(oo)

— (Aa(A)AA,,(2,42) —AA(A)AA, (2,1,))
rAA(A;) (AA,,(2,0;) +AA(A)) =~ Ap(A;) (AA, (®,A,) +A4Aa(A,))

(25)
(Aa(A1) +84,,(2A1)) (AL (A1) AAL(®A,) ]

Ap(A)) =
a(h) r(Aa(A)AA,(®,0;) —Aa(A2) AA, (2,0,))
(26)
_(Aa(A2) +AA,,(2,0,)) [rAA(A)AA,,(%,1,) ]
Ap(Ay) =
(AA(AI)AAAz(w»)tz) ‘AA(Az)AAM(w,M))
(27
% Aa(A)AL(A) (r=1) (28)
D rAs(M)AA,(%0;) —Aa(A) DA, (%))

The above equations show that the ratio P8/ Pj of the
quantum yields, as well as the absorption coefficients eg(A,)
and €g(A;) of the photoproduct, are completely determined
by the absorption spectrum of the sample in the initial state
and the two photoequilibria considered.

2.2. Calculation of the absorbance in the photoequilibrated
state

As noted in the preceding section, the calculation of the
quantum yields and absorption coefficients of the phctoprod-
ucts according to Egs. (26)—(28) demands a knowledge of
the absorption spectrum of the sample in the steady state limit.
Unfortunately, the photostationary state of many photoiso-
merizations is not attainable because, with increasing con-
centration of the photoproduct, side reactions become more
and more important. In such cases, the desired absorbance
values A,,(%,A,) are not available, and have to be calculated
from spectroscopic data measured at sufficiently small expo-
sure times such that the influence of side reactions may be
neglected.

To calculate the absorbance values required, both the
method of formal integration and the method of transformed
time are used. The starting point for each of these procedures
is a differential equation describing the time dependence of
the absorbance A, (1,A,) . After differentiating Eq. (13) with
respect to time and taking into account Eq. (6), we arrive at

dAM((i:’AO) =- o\l(t) [qM(Ao) _pMAM(t’AO)] (29)
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where g,,(A,) denotes the expression

q l(AO) =m AB(AO) + (pAi—mAi)AA(Ao)
" e, (M) PR (A) + (M) FBANA) OO

and p,, is given by Eq. (8). Time integration of both sides of
Eq. (29) from O to ¢, then yields the formal solution of

Eq. (29)

A (tde) = An(0A0) =4 (Ao) j dt Fo (1)
0

—pl\lj d‘ FM(')AM(r’Ao); n=l,...,N (31)
[

an integral equation equivalent to Eq. (29); however, per-
forming the time integration in the opposite direction, i.e.
from ty to 1,, leads to the integral equation

An (o) = An(twohe) =da(Ao) j dt Fo(t)

in
—pr dt FAI(‘)AI\I(t‘AO); n =N_ l,.. .,O (32)
w

which has an analogous form to Eq. (31), butis not identical.
Compared with the differential Eq. (29), the integral Eq.
(31) has the advantage that the integrals

1- lO'AA.(t.M)

!thA,(t)=lA,£ dtm (33)

and

1- 10"‘*“"“’

! dt Fo (DAL (8A) =1, ! Uy (e (34)

are easily calculated by means of a numerical approximasion
formula from the measured absorbance-time curves
A\(tA) and A, (2,A,) respectively. Dividing Eq. {31) by
the integral (Eq. (33)), we obtain (n=1,...,N)

BAL(LA)(8n) _ B dt By (04t ))
Fane "MV ganeg Y
¥ P

Hence, a plot of the points (x,.y,) should give a straight
line of slope —p,, and intercept g, (A,). The coefficients
4, (A,) and p,, and, according to the formula

A0) +(l _'—:ﬁ A(Ao) =AM(°°"‘“\‘ (36)

Ai

qu(Ao) - Lnﬁ AB (
Ai pM
the absorbance A,,(%,A,) in the photoequilibrated state can

be determined by a least-squares fit of the points (x,,y,) toa
linear function.

On the other hand, starting from Eq. (32) and proceeding
in a similar manner, we obtain linear relations of the form

(n=0,....N—1)

A,\i(tm Ao) - AX.‘(tN) '\o) - - I:: dt F(t) Axi(t’ A‘7)
f:; Y0 = gn(Xo) — P : I:;’, dtF(1)

Yn Th

37

Fig. 1 shows that, in cases in which side reactions may be
neglected, the points (x',y') from the backward integration
define a straight line which coincides with that defined by the
points resulting from the forward integration. However, since
the former are placed nearer to the origin, the coefficients
P, and g,,(A,) will be computed considerably more accu-
rately if the points of both the forward and backward integra-
tions are taken into account.

The second method to calculate A,,(,A,) involves the
derivation of an analytical expression for the time dependence
of the absorbance A,,(#,A,) . For this purpose, we separate the
variables in Eq. (29) and integrate both sides of the resulting
equation from O to ¢, over time. This gives

in(Au) "pAAM(tm’\o) _

4r(As) —pA,AM(O,)\O) padnO(t,) (38)
where the integral
1 n n l lO Arcin
— - l('. )
IM 0 " 0 AM(‘aAi)

denotes the so-called transformed time [5] which is easily
calculated for each time step ¢, by using the experimental
A, (1,A;) curves.

Solving Eq. (38) for A,,(#,,A,) and taking into account
Eq. (36), we obtain the expression

AM(tho) =
AA((wvAu) - (A:\i(w’Ao) —A;\L(O!Ao) )e‘—p)\.h«.ﬂ(lu) (40)

describing the © dependence of the absorbance A,,(©,A,). If
the measured absorbances A, (f,,A,) are plotted against the
€(t,) values, the resulting points obviously define a kinetic

y * 108

2 i 1 i v Ll T

1} Backward-Integration +— |
Forward-Integration -o—

-1} 4
—2F 4
-3} o
-4} 4

i 1 A 1 [ ]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
z

Fig. 1. Plot of the points (x,.y,) resulting from *‘formal integration" for
stilbene (ST), A;=A;=313 nm.
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Fig. 2. Hlustration of the dependence of A on the *‘transformed time”” © for
stilbene (ST), A;=A,=313nm.

curve of the form of Eq. (40) as illustrated in Fig. 2. Thus
the desired parametersA, («,A,,) andp, canbe obtained from
aleast-squares fit of the points (©(¢,) A, (1,,A,) ) toanexpo-
nential function (Eq. (40)).

3. Experimental details

Stilbene (ST) and azobenzene (AZ) were obtained from
Merck and were used without further purificaticn. The pho-
toactive substance PNT was obtained from Dr. Haucke and
the substance T3 from Professor Grummt (both from the
Institute of Physical Chemistry, University of Jena). The
compound DMST was synthesized by Dr. Stockmann (Insti-
tute of Organic Macromolecular Chemistry, University of
Jena). The solvents used for spectroscopic measurements
were n-hexane and toluene (Merck, UVASOL grade).

The absorption measurements were performed with a SPE-
CORD M400 spectrophotometer (Carl Zeiss, Jena) coupled
with an irradiation unit B400 (Carl Zeiss, Jena). The irradi-
ation unit, equipped with an HBO 200 mercury lamp and a
high-intensity monochromator, allows monochromatic
illumination of the sample to be performed during the absorp-
tion measurements. The irradiation intensities needed for the
calculations were determined by ferrioxalate [9] and Aber-
chrome 540 [ 10] actinometers.

Table 1
List of the compounds studied

31

A

1.2 T .

1
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0.6 @
0.4
0.2

Afnm]
Fig. 3. Spectra of an irradiated solution of compound T3 measured at dif-
ferent exposure times.
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Fig. 4. A(1) curves taken from the reaction spectra at 366 nm and 405 am.

4. Results and discussion

With the help of the method developed in Section 2, the
photoisomerizations of the five photochromic compounds
listed in Table 1 were studied.

During monochromatic illumination of the corresponding
solutions at wavelengths A; and A,, their absorption spectra
were measured for a sequence of exposure times ¢, (n=0,
1,....N). From the two sets of reaction spectra 4,,(f.,A,)
(i=1, 2) thus obtained, four absorbance-time curves
A, (1,,A,) were extracted at the observation wavelengths
A,=A,, A,. InFig. 3, aset of reaction spectra (T3 illuminated
with light of wavelength A, =366 nm) is shown and Fig. 4
gives the correspending absorption-time curves extracted
from the spectra at the wavelengths A; = 366 nm and A, =405
nm. From these kinetic curves A,,(7,,A,), using the method

Figure Solveat A; (nm) Photoactive substance

Fig. 5(a) n-Hexane 297/313 Stilbene (ST)

Fig. 5(b) n-Hexane 297/313 Azobenzene (AZ)

Fig. 5(c) Toluene 546/577 2-(2-Oxonaphthol 1,8-bc]thiopyran-3(2H)-ylidene-naphtho[ 1,8-bc]thiopyran-3(2H)-one (PNT)
Fig. 5(d) n-Hexane 366/406 4-[2-(4-Hydroxyphenyl )ethylene ] -1-octadecyl-pyridiniumbromide (T3)

Fig. 5(e) n-Hexane 313/335 4,4-Dimethylstilbene (DMST)
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Table 2 )

Calculated absorption coefficients and quantum yields

Compound A ATk ATR &y &R L LA 1 @
(nm) (nm) (nm) (cm* mmol ™) (cm® mmol ') (calc.) (exp.) (calc.) (exp.)

ST 313 274 275 10 800 11 100 0.468 046* 0.300 032°

AZ 313 246 247 13900 12400 0.101 0.10° 0.398 0.40°

PNT 577 502 504 17700 17700 0.009 0.013° 0.055 0.053°

T3 366 392 395°¢ 6100 - 0.283 - 0.406 -

DMST 3 281 2861 11700 13200¢ 0.241 - 0.266 -

* See Ref. [3].

®See Ref. [11].

¢ See Ref. [12].

dSee Ref. [13).

of ‘‘formal integration’® (see Eqs. (35) and (37)) or the
method of ‘‘transformed time'’ (see Eq. (40)), the para-
meters p,, and g,,(A,) and the absorbance values A,,(%,A,)
in the photostationary state were determined. Based on the
absorbance values A, (%,A,), the product absorbances and
the quantum yields were calculated according to Egs. (24)~
(28) and Egs. (7)~(10).

In contrast with the compounds AZ, PNT and T3, where
secondary reactions in general may be neglected, the spectral
behaviour of solutions of ST and DMST is strongly influ-
enced by side reactions. To avoid deteriorations of the absorb-
ance values A, (,A,) by side reactions, the photoreactions
of ST and DMST were only studied in the conversion ranges
0<a, (1) <0.66 (forST) and O<a,(r)<0.72 (for
DMST).

In order to obtain the complete product spectrum, the extent
of conversion a;(#y) was initially determined from the last
point of the kinetic curve A,,(#y,A,) using Eq. (13). The
reactant absorbance A,(A,) also needed here is simply
obtained from the spectrum A,,(0,A,) of the unirradiated
sample. From this spectrum and the lastA,,(ty,A,) of the set
of spectra considered, by solving Eq. (13) to Ag(A,), the
product absorbance at each point A, of the spectrum can be
calculated easily.

The quantum yields and absorption coefficients of the pho-
toproducts calculated in this way are summarized in Table 2,
and Fig. 5(a)-(e) show the calculated product spectra com-
pared with the experimental spectra if available and the spec-
tra of the reactants (i.e. the trans isomers).

As can be seen from Table 2 and Fig. 5(a)-(e), the quan-
tum yields and cis spectra, calculated as described above, are
in good agreement with those directly determined from the
spectroscopic data of both the trans and cis isomers. However,
it should be noted that, in order to obtain reliable quantum
yields as well as correct spectra for the cis isomers, the reac-
tion spectra of the irradiated solutions must be measured with
high accuracy. If the statistical fluctuations of the absorbance
values of the extracted A(f) curve are sufficiently large, the
procedure fails in general. In such a case, the parameter
4 (A,) will be too small or even negative, so that the absorp-
tion coefficients of the photoproduct and the quantum yields

are calculated incorrectly. In some cases, even negative val-
ues of these quantities are obtained.

Severe errors may also be caused when the first spectra of
irradiation series relating to the unirradiated sample differs
slightly from each other. The reason for this is that the total
concentration ¢, is assumed to be the same for irradiations at
both wavelengths A, and A,. If, due to measurement or prep-
aration errors, the spectra of the unirradiated solutions do not
coincide, incorrect absorption coefficients of the reactant are
determined, which cause deteriorating quantum yields and
product absorbances. This deterioration can be avoided by
computing an average spectrum from the two different spec-
tra and normalizing the set of reaction spectra with respect to
this average spectrum,

Apparently, the spectra of the photoproducts (cis isomers)
are independent of the light intensity, whereas the quantum
yields are strongly dependent on the light intensity. For this
reason, the irradiation wavelengths A; (i=1, 2) should be
chosen such that the absorption coefficient €,(4A,) is suffi-
ciently large, ensuring a high extent of conversion. In addi-
tion, the irradiation intensities at these wavelengths must be
determined exactly and must only undergo slight fluctuations.
On the other hand, the absorption coefficient z(A;) of the
product must not be too low, otherwise the absolute errors in
calculating this parameter and the quantum yield of the back
reaction will be high. If, at the chosen irradiation wavelength
A;, the reactant absorbs much more strongly than the product,
the parameter p,, will be mainly determined by the first term
€a(A;) D8, whereas the contribution of the second term
€a(A;) P2 will be negligibly small. In this case, small fluc-
tuations of p,, cause large errors in €g(A;) and @8,

To test both the methods applied to calculate the absorb-
ance in the photoequilibrated state, the product spectra of
compound T3 were computed using different numbers of
reaction spectra. The results of these computations are shown
in Figs. 6-8. From all of these figures, it can be seen that the
deterioration of the predicted spectrum of the cis isomer
increases with decreasing number of reaction spectra as
expected. According to Fig. 6, the simple method of *“formal
integration’” is the most sensitive with regard to the diminu-
tion of the number of spectra taken into account. However,



R. Gade, T. Porada / Journal of Photochemistry and Photobiology A: Chemistry 107 (1997) 27-34 33

€ [ cm?®/mmol |

35000 Y T T T T T T
30000
25000 :
20000 |-
15000
10000

€ [ em?/mmol ]

m T L] 1 ) ]
30000 |- IIMI'VI:I':‘:;:"—.-
25000 | cisfeale.) —

€ [ cm?/mmeol ]

30000 y r ' ,

25000
20000
15000 |-
lm(m:‘:':
5000 |

€ [ em?/mmol ]

30000 T T T T T T T

25000 1 L, cislexp) —
20000 | T

15000 .
10000

0
200 220 240 260

280 300 320 340
Alom]

Fig. 5. (a) Calculated and measured spectra of the cis isomer of ST and the spectrum of the trans isomer. (b) Calculated and measured specira of the cis isomer
of AZ and the spectrum of the trans isomer. (c) Calculated and measured spectra of the cis isomer of PNT and the spectrum of the trans isomer. (d) Calculated
spectrum of the cis isomer and measured spectrum of the trans isomer of the compound T3. (e) Calculated spectrum of the cis isomer and measured spectrum

of the trans isomer of the compound DMST.
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15000
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Afom]
Fig. 6. Results of the simple method of *‘formal integration®’ using (a)
9 spectra, (b) 14 spectra and (c) 20 spectra.
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Fig. 7. Dependence of the results of *‘formal integration’’, including both
forward and backward integration, on the number of spectra used.
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m L L L T L]
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500
Afam]
Fig. 8. Influence of the number of spectra used on the results of the method
of “‘transformed time"*.

Fig. 7 shows that an inclusion of the points resulting from
backward integration still leads to a remarkable amelioration
of the method. Finally, as illustrated in Fig. 8, the method of
*‘transformed time”’ is undoubtedly the most accurate and
the least sensitive of the methods used to predict the sample
absorbances in the photostationary state. This observation
conforms to the general experience that the original non-
linear data may usually be fitted more accurately than the
linearized data obtained from the former by an appropriate
transformation.

5. Conclusions

A comparison of the calculated product spectra with those
determined directly from isolated cis isomers (Fig. 5(a)-
(e)) shows that, for certain experimental conditions, the
computed cis spectra agree sufficiently well with the meas-
ured “‘true’’ spectra. Moreover, as can be seen from Table 2,
the partial quantum yields of the photoisomerizations are also
calculated quite accurately.

Thus, summarizing, we can state that the method proposed
here can calculate both the spectra of the photoproduct and
the quantum yields from a set of reaction spectra even if the
photostationary state is not attainable experimentally. This
method is therefore of particular interest if the photoproduct
cannot be isolated by any chemical preparation technique.
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