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Abstract: The dependence of photochemistry on excitation wavelength is not a recently observed
phenomenon; nonetheless, it has, surprisingly enough, been largely ignored in the field. The reasons
for this situation are not fully understood but might be related to a provisional extension of Kasha’s
rule to photochemistry, or perhaps to a difficulty to justify the kind of short time-scales implied in such
photochemistry, that challenges the usually held view giving predominance to fast internal conversion
and vibrational relaxation. Regardless of the reasons, it is still a matter of fact that a complete and
satisfactory interpretation for experimentally proven wavelength-dependent photochemistry is not
yet available and the community endeavor to build a holistic understanding and a comprehensive
view of the phenomenon. The present review is a non-exhaustive overview of the published data in
the field, reporting on some of the most prominent features, issues, and interpretations.
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1. Introduction

Despite the impact of excitation wavelength on photochemical reactivity (λ effect),
which has been acknowledged since the mid-twentieth century (around 1950), only recently
have the effects of activation wavelengths become of genuine interest [1]. It has been
argued that experimental observation relative to wavelength-dependent photochemistry
has remained fragmentary and the regularities of the phenomenon are still neither well
understood nor predictable [2,3]. Nonetheless, the literature advocates that the reactions
originating from higher excited state are much more common than anticipated [4,5].

Much of the published work denotes such phenomena as anti-Kasha, in reference to
Kasha’s rule [6], which is supposed to have pre-eminence in this area. However, as we
shall see, this denomination (i.e., anti-Kasha) might not be appropriate because Kasha’s
rule does not necessarily apply to photochemical events [7]. A complete interpretation of
irradiation-wavelength variation in photoreactivity is not yet available but one can separate
the observed data into roughly two groups. The first one corresponds to irradiation at dif-
ferent electronic absorption bands of the reactant, whereas the second concerns sequential
irradiation, at narrow wavelength-intervals, of a single absorption band of the reactant. The
former type of irradiation would readily involve different excited states, whereas the latter
most likely operates within the same excited state. The reactions’ time-scales involved in
each might differ. The former might invoke competition of photochemistry with internal
conversion (IC), while reactions induced by the latter type of irradiation would proceed at
an even shorter timescale (i.e., competing with vibrational relaxation (VR)). This analysis
indicates rather a fast-to-ultrafast photochemistry, with time spans of 10−11 s (for IC) or
shorter [8], which falls beyond the time frame corresponding to luminescence (~10−9 s or
longer), and hence does not corroborate an interpretation that suggests the applicability of
Kasha’s rule to photochemistry.

Evidence of the variation in photoactivity with irradiation wavelength implies the
measurement of the photochemical quantum yield as one of, if not the best, metric for
this purpose. A change in quantum yield values with irradiation necessarily requires
experimental/reaction data to evidence the occurrence of the phenomenon. Alternatives
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to experimentally determined quantum yield values are not available, since theoretical
calculation of photochemical quantum yields is a rather nascent field of research. We shall
see that different experimental ways of determining the quantum yield have been adopted
in different studies. A fact that underlines a lacking consensus in the community on this
particular matter.

This review reports on some of the most prominent results on the variation in pho-
tochemical processes (i.e., composition of end products, photoreactivity, and/or change
in the quantum yield values) when subjected to different irradiation lights. The selected
cases presented in this review, despite their limited number, strongly support the genuine
occurrence of excitation wavelength-dependent photochemistry.

2. The Historical Kasha’s Rule

In 1950, Kasha published his seminal paper describing emissive and possible stages of
deactivation of a light-excited molecule. Later, the work became known as Kasha’s rule [6].
The theoretical derivation, according to Kasha’s rule, can be summarized by the classical
Jablonski diagram [9,10]. After a photon absorption, the excited molecule tends, in a first
step, to lose some of its excitation energy by vibrational relaxation (VR), e.g., Sn,ν → Sn,0 ,
that occurs between any higher vibrational state (0 ≤ ν ≤ m) of the nth singlet excited
states (Sn,ν where n > 1) and the lowest vibrational state of that excited state. The new
molecular state will further lose energy by internal conversion (IC) and (VR) to ultimately
reach the first excited state (as Sn,0 . . .→ S2,ν → S2,0 → S1,ν → S1,0 ). From that first (S1,0)
excited singlet state, the molecule can subsequently deactivate to (i) the singlet ground
state (S0,ν) via a non-radiative IC process, (ii) by emitting a photon of light ( S1,0 → S0,ν ,
fluorescence), or (iii) proceeds to a change of spin multiplicity by an “intersystem crossing”
(ISC) leading it to a triplet state (S1,0→ Tn,ν). In the latter state, the molecule relaxes by VR
to Tn,0, then to the first excited triplet state ( Tn,0—IC → T1,ν—VR→ T1,0 ), and from there
can either phosphoresce ( T1,0 → S0,ν ) or relax, through a non-radiative ISC to the ground
state (S0,ν), (Figure 1).
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Figure 1. Possible radiative and nonradiative processes of an organic molecule after absorption of a
photon ( S0,0 → S3,ν′ ). The non-radiative ICij indicate Si → Sj internal conversions, whereas ISC1t,
ISCt0, and ISC00, correspond to intersystem crossings from S1,ν to T1,ν′ , T1,ν to S0,ν, and T1,0 to S0,ν,
respectively. F1, F2, and P1 indicate radiative processes (fluorescence and phosphorescence) from S2,
S1, and T1, respectively, and Vib is the vibrational relaxation (VR) in singlet and triplet manifolds.
This modified Jablonski diagram includes an example of a non-Kasha emission (F2) as an S2,ν → S0,ν′

radiative transition. Reprinted with permission from [11]. 2024, ACS.

As observed from such photophysical processes, Kasha’s rule can be stated as “the
emitting electronic level of a given multiplicity is the lowest excited level of that multiplicity
(S1,0 or T1,0)” [6,12], but has also been stated as follows: “in solution, emission occurs from
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S1,0 or T1,0, independently of the state which is initially excited” (Sn,m or Tn,m) [13,14]. This
rule is also known as Kasha–Vavilov’s rule, with Vavilov’s rule stating that “the fluorescence
quantum yield is independent of the excitation wavelength” [13–15].

The concept captured by Kasha–Vavilov’s rule is generally valid and practically ob-
served in a large majority of luminescence experiments, but exceptions do exist as indicated
by Figure 1 and stressed out, for instance, by the IUPAC’s “glossary of terms used in
photochemistry” [14], as shall be further discussed below.

3. The Unfounded Extension of Kasha’s Rule Application to Photochemistry

Although, both Kasha’s and Vavilov’s rules were originally deemed to apply to molec-
ular photophysics in condensed media, and neither author suggested their applicability
beyond that context [7], it was recurrently considered that the application of Kasha’s rule
“naturally” extends to photochemistry [3,12,16,17]. In substance, Kasha’s rule is thought
to also stipulate that photoreactions only proceed from the same molecular energy levels
from which emissions normally arise. According to this assumption, for any system, S1,0
and T1,0 are the only energetic levels from which molecular transformations, reactions,
and measurable chemical changes will arise (since Kasha’s rule predicts that irrespective
of the irradiation wavelength (i.e., excitation to Sn,v), the molecule will quickly decay to
the lowest vibrational level of the first-excited electronic state (S1,0), from which it will be
able to undergo photophysical processes, with this lowest excited state of the molecule
presumably, also, representing the starting point for photochemistry).

There is enough experimental evidence in the photophysics literature to suggest that
the emitted-light energy (e.g., the emission wavelength maximum), by either fluorescence or
phosphorescence, is generally not disturbed by varying the excitation wavelength (as long
as the remaining measurement conditions are kept unchanged). Such a simple experiment
provides strong evidence supporting the argument that, for a majority of emitting species,
fluorescence emission naturally originates from the lowest vibrational state of the first
excited singlet state (S1,0). It is also the best indication of the validity of Kasha’s rule in
photophysics for a large group of molecules. Exceptions to this norm will be reviewed in
the following section.

Let us now consider the likelihood of an eventual extension of Kasha’s rule to photo-
chemistry. Such an extension might be thought coherent with the view considering that
within polychromatic molecules, rotational and even vibrational levels in reactants may be
so “crowded” with the populations present at the ambient temperature that selection or
excitation of individual levels is impossible [18].

In this context, it is perhaps also useful to observe that no such simple experiment,
equivalent to that available to photophysics, (i.e., proving the invariance of the emission
maximum with excitation wavelength), exists today to provide such irrefutable evidence
on the occurrence of photochemistry from the lowest excited energy levels irrespective of
excitation. For instance, such a straightforward experiment, if it existed, and led to a wave-
length invariant photoreaction quantum yield, it would indicate Kasha’s rule applicability
to photochemistry. It is important to stress here that supplying such an experimental proof,
on the invariance in the photochemical reactivity with excitation, remains key to backing
up an extension to and validating Kasha’s rule for photochemistry.

From a qualitative viewpoint, and to keep the spirit of Kasha’s rule for photochemistry,
photochemical reactions should most likely proceed from S1,0 (for singlet state photoreac-
tions and from T1,0 for triplet state reactions), and so, photochemistry must compete with
photophysical luminescent processes (fluorescence or phosphorescence). If we assume
that the above hypothesis stands, the time span of photochemistry has to be at least equal
to that of fluorescence (~10−9 s) for singlet reactions proceeding from S1,0, and obviously
much longer for the long-lived triplet state, T1,0. In this framework, there is difficulty in
conciliating such timescales with those emerging from many time-resolved experiments
that assign picosecond and even shorter femtosecond (10 to 100 fs) time spans for various
molecular photoreactions [19–21].
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Therefore, how to interpret this body of data? One can suggest that photochemistry
seems to be well accommodated in sub-nanosecond timescales, not directly competing with
fluorescence (as would be recommended by the hypothesis of an applicable Kasha’s rule
to photochemistry). One is then forced to conclude that photochemistry is a much faster
process than fluorescence for those cases, and that it belongs to a different time domain
(much shorter than that generally assigned to fluorescence and phosphorescence).

Within this framework, the photochemical transformation of such molecules in their
excited states takes places well before fluorescence. The observed reactant emission is
then procured by photochemically unreactive species that relax to the first single-state (the
proportion of excited molecules that did not photoreact). For proposed triplet state fast
reactions, we can postulate a similar pathway, where photoreaction proceeds well before
the emergence of phosphorescence that, if occurring, would be due to unreactive species.
In this hypothesis, the intersystem crossing, leading to the formation of the triplet state,
seem to effectively be a much faster process than supposed by the timescales measured for
phosphorescence, as was documented for some molecules [22,23]. However, generally, the
data available on triplet photoreactions tend to show relatively slow ISC kinetics.

An interpretation of such phenomena can perhaps, at least in part, be provided by
the conical intersection process. However, it is a matter of fact that there is no holis-
tic explanation available today that is able to rationally connect the complete set of the
available data.

Overall, the above qualitative analysis, which is undoubtedly a valuable hint, needs
however to be supported by tangible experimental data. One of the ways to approach this
problem is to look into the effect of varying excitation on the photochemical quantum yield
(which is only determined experimentally). Indeed, according to an extended Kasha’s rule
scheme, a given reaction is expected to proceed from a unique excited state (let it be the
singlet state, S1,0), and therefore the photochemical quantum yield of a given reaction step,
such as X → Y , should not be affected by the excitation wavelength, i.e., whatever the
excitation wavelength, the electrons first relax down to the first excited single state, and
only then the photoreaction can proceed. Either way, experimentally testing the invariance
of the quantum yield is a good approach to bringing evidence in support or against a
supposed validity of Kasha’s rule for photochemistry. In essence, if the quantum yield is
constant irrespective of the excitation wavelength, Kasha’s rule stands (as for photophysical
processes); otherwise, photochemistry has to be considered faster than emission pathways,
such as fluorescence.

4. Anti-Kasha Emission

Before we look into fast photochemistry, let us ask whether fluorescence may compete
with IC or VR and whether such a behavior has been experimentally observed.

Within Kasha’s rule remit, photochemistry competes with fluorescence, and therefore,
if fluorescence cannot compete with IC or VR, then photochemistry may well only proceed
from the lowest vibrational level of the first excited singlet state (S1,0). However, if emission
can proceed from either a higher electronic excited state (e.g., S2) or a vibronic state
(e.g., S1,v>0), as suggested by Figure 1 (e.g., the F2 arrow), a possibility then opens for
speculation on whether photochemistry is allowed for from higher energy excited states or
from vibrational levels.

The so-called anti-Kasha emission is a terminology relating to a molecular emission
of light that does not obey Kasha’s rule. That is, different excitation wavelengths induce
emission spectra with distinct features. For a while, excitation wavelength-dependent
fluorescence emission spectra were thought to be rather rare. However, the number of
research groups claiming to have observed anti-Kasha emissions has become relatively
large, even if the reported cases represent a relatively small fraction of light emitters, for
which Kasha’s rule stands.

The phenomenon of wavelength-dependent fluorescence has been reported since the
mid-1950s. Thiophosgene (S = C(Cl)2) is a particularly interesting case that exhibits,
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in the gas phase, an S2 fluorescence that depends on the excitation wavelength [7,24,25].
Fluorescence emission was selectively observed from excitation of this molecule into the
three first vibronic levels of S2, but not from higher vibronic levels where a fast internal
conversion to the ground state, S2 → S0 , occurs. The authors suggested that the rate of
internal conversion was dependent on the vibronic levels reached upon excitation. The
peculiar fluorescence of thiophosgene hence proves two extra possibilities for emission
rates in addition to the usual S1 → S0 : emission may compete not only with IC but
also with VR. It is one of the first fluorescence emission cases that undeniably proved
a dual limitation of Kasha’s rule for photophysical processes [26]. Thiophosgene emits
from the second electronic excited singlet state (not from S1), and this emission originates
from different vibrational levels of S2, i.e., S2,0, S2,1, and S2,2. Similarly, in the gas phase,
methyl salycilate [27], and three of its derivatives, methyl-2-hydroxy-3-naphthoate, methyl-
1-hydroxy-2-naphthoate, and methyl-2-hydroxy-1-naphthoate, exhibited a variation in
fluorescence quantum yield with the excitation wavelength [28].

Azulene [29–32], pyrene [33,34], benzopyran [35], and some of their derivatives are
notoriously known examples of S2 fluorescence in gas and condensed phases. Pyrene has
been reported to emit from three singlet states, S3 (π,π∗), S2 (π,π∗), and S1 (π,π∗) [33,36,37].
Historically, these molecules were thought to be exceptional anomalies, but more and more
examples of wavelength-dependent fluorescence in condensed media were reported in
subsequent years to enrich the documentation in this area [26,38,39].

Similar to the behavior of thiophosgene, rotationally cooled but electronically excited
m-xylyl radical showed, in the gas phase, visible vibronic emission spectra originating
from the 12 A2 → 12B2 transition [38]. Several thiocarbonyl compounds showed S2 → S0
fluorescence, from singlet π, π∗ in solution [38]. In toluene, meso-tetraphenylporphyrin and
other meso-substituted porphyrin derivatives have revealed a dual fluorescence emission
process. The first emission was attributed to the usual 1(π ← π∗) transition, whereas the
second emission process was assigned to electronic S0 ← S1 transition at the Qx(0, 0) band,
following excited-state tautomerism of the inner macrocyclic hydrogen atoms via an atom
tunnelling process [39].

Interestingly enough, the anti-Kasha phenomenon of organic molecules in condensed
media has been reported in two relatively recent reviews. One covering publications up
to 2011 [11], and the other reporting on articles published between 2011 and 2021 [40].
They described excitation wavelength-dependent emission by experimental data and
quantum chemical computational calculations for a wide variety of organic molecules,
including azulenes, aromatic acenes, polyenes, thioketones, metalloporphyrins, aromatic
carbonyl compounds, quinones, halogenated aromatic compounds, cyclic triimidazoles,
1,2-diphenylphenanthroimidazole derivatives, cyanines, thiophenes, and carbazoles.

The authors outlined the circumstances favorable for the occurrence of anti-Kasha’s
rule behavior in condensed media. Mainly, two mechanisms were proposed to explain
a fluorescence emission from S2: Either (ia) when both the oscillator strength ( f ) of the
S0 − S2 transition and the energy gap between S1 and S2 are large, or (ib) when f of S0 − S1
transition and the S2 − S1 energy gap are very small, but with a concomitant large f of the
S0− S2 transition. However, fluorescence from higher (Sn>2) electronic levels was assigned
to a relatively large energy gap between the electronic levels, combined to a prohibited
internal conversion between Sn and S1 (due to symetry reasons). Phosphorescence anti-
Kasha emission from Tn (with n > 1) was attributed to either (iia) an efficient ISC to T2,
whose symetry differs from that of T1, or (iib) to a thermal population of T2 from T1.

It is perhaps also useful to mention here some red-edge effect examples. The so-called
“red-edge effects” were related to the existence of excited state distribution of fluorophores
in regard to their interaction energy with the environment and the slow rate of dielectric
relaxation of this environment (hence, red-edge emission is not really anti-Kasha). The
spectra were observed to be shifted to shorter wavelengths at the “blue” edge of the
emission spectrum [41]. However, because of a usual relatively small spectral variation,
this effect is not extensively investigated.
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In a polar solvent, a giant “red-edge effect” was observed on the fluorescence of
graphene oxide, which was strongly dependent on the excitation wavelength [42]. The
increase in the excitation wavelength value caused an up to 140 nm bathochromic shift
in the fluorescence maximum of several graphene oxide sheets (e.g., measured λexc/λmax

emi
values were 350/440 and 500/580), and a broadening in the emission spectra. An n← π∗

and π ← π∗ singlet transitions were assigned to the emission of an −OH-rich graphene
oxide derivative. Conversely, none of these features, including the excitation wavelength
effect, was observed for graphene derivatives when a non-polar solvent was used [42].

The fluorescence spectra of many aromatic fluorophores embedded into different rigid
and highly viscous media can depend on excitation wavelength, and the excited-state
energy transfer, if present, fails at the “red” excitation edge [41,43–46]. Static inhomo-
geneous broadening was also observed for phosphorescence spectra, where it causes
long-wavelength shifts in phosphorescence maxima at the red-edge excitation in motion-
restricting media [47–49].

An excitation wavelength-dependent room-temperature phosphorescence was also
reported in liquid and solid samples [50,51]. For instance, the color tunability of a series
of phosphinoamines (phenylbenzothiazoles bearing phosphine groups [50]), in both solid
state and solution, was due to a dual-band emission of hundreds of microseconds lifespan
whose intensity depends on the excitation wavelength of ultraviolet light. DFT calculations
supported an interpretation for such a nonconventional radiative process by involving a
combination of pathways, including a locally excited state (the transition between excited
states with different molecular geometry), a charge transfer state, and/or an excited-state
intramolecular proton transfer.

5. Distribution of the Literature in Photochemistry

It seems appropriate, for the purposes of the present review, to divide the literature
relative to the possible dependence of photochemistry on excitation into two groups: One
encompasses those publications where the authors considered that Kasha’s rule applies to
photoreactions without providing further discussion about the matter, or experimentally
investigating its validity. One can stipulate that this first group of research considers
Kasha’s rule as a principle for photoreactions. Because the latter is not yet proven with
certainty, we will not be including such studies here.

The second type of documentation relates to research papers that sought to obtain
experimental facts on whether the excitation wavelength has an impact on photoreactivity
and/or on the values of the photochemical quantum yield. Some of these will be reviewed
here. Of particular interest is the literature that employed monochromatic beams for
quantum yield measurements, since polychromatic light has an averaging effect that might
not allow for critically resolving differences between individual wavelength quantum yield
values. Accordingly, it seems important to particularly review the literature that provides
tangible experimental evidence on the effects of varying the monochromatic irradiation
wavelength on the absolute values of the photochemical quantum yield of photoreactions.
In this context, one must acknowledge a variability in the methods and equations used for
the determination of the quantum yield even when monochromatic light is employed.

6. Early Observations

Within less than three decades from Kasha’s publication [6], Turro and his co-workers [7]
compiled what perhaps represents the first comprehensive review on the effects of excitation
wavelength on photoreactions. It covered a substantial amount of experimental data (more
than 180 papers over the 1955–1977 period), spanning a series of phototransformations in
molecules belonging to a variety of chemical families and involving an array of different
photomechanisms.

Most of the described compounds showed a variation in the composition of the
photoproducts when the irradiation wavelength, impinging on the reactive medium, was
changed, i.e., different sets of end-products were generated under irradiation with different
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excitation wavelengths (whose beams were mostly provided by unfiltered or filtered lights
of various lamps). Contrastingly, only a few studies reported a difference of the quantum
yield with irradiation wavelength but with no alteration in the photoproduct set generated
by the reaction.

The alteration in the reaction outcome in response to a change in the excitation wave-
length (λ-effects) was attributed to phenomena arising from either excited state or ground
state properties of the reactive species. The authors of the review proposed to rank this
type of reaction into four classes: (a) photoreactions for which the wavelength dependence
is due to the ground state properties only; (b) photoreactions starting from higher electronic
excited states (n > 1), S∗n or T∗n ; (c) photoreactions starting from higher vibrational states
((hot) excited states indicated by the symbol ‡) of the lowest excited electronic states, i.e.,
S∗ ‡

1 or T∗ ‡
1 ; and (d) reactions from T1 through the population of the latter state from S∗n

or S∗ ‡
n . The review focused more on differentiating spurious λ-effects due to ground

state properties from λ-effects implying higher excited state or vibronic photochemistry
than with assigning the observed reactions to the latter two categories. The authors have,
however, attempted to account for reactions with fast or slow internal conversion features.

The four classes listed above turned out to, a priori, be sufficient to explain the cases
reported in the review [7], and make a solid ground for a general classification.

7. Photoreactions of Species in Equilibrium

Here, a rapid thermal equilibrium is envisaged between the starting materials. A pertinent
situation whenever a relatively modest thermal barrier (not exceeding ~17 kcal/mol [7]) exists
between the interconvertible molecular structures (e.g., X ⇋ Y ). In this instance, we are deal-
ing with ground state species (X and Y, where Y is a product of X), obtained from thermal
equilibration (Scheme 1). In general, the irradiation of the solution may concern two or, concomi-
tantly, several species in thermal equilibrium. In these circumstances, different excited states are
populated by the excitation (e.g., X∗ and Y∗).
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Scheme 1. Photoreactions of species in thermal equilibrium.

Each excited species might undergo an independent primary photoreaction, so that,
when subjected to different irradiation wavelengths (hv1 and hv2), the photoreaction of one
species might yield a different set of end-products (e.g., Pr1) to those (e.g., Pr2) obtained
from another species (Scheme 1).

Another mechanism that is overall analogous to that presented in Scheme 1 corre-
sponds to the situation where a photostationary state, pss, (instead of the thermal equilibra-
tion) is established between X and Y. Here, the reactant (X) is first exposed to a light, hv,
until pss is reached. Then, lights of different wavelengths (hv1 and hv2, where hv1 might
be equal to hv) are shone on the solution (now containing both thermally stable X and Y).
Each irradiation light will favour one end-product (Scheme 2). This mechanism can also
concern the central photoreversible reaction only (in which case Pr1 = Y and Pr2 = X).
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Scheme 2. Independent end-product sets due to differences in the excitation wavelength of the lights
driving a reactive system in its photostationsry state.

In the general case, the electronic absorption spectra of species X and Y might or might
not overlap, but they are likely to have different absorptivities. The accumulation of Pr1
and Pr2 in the solution will hence depend on both their respective production quantum
yields (ΦX→Pr1 and ΦY→Pr2), absorptivities (εX and εY, assuming that Pr1 and Pr2 do
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not, themselves, absorb) at the irradiation wavelengths, and the irradiation time or the
intensities of the incident light beams. In these conditions, such processes, as given in
Schemes 1 and 2, can readily be explained without invoking the features of the excited
states. Indeed, if one of the species is characterized by either ε = 0 or Φ = 0 at the
irradiation wavelength, and/or when the ratio εX/εY is very small or very high, then only
the other species will be observed in solution (or at least in the largest proportion).

The benzene oxide reaction is an example of the mechanism provided by Scheme 1.
Exposure of an ether solution of benzene oxide (1) at −80 ◦C to a 254 nm light resulted
in the formation of benzene and phenol. However, at room temperature under a beam
of light of wavelength higher than 310 nm, only (3) was obtained [7,52]. The authors
explained these results by the occurrence of a thermal equilibrium between (1) and (2). At
low temperature, the equilibrium strongly favors (1), and hence only the reaction of that
species is observed, whereas at room temperature, where (1) and (2) coexist, the reaction of
(2) is predominant because its absorptivity for wavelengths > 310 nm greatly exceeds that
of (1).
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Bicyclo[4,3,0] nona-2,4-diene] (4) irradiation, in pentane, with a 300 nm light beam
leads to (6), whereas its exposure to a 254 nm light leads to (5) [53]. In fact, a pss is
established between (4) and (5), with this ring closure process ((4)→(6)) being much faster
than that of the ring opening ((4)→(5)). This means that over a very long exposure time
with either irradiation wavelengths, only (6) is expected to remain in solution.
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The experimental observation of a wavelength dependence of the end-product of (4)
for relatively short exposure times has been linked to the relative absorptivities of the three
species at each irradiation wavelength. At 254 nm, the ratio ε(4)/ε(5) ≈ 30, but at 300 nm,
it drops to ~0.02. Therefore, the reaction undertaken at 300 nm favors the formation of the
less efficient (6), whereas at 254 nm, the pss is displaced towards (5). A valid interpretation
of the experimental observation without invoking excited states.

Even though we observe a measurable effect of the irradiation wavelength, Kasha’s
rule still cannot be tested by the systems shown in Schemes 1 and 2, due to the occurrence
of a hypothetical quasi-independent reaction of X from that of Y. The photoreactions of
X and Y might or might not, separately, obey Kasha’s rule. The experiment using such
systems (Schemes 1 and 2) cannot provide the useful information to reach an answer if only
one irradiation is performed. Therefore, to identify whether wavelength has an impact on
the reactivity of each individual species (X and Y), it is required to perform a systematic
screening of the sample under several irradiation wavelengths and the data relative to each
individual species treated separately.

The earliest known example of such a screening is that of azobenzene photoisomer-
ization [54]. The wavelength dependence of the photoreversible azobenzene forward and
reverse quantum yields was measured at 254, 313, 365, 405, 436, 546, and 578 nm. The
trans (7) to cis (8) quantum yield almost doubled, ranging from 0.13 to 0.27, respectively,
between 254 and 436 nm but decreases between 436 and 578 nm to a final value of 0.23. The
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cis-trans (8 → 7) efficiencies showed a zig-zag pattern in the region 254–578 nm varying in
the 0.40–0.55 range.
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Irradiation 
Wave-

length/nm 

Azobenzene 
Concentra-

tion/M 

Medium Tem-
perature/°C 

Solvent 𝚽𝒕𝒓𝒂𝒏𝒔−𝒄𝒊𝒔  𝚽𝒄𝒊𝒔−𝒕𝒓𝒂𝒏𝒔 

254 2.5 × 10−5 25 Isooctane 0.13 0.14 
254 6 × 10−4 RT Methanol 0.26 0.31 
280 6 × 10−4 RT Methanol 0.12 0.34 
313 6 × 10−4 RT Methanol 0.13 0.3 
313 (0.04–2) × 10−3 RT Methanol 0.14 - 

Several subsequent studies have confirmed both the variability in azobenzene quan-
tum yield with excitation wavelength and the lower trans-cis quantum yield value compared
to that of its counterpart reverse reaction (Table 1) [55,56]. Lower quantum yields of azoben-
zene were also reported for shorter UV wavelengths [55,57]. The latter results were cor-
roborated by a multiconfiguration calculation of azobenzene along the NN bond twisting,
which identified an S3 singlet state of the trans geometry (as the lowest excited singlet state),
on the basis of the doubly excited configuration n2π*2 [58]. The authors found that the latter
state provides an explanation for azobenzene quantum yield wavelength dependence.

The quantum yields of azobenzene isomers were determined experimentally on the
basis of a differential equation for the rate processes that assumes monochromatic light,
vigorous stirring, the validity of Beer–Lambert’s law, and that the quantum yields in both
directions are independent of both the light flux provided to the reaction medium and
the initial concentration [54]. The non-linear rate law was simplified by discarding a
term involving the thermal reaction rate constant, and its linearization was achieved by
expanding the photokinetic factor in power series for high concentrations (~10−4 to 10−3 M).
The trans-cis quantum yield was, hence, obtained from the gradient of the linear relationship
of the light flux with time. This information facilitated the subsequent determination of
the cis → trans quantum yield from the steady-state equation. It is also interesting to
remark that a substantial decrease in the photoisomerization rate with increasing initial
concentration was shown in the study. The variation in the quantum yield with wavelength
was confirmed later in methanol by numerically solving the system of the differential
equation of the reaction and the mass balance for the forward and reverse quantum yield
values [59].

Solving for the quantum yields of photoreversible systems such as azobenzene, di-
arylethenes, spiropyrans, and fulgides through using numerical integration was also
recommended [60,61]. This contrasts with the approaches calculating the quantum yield
of photoreversible systems such as azobenzenes and stilbenes, whereby the formulae of
each quantum yield were worked out from a mathematical method using the equations
corresponding to irradiations at two different wavelengths but assuming that the quantum
yield is wavelength-independent [62]. The latter strategy of evaluating the quantum yield
using numerical calculation and irradiation at multiple wavelengths while considering an
invariant quantum yield was also adopted for photochromes’ photokinetic data such as
spiropyrans and spirooxazines [63,64]. Unfortunately, such a mathematical strategy is not
very helpful since the validity of Kasha’s rule for photochemistry is, de facto, accepted and
translated in the equations.

An attempt to approximate the wavelength-dependent quantum yield values of both
isomers was performed by the formula (1− e/E)ν, where E is the excess vibrational
energy immediately after internal conversion, e is the height of the potential energy barrier,
and ν the number of classically excited modes of vibration [54]. It was found that this
model not only predicts a monotonic decrease in quantum yield with increasing excitation
wavelength, but the quantum yield estimated values were less than 0.01 for all wavelengths.
Both characteristics are not conforming with their experimental measurements. They also
concluded that the latter findings are not consistent with previously proposed models
by Lewis [65] and Olson [66] for cis-trans isomerization. Furthermore, in the case of
azobenzene, it was observed that the experimental data do not point to an indistinguishable
common intermediate state, regardless of which isomer, trans or cis, was excited by the
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radiation, because the sum of the individual quantum yields, measured at each wavelength,
do not add up to 1 [67,68], i.e., Φtrans + Φcis ̸= 1 at a given irradiation wavelength. For the
authors, the results on the quantum yield dependence of wavelength strongly suggested
the existence of two separate configurations of the excited states (trans∗ and cis∗) of the
two individual isomers trans and cis, according to Scheme 3.
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Table 1. Photoisomerization quantum yields of azobenzene in various solvents and under different
irradiation wavelengths (mercury lamp lines). Reprinted with permission from [56], 2024, Taylor
& Francis.

Irradiation
Wavelength/nm

Azobenzene
Concentration/M

Medium
Temperature/◦C Solvent Φtrans−cis Φcis−trans

254 2.5 × 10−5 25 Isooctane 0.13 0.14

254 6 × 10−4 RT Methanol 0.26 0.31

280 6 × 10−4 RT Methanol 0.12 0.34

313 6 × 10−4 RT Methanol 0.13 0.3

313 (0.04–2) × 10−3 RT Methanol 0.14 -

313 (0.2–5) × 10−5 20 Methanol 0.37 -

313 10−5–10−4 RT Ethanol 0.12 0.31

313 (0.01–2) × 10−3 15–25 Ethanol 0.22 0.69

313 (0.04–2) × 10−3 RT Isopropanol 0.1 0.5

313 (0.2–5) × 10−4 20 H2O-Ethanol - 0.4

313 (0.2–5) × 10−4 20 MeCN - 0.35

313 (0.2–5) × 10−4 20 THF - 0.4

313 (0.025–1) × 10−3 25 Isooctane 0.1 0.41

313 (0.04–2) × 10−3 RT Cyclohexane 0.1 0.42

313 (0.2–5) × 10−5 20 Cyclohexane 0.4 -

313 (0.2–5) × 10−5 20 n-hexane - 0.44

334 6 × 10−4 RT Methanol 0.15 0.3

365 6 × 10−4 RT Methanol 0.15 0.35

365 (0.01–2) × 10−3 15–20 Ethanol 0.2 0.6

365 (0.025–1) × 10−3 25 Isooctane 0.12 0.48

365 (0.04–2) × 10−3 RT Cyclohexane 0.14 -

405 6 × 10−4 RT Methanol 0.2 0.57

405 (0.025–1) × 10−3 25 Isooctane 0.23 0.55

436 (0.04–2) × 10−3 RT Methanol 0.28 -

436 6 × 10−4 RT Methanol 0.22 0.63

436 (0.01–2) × 10−3 15–20 Ethanol 0.36 0.45

436 10−5–10−4 RT Ethanol 0.24 53

436 (0.04–2) × 10−3 RT Isopropanol 0.26 0.42

436 (0.025–1) × 10−3 25 Isooctane 0.28 0.55

436 (0.2–5) × 10−5 20 Cyclohexane 0.28 0.55

436 1 × 10−3 25 Benzene 0.26 0.46

RT: room temperature.

The latter hypothesis was somewhat corroborated by a CASSCF computation of the
excited-state relaxed surfaces of trans-azobenzene, which indicates that the photoisomer-
ization mechanism can both proceed by rotation from a cold S1 species and by a concerted
inversion when excitation in S2 produces a hot S1 species. These two excited-state species
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may explain the much lower reaction quantum yield from S2 than that observed from S1
excitation [69]. Incidentally, a sigmoid-like trend in quantum yield vs. temperature was
observed for trans-azobenzene-modified DNA [70].

DNA–psoralen monoadduct photoreaction quantum yield values ranged between
0.012 and 0.08 when the excitation varied between 248 and 365 nm, in a sort of a convex pat-
tern (with 0.08 and 0.04 quantum yield values recorded at the short and long wavelengths
of the curve) [71].

The light-driven cis (10) to trans (9) isomerization of the cis-retinal chromophore in the
G-protein-coupled receptor rhodopsin was, for a long time, assumed to be wavelength-
independent [72] but later, in a more accurate measurement [73,74], was found to be
constant between 450 and 480 nm, and falls significantly as the irradiation wavelength
increases to 500 nm (Φ = 0.67). A further 5% reduction in the quantum yield values was
obtained at 570 nm. The quantum yield value at 500 nm and its wavelength dependence
was corroborated by calculation and experiment [75,76].
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state vibrational wave packet dynamics, which corroborates the previous conclusions of an
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competition between photochemistry and internal conversion and between the vibrational
levels of its first-excited singlet state [77]. The quantum yield of cis-retinal chromophore in
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Φλirr =
NA

∂ f
∂t

Pλirr
0 2.303 ελirr l mλirr

(1)

where NA is Avogadro’s number, Pλirr
0 is the incident radiation intensity, ελirr is the molar

decadic extinction coefficient (M−1 cm−1) at the irradiation wavelength, l is the optical
path length (cm), mλirr is a correction factor due to other absorbing species, and f is the
Dartnall’s function of the absorbance (Aλirr ) [78].

f λirr = −2.303
(

Aλirr (t)− Aλirr (∞)
)
− ln

(
1− e−2.303 (Aλirr (t)−Aλirr (∞))

)
(2)

The findings of Kim and co-authors [73] were compared to the predictions provided by
a Landau–Zener model for dynamic curve crossing [74]. The treatment of the nonstatistical
internal conversion process revealed that absorption by unreactive high-frequency modes
increases as the excitation wavelength shifts from 570 to 500 nm, whereas relatively less
energy is deposited into reactive low-frequency modes (indicating the importance of
delocalized, tortional modes in the reactive pathway of rhodopsin). However, the variation
in the quantum yield of rhodopsin was assigned to a ground state heterogeneity of a mixture
of cis and all-trans retinal absorbing around 480 and 540 nm [79] (but unfortunately no data
from analytical chemistry techniques were shown to identify the ground state mixture).

Irradiation in different absorption bands of trans-4-nitro-4′-dimethylamino-stlibene
(11) in cyclohexane was reported to produce (a) a little variation in the isomerization
quantum yields (e.g., Φ405

trans = 0.16 and Φ405
cis = 0.42), (b) a value well below unity for the

sum of the individual forward and reverse reactions’ quantum yields, but, at the same time,
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(c) a significant change in the percentage of the cis-isomer in the pss composition, ranging
between 19 and 64%, for irradiations performed, respectively, between 313 and 436 nm [80].
The study also demonstrated the occurrence of both temperature and concentration effects
on the quantum yields. For instance, the Φ366

trans of 4-nitro-3′-methoxy-stilbene in 1-methyl-
naphthalene reduced from 0.32 to 0, as the concentration gradually increases from 10−5 M
to 1 M.
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medium

(
Aλirr/λobs

tot (t)
)

, which is subjected to a monochromatic, non-isosbestic irradiation
(at λirr) and monitored at the observation wavelength (λobs), is fitted to the model equation,
Equation (3).

Aλirr/λobs
tot (t) = Aλirr/λobs

tot (∞) +
Aλirr/λobs

reactant (0)− Aλirr/λobs
product (∞)

Aλirr/λirr
reactant (0)− Aλirr/λirr

product (∞)

lobs
lirr

× Log
[

1 +
(

10(A
λirr/λirr
reactant (0)−A

λirr/λobs
product (∞))(lirr/lobs) − 1

)
e−k

λirr
⇋ t

] (3)

where Aλirr/λobs
tot (∞) is the recorded total absorbance at long reaction time; the absorbances

are measured at either the same (λirr/λirr) or different (λirr/λobs) wavelength of obser-
vation and wavelength of irradiation. lobs and lirr are the optical path lengths of the
irradiation and monitoring lights inside the sample (in cm), kλirr

⇋ is the photoisomerization
reaction rate constant (in s−1), t is the time (s), Log is the decimal logarithm, and e the
exponential function.

The quantum yields of the reactant (e.g., the trans-isomer) and the product (e.g., the
cis-isomer) are then obtained from Equations (4) and (5).

Φλirr
reactant =

rλirr/λobs
0(

ε
λobs
product − ε

λobs
reactant

)
lobs ε

λirr
reactant lirr Pλirr

0 Fλirr
0 Creactant(0)

(4)

Φλirr
product =

kλirr
⇋

ε
λirr
product lirr Pλirr

0 Fλirr
∞
− ε

λirr
reactant

ε
λirr
product

Φλirr
reactant (5)

where ε
λirr or λobs
isomer is the absorbance coefficient (in M−1cm−1) of the isomer species indicated,

measured at either λirr or λobs; rλirr/λobs
0 is the initial reaction rate (in s−1) that is worked out
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by differentiation of Equation (3) at t = 0; Pλirr
0 is the incident light flux per irradiated area

and volume of the sample (in einstein dm−3 s−1); Fλirr
0 or ∞ is the photokinetic factor at the

initial time and at the end of the reaction; and Creactant(0) is the initial reactant concentration
(in M).

Except for the trans→ cis photoisomerization of sunitinib (13) [84], the quantum yields
for both E- and Z-isomers, including those of asthma drug montelukast (17) [85], the sero-
tonin neuronal inhibitor fluvoxamine (15) [83], the orally active multiple tyrosine kinase
and angiogenesis inhibitor, the cis-isomer of anti-cancer sunitinib [84], the antioxidant stil-
benoid oxy-resveratrol (14) [86], and the Phytoalexin plants’ infection and stress protector
pinosylvin (16) [87], all showed a clear variation in irradiation wavelength (Table 2).
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Table 2. Quantum yields patterns and span over the investigated irradiation wavelength sections of
several molecules subjected to excitation with monochromatic light.

Molecule Irradiation
Wavelength Range

Φλirr
trans→cis

(Pattern)
Φλirr

cis→trans
(Pattern)

Fluvoxamine (15) 226–290 0.0038–0.435
(Sigmoid)

0.0015–0.0844
(Curved)

Pinosylvin (16) 280–330 0.105–0.277 (Sigmoid) 0.125–0.879
(Sigmoid)

Oxyresveratrol (14) 260–360 0.069–0.180 (Sigmoid) 0.023–0.26 (Sigmoid)

Montelukast (17) 220–360 0.012–0.18
(Linear: positive slop)

0.0033–0.061
(Triangular: reversed

V-shape)

Sunitinib (13) 240–480 0.03–0.026 (Flat line) 0.06–0.175 (Sigmoid)

Several patterns characterized the variation of the quantum yield with wavelength,
including sigmoid, linear, triangular, and curved shapes (Table 2). The sum of forward
and reverse quantum yields never added up to unity (Φλirr

trans → cis + Φλirr
cis → trans < 1). Also,

for all the studied molecules, the ratio (Φλirr
trans → cis/Φλirr

cis → trans) was higher or lower than
unity depending on the molecule and its geometry. The data hence indicated that the cis
and trans isomers behaved as independent species in the photoisomerization process.

The photokinetic model developed here has also provided an explicit formula for the
reaction rate constant (kλirr

⇋ , Equation (6)), which represents the first example of its type in
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the literature, for a photoreversible reaction whose isomers both absorb at the wavelength
of the non-isosbestic monochromatic irradiation inducing the reaction [82].

kλirr
⇋ =

(
Φλirr

reactant ε
λirr
reactant −Φλirr

product ε
λirr
product

)
lirr Pλirr

0 Fλirr
∞ (6)

It is obvious from Equation (6) that the reaction rate constant does not depend exclu-
sively on the absorption coefficient of the reactant as might have been supposed, i.e., the
reaction would be faster where the absorption is higher (the rate depends on absorption). In
fact, the rate constant of the photoisomerization is a much more inclusive function involv-
ing all the parameters of the reaction at the irradiation wavelength (including the irradiated
volume and area of the reactive medium, both present in the formula of Pλirr

0 [88,89]),
meaning that the reaction rate constant is a relative quantity that can neither be related to
a specific parameter (such as an absorption coefficient) nor evaluate the quantum yield
of either forward or reverse reactions. However, Equation (6) indicates the fact that the
ratio of the isomers’ concentrations at pss (Φλirr

product ε
λirr
product/Φλirr

reactant ε
λirr
reactant) might well

vary with changing one or more of the reaction parameters including the irradiation
wavelength, a feature that may explain many experimental observations of variable E/Z
concentration ratios.

8. Photoreactions of Multi-Chromophoric Species Yielding Different End-Products

Some of the interpretations proposed in the previous section do not discard the fact
that these reactions derive primarily from excited state processes. If features of the latter
were not really required for the interpretation of some of those reactions, the excited state
information might, however, be relevant to other situations.

For instance, and conversely to the previous cases involving two (or more) chemically
independent species (Schemes 1 and 2), photochemistry can develop from a single reactant
whose reactivity might well be dependent on the irradiation wavelength. The analysis now
needs to rely on the excited state properties. In the simplest case (Scheme 4), two different
end-products (Pr1 and Pr2) are obtained by exposing the reactant X to lights of two different
wavelengths. The most likely interpretation adopted for this type of reaction considers the
occurrence of two distinct excited states of X (e.g., X∗′ and X∗

′′
). The latter, non-equivalent

excited states, may have either singlet or triplet character (S1, S2, . . ., T1, T2,. . .etc.), gen-
erally of π,π∗, n,π∗, or n,σ∗ type. The model shown in Scheme 4 implicitly implies that
photochemistry from the excited states X∗′ and X∗

′′
, must occur before redistribution of

the excitation energy within the molecule [7,22].
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The most probative example of such a mechanism can stem from the excitation of
different chromophores (e.g., µ1 and µ2 associated with the excited states X∗′µ1

or X∗
′′

µ2
,

respectively), both belonging to the molecular structure of X. The specific reactions leading
to the end-products Pr1 and Pr2 (or more) represent a tangible proof of the difference in
the primary photoprocesses, presumably proceeding from µ1 and µ2, respectively.

A typical—and one of the earliest—photoreactions of this type concerned molecules
endowed with a spatially separated C − S bond and a carbonyl group [90,91]. For the
4,4,6,6-tetramethyl-1-thiaspiro[2,3]hexan-5-one (19), in methanol and under a 280 nm light,
the carbonyl is excited to an n,π∗ singlet (S1), which results in the expected ring expansion
to the acetals (20) and (21), without perturbation of the other cyclic moiety of the sulfur
atom [91]. But a 254 nm beam (through quartz) specifically induced an n,σ∗ transition
of the C− S bond, corresponding to the molecular S2 state, that leads to cyclobutanone
(18) and the removal of the sulfur atom.
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In ethanol at room temperature, a 405 nm irradiation of l,4-dihydronaphtho[1,8-de] [1,2]
diazepine (22) [92,93] excites the N=N bond, corresponding to an n,π∗ transition that exclusively
gives the highly strained trans-isomer (23). The latter reconverts into (22) in the dark at room
temperature, or by light excitation of its n,π∗ band situated at ca. 436 nm. However, irradiation
of the naphthalene absorption bands at λirr ~ 313 nm, mainly populating the π,π∗ states of the
individual isomers (22) and (23), led to the exclusive formation of acenaphthene (24). The authors
estimated the ratio of the cis→ trans and trans→ cis quantum yields to be 1/10, as derived from
the wavelength dependence of the isomer pss compositions [22]/[23]. Notice that both (22) and (23)
can individually be considered as the reactant (X) in Scheme 4. This kind of reaction is a process
that was sometimes labelled chromatic orthogonality [94–96].

Photochem 2024, 4, FOR PEER REVIEW 16 
 

 

 
When polychromatic light is used on reactions of Scheme 4, such as when the two 

chromophores might be excited (e.g., 𝑋∗ᇱ (as an 𝑛,𝜋∗) and 𝑋∗ᇱᇱ (as a 𝜋,𝜋∗)), selectivity 
can then be achieved by employing an absorption competitor whose absorption spectrum 
covers one of the electronic transitions (e.g., the 𝑛,𝜋∗ responsible of 𝑋∗ᇱ), so that only the 
product generated from the other transition (e.g., the 𝜋,𝜋∗ of 𝑋∗ᇱᇱ) is obtained as the ma-
jor (or the only) species in the solution. A rationalization of this phenomenon through Φ-
order kinetics has been proposed [89]. This approach has widely been used for molecules 
encompassing a variety of dual chromophores that were envisaged for various applica-
tions. Notably, adopted in chromatic orthogonality and exploited in releasing photolabile 
protecting groups [97–108]. As an illustration, a 3D printing process requires an irradia-
tion consisting of both blue and green lights, which should alternatively be reduced to 
either green or blue by the use of an adequate absorber (mask) of the unwanted light color. 
The use of blue light irradiation induced both radical and cationic photopolymerization 
that produced the stiff, glassy material (25). Conversely, green light-absorbing photosen-
sitizer led only to radical photopolymerization of acrylates, producing a soft, rubbery ma-
terial (26). Based on the chemical nature of the different domains, the 3D printed multi-
material object displayed interesting and tunable mechanical properties, including in-
creased toughness and resistance to crack propagation compared to single component 
materials [107,109]. 

 

An analogous process of sequence-independent wavelength-selective (𝜆-orthogonal) 
photoreactivity can be achieved by a selective interplay between the absorption properties 
of the reactive species, the quantum yields of the separate reactions in different solvents, 
and the irradiation wavelength [106,110]. For instance, when o-methylbenzaldehyde thi-
oether (27), N-ethylmaleimide (28), and methoxy-substituted diphenyltetrazole (29) are all 
present in the reaction medium, it was demonstrated that in specific solvents, different 
reactions are induced by LED lights of different wavelengths. 

When polychromatic light is used on reactions of Scheme 4, such as when the two
chromophores might be excited (e.g., X∗′ (as an n,π∗) and X∗

′′
(as a π,π∗)), selectivity

can then be achieved by employing an absorption competitor whose absorption spectrum
covers one of the electronic transitions (e.g., the n,π∗ responsible of X∗′), so that only
the product generated from the other transition (e.g., the π,π∗ of X∗

′′
) is obtained as

the major (or the only) species in the solution. A rationalization of this phenomenon
through Φ-order kinetics has been proposed [89]. This approach has widely been used for
molecules encompassing a variety of dual chromophores that were envisaged for various
applications. Notably, adopted in chromatic orthogonality and exploited in releasing
photolabile protecting groups [97–108]. As an illustration, a 3D printing process requires an
irradiation consisting of both blue and green lights, which should alternatively be reduced
to either green or blue by the use of an adequate absorber (mask) of the unwanted light color.
The use of blue light irradiation induced both radical and cationic photopolymerization that
produced the stiff, glassy material (25). Conversely, green light-absorbing photosensitizer
led only to radical photopolymerization of acrylates, producing a soft, rubbery material (26).
Based on the chemical nature of the different domains, the 3D printed multi-material object
displayed interesting and tunable mechanical properties, including increased toughness
and resistance to crack propagation compared to single component materials [107,109].
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An analogous process of sequence-independent wavelength-selective (λ-orthogonal)
photoreactivity can be achieved by a selective interplay between the absorption proper-
ties of the reactive species, the quantum yields of the separate reactions in different sol-
vents, and the irradiation wavelength [106,110]. For instance, when o-methylbenzaldehyde
thioether (27), N-ethylmaleimide (28), and methoxy-substituted diphenyltetrazole (29) are
all present in the reaction medium, it was demonstrated that in specific solvents, different
reactions are induced by LED lights of different wavelengths.
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In terms of interpretation, in cases where X∗′ and X∗
′′

happen to be both singlet states,
the process can eventually be explained by considering that vibrational relaxation within a
given state can be fast, but not the internal conversion from higher to lower energy states,
Sn → Sn−1 . In this perspective, the latter internal conversion must be slow enough for
photochemistry to proceed from the individual states. Turro and co-workers [7] proposed
an interpretation based on the theoretical expression of the rate of internal conversion
(kIC) [111] from the ν = 0 vibrational level of an upper excited state (S2,0) to a lower excited
state (S1,ν), that is given by the following:

kIC ∝ |⟨Ψ2|J|Ψ1⟩|2∑
m
|⟨χ20 | χ1m⟩|

2 = C12 F (7)

with Ψ1 and Ψ2 being the electronic wave functions of S1 and S2, respectively, and J
the nuclear kinetic energy operator. χ1m and χ20 are the nuclear wavefunctions for the
appropriate vibrational levels of S1 and S2, respectively. The electronic factor C12, results
from a coupling of the electronic wave functions, and F is the Franck–Condon factor
between the two states.

Equation (7) clearly predicts that internal conversion may be slow if either or both
C12 and F have small values. The former situation (poor C12) applies when the excited
states (Ψ1 and Ψ2) are orthogonal, and the latter (low F) corresponds to a large energy
gap between S2 and S1. Even though this analysis is useful, a general, more extended
description would most likely include non-adiabatic and spin-orbit coupling terms that
may affect transfer among states.
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9. Photoreactions of Multi-Chromophoric Species Yielding a Unique Product
Irrespective of the Excitation Wavelength

One more situation (Scheme 5) embodies a photoconversion, with non-zero quantum
yield, of one reactant to one set of end-products irrespective of the absorption band targeted
by the irradiation.
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Scheme 5. A reactant phototransformation into a unique set of end-products irrespective of the
irradiation wavelength used.

Photoreaction of a reactant may well be characterized by the selective reactivity from
one excited state but not from the other [112]. The selectivity of a unique electronic excited
state to channel reaction towards the end-product is easily identified in practice since it
only requires performing irradiations at excitation wavelengths falling on the absorption
band promoting the excited state channeling reaction.

In general, however, the reactions represented by Scheme 5 might mean that either
there is a unique reaction channel irrespective of the excitation, such as when one of the
excited states relaxes into the other (e.g., S2 → S1 by internal conversion, or Sn → Tn → T1
by ISC then IC), or the presumably different excited states relaxing down, through specific
channels, to the same set of end-products.

It is reasonable to predict that for the former case, such a process should not, a
priori, show any variation of the quantum yield when the excitation light takes different
wavelengths that may induce excited states of different characters, e.g., π,π∗, n,π∗, or
n,σ∗. If this hypothesis stands, it may be postulated that the reactive system is deemed
compatible with Kasha’s rule, in the sense that the variation in irradiation wavelength
does not affect the output (quantum yield) of the reaction due to the existence of a unique
intermediate after excitation. This view will still hold when the irradiation is performed
under polychromatic irradiation, since such a light usually covers more than one absorption
band of the reactive molecule, an irradiation condition that is very often encountered in
experimental photochemistry, as it predominantly uses lamps. In fact, this combination
of reactions obeying Scheme 5 and irradiation using a lamp represents a non-negligible
section of photoactive reactants. Therefore, the qualitative conclusion (since no quantum
yields are measured) that might be advanced here is that this behavior fits well with Kasha’s
rule (the end-product(s) is independent of the excitation wavelength). The ubiquity of such
reactions and behavior in photochemistry may perhaps explain the propensity to adopt an
extension of Kasha’s rule to photochemistry.

The second mechanistic case (multiple reaction channels) will rather accept the possi-
bility of a difference of the quantum yields for different excitations owing to the supposed
difference of the pathways leading to the end-product(s). However, and in any case, such
hypotheses will only be validated if confirmed by a detailed experimental investigation of
the irradiation wavelength effect on the quantum yield.

For the cases of the photoreversible systems presented in Table 2 (whose reactants
individually belong to Scheme 5 reactions), they would rather demonstrate that Kasha’s
rule does not apply, since the quantum yields of the individual photoisomers are variable
with irradiation. In addition, for most of these molecules, the quantum yields recorded for
reactions from S1 states were higher than those staring from their higher excited states.

A short-wavelength excitation (at 254 nm, S2) was found to enhance the photodegra-
dation of estrone (30) under direct photolysis by individual beams in the 254–320 nm
wavelength range [113].
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Flash photolysis of a series of quinone derivatives (31) [114] was performed at four
wavelengths (440, 400, 350, 260, and 220 nm, with the beams delivered through specific
filters placed between the lamp and the sample). The selected wavelength set covers
the major part of the absorption spectra of these compounds, which correspond to one
large envelop spanning the 220–480 nm region. The study showed that except for the
weak long-wavelength n→ π∗ absorption band, a decrease in quantum yield values
with decreasing wavelength was manifest. Irradiation of the shortest absorption band in
ethanol (220 and 260 nm) was characterized by the lowest quantum yield values (0.01 to 0.1)
compared to those (0.07 to 0.98) recorded for longer-wavelength (e.g., 350 nm) irradiations.

Several α,β-unsaturated γ-dimethoxymethyl cyclohexenones (32) were found to un-
dergo certain unimolecular reactions when excited to the S2 (π,π∗) state. The latter com-
petes with S2 → S1 internal conversion and S2 → Tn intersystem crossing. The unimolecu-
lar reactions do not, however, occur from the S1 (n,π∗) or the lowest triplet (π,π∗ and n,π∗)
states. A very low quantum yield (<0.001) of (32) resulted from irradiation to its S1 (n,π∗)
state, compared to the quantum yield (0.02) recorded for its phototransformation from a
π,π∗ S2 state into (33) [115].
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This type of photoreaction is widely exploited in the photoremoval of protecting groups
and photocages. The molecules combining a protecting group (such as coumarin (34)) co-
valently linked to bioactive compounds (i.e., the caged species, morphine (35)), are totally
inactive biologically. Irradiation with poly- or monochromatic light removes the protecting
group and uncages the bioactive molecule [116].
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The photocleavage, leading to the production of an oxygen molecule, in a series
of endoperoxides were found to exhibit a wavelength-dependent quantum yield. For
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instance, the quantum yields of (36) and (37) were constant (respectively, 0.13 and 0.18)
between 290 and 313 nm (Sn≥2 excited state), but for the S1 state populated with irradiation
at 365 nm, the quantum yields reduced to less than 2% of the constant values recorded
above (respectively, 0.0026 and 0.0015). Similarly, O2 release from CuII–superoxide com-
pounds [117] depended on the excitation wavelength, recording a more than eightfold
decrease between 436 nm (0.29) and 683 nm (0.035).
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Dimethyldihydropyrene (trans-10b,10c-dimethyl-10b,10c-dihydropyrene, closed-form
isomer) exhibits a negative photochromism, where the photoconversion of the colored (38)
into the colorless, cyclophanediene, open-form isomer (39) is triggered by visible light.
Nonetheless, the quantum yield of the forward (38 → 39) reaction has a low but positive
value (0.08%) at 470 nm (corresponding to an Sn>1 state), whereas its value is zero for an
excitation of the S0 → S1 transition at 660 nm [118].

Photochem 2024, 4, FOR PEER REVIEW 20 
 

 

Dimethyldihydropyrene (trans-10b,10c-dimethyl-10b,10c-dihydropyrene, closed-
form isomer) exhibits a negative photochromism, where the photoconversion of the col-
ored (38) into the colorless, cyclophanediene, open-form isomer (39) is triggered by visible 
light. Nonetheless, the quantum yield of the forward (38 → 39) reaction has a low but 
positive value (0.08%) at 470 nm (corresponding to an 𝑆௡வଵ state), whereas its value is 
zero for an excitation of the 𝑆଴ → 𝑆ଵ transition at 660 nm [118]. 

 
Overall, the reactions described, thus far, are transition-specific whether the result is 

a unique set of end-products for different excitation wavelengths, or the end-products are 
obtained for excitation of one band, but not for the excitation of other transitions. The 
description might also be considered relative to the quantum yield values, whereby, for 
the type of species (32), Φ ≠ 0 only for irradiation of a given absorption band, but Φ ≅ 0 
for irradiation of the other bands. 

The photodegradations of anti-cancer dacarbazine (40) and cardiovascular nifedipine 
(41) and nisoldipine drugs show a reverse behavior whereby irradiation of the short-
wavelength bands (𝑆ଶ state) translates into much less photoconversion than in irradiation 
of the long-wavelength absorption bands (𝑆ଵ-state) [119–122]. The systematic screening of 
the excitation wavelength effect on the reaction quantum yield showed a monotonical in-
crease of Φ(𝜆௜௥௥), whose pattern fits a full sigmoid function for nifedipine and nisoldipine, 
and a partial one for dacarbazine phototransformations (Figure 2). Quantum yields were 
measured at short intervals over wavelength regions where both reactant and product 
absorbed the irradiation light, by using Equations (3)–(5) (with Φ௣௥௢ௗ௨௖௧ఒ೔ೝೝ = 0), at low ini-
tial reactant concentration (~5 × 10−6 M), and under strictly monochromatic irradiation. 
The quantum yield values of the 𝑆௡வଵ state reactions are relatively small (~10−3), being ca. 
50 times smaller than those recorded for the drugs’ 𝑆ଵ states. 

 
Figure 2. Increase in quantum yield values of both nifedipine (Φேூிఒ೔ೝೝ) and dacarbazine (Φ஽஻௓ఒ೔ೝೝ ) with 
the increase in the monochromatic irradiation light wavelength (circles). Reactions performed in 

38 39

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

220 240 260 280 300 320 340 360 380

𝜱𝑵𝑰𝑭𝝀𝒊𝒓𝒓 = 𝟎. 𝟑𝟑𝟏𝟕𝟏 + 𝟓𝟕. 𝟑𝟔𝟖𝟒 𝒆ି𝟎.𝟎𝟓𝟒𝟕 (𝝀𝒊𝒓𝒓ି𝟐𝟐𝟑)
Nifedipine  41

Dacarbazine  40𝜱𝑫𝑩𝒁𝝀𝒊𝒓𝒓 = 𝟎. 𝟐𝟔𝟑𝟏 + 𝟑𝟗𝟗 𝒆ି𝟎.𝟎𝟐𝟔𝟓 (𝝀𝒊𝒓𝒓ି𝟏𝟖𝟎)

Irradiation wavelength  / nm

Q
ua

nt
um

yi
el

d

Overall, the reactions described, thus far, are transition-specific whether the result
is a unique set of end-products for different excitation wavelengths, or the end-products
are obtained for excitation of one band, but not for the excitation of other transitions. The
description might also be considered relative to the quantum yield values, whereby, for the
type of species (32), Φ ̸= 0 only for irradiation of a given absorption band, but Φ ∼= 0 for
irradiation of the other bands.

The photodegradations of anti-cancer dacarbazine (40) and cardiovascular nifedipine (41)
and nisoldipine drugs show a reverse behavior whereby irradiation of the short-wavelength
bands (S2 state) translates into much less photoconversion than in irradiation of the long-
wavelength absorption bands (S1-state) [119–122]. The systematic screening of the excitation
wavelength effect on the reaction quantum yield showed a monotonical increase of Φ(λirr),
whose pattern fits a full sigmoid function for nifedipine and nisoldipine, and a partial one for
dacarbazine phototransformations (Figure 2). Quantum yields were measured at short intervals
over wavelength regions where both reactant and product absorbed the irradiation light, by
using Equations (3)–(5) (with Φλirr

product = 0), at low initial reactant concentration (~5× 10−6 M),
and under strictly monochromatic irradiation. The quantum yield values of the Sn>1 state
reactions are relatively small (~10−3), being ca. 50 times smaller than those recorded for the
drugs’ S1 states.
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Figure 2. Increase in quantum yield values of both nifedipine (Φλirr
NIF) and dacarbazine (Φλirr

DBZ)
with the increase in the monochromatic irradiation light wavelength (circles). Reactions performed
in ethanol at 22 ◦C, with initial concentrations of 5.47× 10−6 M for DBZ (40) and 5.14× 10−6 M
for NIF (41). The equations correspond to the sigmoid patterns (green solid lines). Adapted with
permission from [120,122]. 2024, Elsevier.

The photostationary state (pss) composition and the quantum yields of photoisomers
of a series of diarylethene-containing benzothiazolium species (42) were found to strongly
vary with irradiation wavelength when using mercury lamps (365/405 nm and 405/436 nm)
to induce the photoisomerization [123]. For this series, the shorter the wavelength, the lower
the pss percentage of the Z-isomer, and ΦZ−E were smaller than ΦE−Z at different excitation
wavelengths, which has discouraged postulating a common excited state intermediate.
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The cyclization quantum yield of 1,2-bis(5-(4-ethynylphenyl)-2-methylthiophen-3-yl)
perfluorocyclopentene was characterized by significantly higher values (>0.7) compared
to those (<0.16) recorded for the ring-opening reaction [124]. The quantum yields were
determined by the mathematical expression Equation (8).

Φ =
∆A V

P0 ∆t (1− 10−Aλ) ε
(8)

with ∆A being the increase or decrease in absorbance at 600 nm recorded under exposure
of the solution of volume V to a light flux P0 over the period ∆t, Aλ being the absorbance
of the solution at the specific irradiation wavelength, and ε being the absorption coefficient
at 600 nm. Both quantum yields showed dependence on the monochromatic irradiation
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wavelength. The ring-closing quantum yield varied between 0.71 and 0.92 in the UV range
(334–254 nm) but was constant (Φo→c = 0.7) between 334 and 313 nm, whereas that of ring
opening showed a ten-times increase (from 0.0015 to 0.016) when visible-range irradiation
decreased from 609 to 404 nm. A negative linear relationship was obtained in acetonitrile
for the ring-opening quantum yield (Φc→o = −6.94× 10−5 λ + 0.044). Even though the
authors stated that no explanation can be advanced for the differences in quantum yields,
they nonetheless estimated that such a behavior might be due to the existence of an excited
state energy barrier for the closed-form isomer but not for its counterpart.

The ring closure reaction of a benzoyl–phenyl–ethinyl-substituted 1,2-bis [2-methyl-
thien-3-yl] perfluorocyclopentene takes place with a high quantum yield through a conical
intersection, which is also a relaxation funnel for the closed isomer S1-excited-state preceded
by an energy barrier [125]. The closed form was proven to be a mixture of three isomers
(cis-cis, cis-trans, and trans-trans) with different quantum yields. For solutions of the
diarylethene in CH2Cl2 (5 × 10−4 to 5 × 10−5 M), the quantum yields were wavelength-
dependent, varying between 0.9× 10−5 and 2.5× 10−4 for irradiation wavelengths situated
in the 514–690 nm region. The quantum yield of the ring-closing reaction was reported as
being dependent on both excitation wavelength and the doses of irradiation.

The choice of the excitation wavelength (297, 313, and 334 nm) has no effect on
the quantum yield (~0.03) of ring-opening of perfluoro- and perhydroxycyclopentane
diarylethene derivatives in acetonitrile (~2 × 10−5 M at 25 ◦C), whereas under the same
wavelength series, a 15% variation for the ring-closure (0.51–0.60) reaction quantum yield
was recorded [126]. The quantum yields were determined at non-isosbestic wavelengths
located in a region where the isomers’ electronic spectra overlap. They were calculated by
a method exempt of simplifying assumption using pure photokinetic data, requiring the
irradiation to be collimated and monochromatic but free from imposing any other special
irradiation conditions [127].

The quantum yield of the ring-opening reaction ( X → Y , corresponding to 43→ 42)
of photochromic diarylethene derivative (l,2-bis [2-methylbenzo[b]-thiophen-3,3,4,4,5,5-
hexafluoro-1-cyclopentene) was measured spectrophotokinetically by Equation (9).

Φλirr
X →Y =

Ln

(
10ε

λirr
X lirr C

λirr
X (0)−1

10ε
λirr
X lirr C

λirr
X (t)−1

)
ln(10)ελirr

X lirr Pλirr
0 t

(9)

This formula is the only known example in photochemistry that is analytically derived,
by a closed-form integration, from the rate law describing a reaction subjected to non-
isosbestic irradiation [128]. The absence of approximations and/or simplifying assumptions
in the elaboration of Equation (9), as well as its obvious difference to the analytically
derived equations for the thermal kinetics (i.e., zero-, first-, and second-order reactions),
has promoted this equation to becoming the representative of the new Φ-order kinetics.
Irradiation of an organic solution of the colored isomer (43) in the visible region of the
electromagnetic spectrum (where both the solvent and the open-form isomer (42) do not
absorb), reveals a clearly dependent quantum yield on the excitation wavelength. In
ethanol and under monochromatic irradiation over the 410–535 nm range, the quantum
yield of the ring-opening reaction follows for a distinctive sigmoid pattern, Figure 3 [129].
A linear relationship (Φλirr

C →O = −8× 10−5 + 0.472) was also obtained for this derivative in
acetonitrile [130].

Three derivatives, (44) to (46), bearing two or three chromophoric diazonaphtho-
quinone units were investigated in acetonitrile (ca. 2 × 10−5 M) under various monochro-
matic radiations at 254, 350, 399, and 423 nm at 290 and 80 K. It was found that the photocon-
version quantum yields, measured by two different methods, varied between 11 and 55%
for the individual molecules over the selected series of irradiation wavelengths [131].
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none units were investigated in acetonitrile (ca. 2 × 10−5 M) under various monochromatic 
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Figure 3. Experimentally measured quantum yield (Φλirr
C →O) values of the closed- to open-form

isomers reaction of a diarylethene derivative (squares) subjected to strictly monochromatic irradiation
beams covering the whole absorption spectrum of the closed-form isomer in the visible region
(3.39 × 10−6 M in ethanol at 22 ◦C). The sigmoid pattern (solid line) is given by the inset equation.
Reprinted with permission from [129]. 2024, Elsevier.
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By irradiating the S0 → S1 transition of a spirooxazine derivative (47), 1,3-dihydro-3,3-
dimethyl-1-isobutyl-6′-(2,3-dihydro-1H-indol-1-yl)spiro(2H-indole-2,3′-3H-naphthop [2,1-
b] [1,4] oxazine), it was observed that the quantum yield of the photoconversion decreased
with wavelength (0.22 and 0.24 at 410 and 355 nm, respectively), whereas upon excitation
to a higher state ( S0 → S2 ), the quantum yield value first decreased to 0.1 at 316 nm then
increased to 0.53 at 295 nm (a V-shape pattern). These findings were interpreted as the
photochemical yield being mainly determined by the vibrational mode of the excited singlet
state where the molecule is prepared [132].
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The ratios of photobleaching and photocoloration quantum yields of a series of spiron-
aphthoxazines [133] were unequivocally proven to depend on the excitation wavelength
at 352 and 414 nm on the basis of using a modified Fischer’s method [134]. (That is, in
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this study, the expressions calculating the individual quantum yields were obtained from
a Fisher’s method assuming that the ratio of bleaching/coloration quantum yields was
constant, and that the rates of the thermal reactions of ring opening were not negligible).

The pss compositions as well as the quantum yields of a series of water-soluble
spiropyrans (49) were shown to be excitation wavelength-sensitive. The ring-opening
(49→ 50) reaction efficiencies underwent between 26 and 96% decreases for, respectively,
irradiations occurring at 260 and 365 nm. A mixed increase and decrease in the quantum
yield values at 530 nm was observed for different molecules [135].
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The S0 → S2 (at 260 nm) excitation results in a more efficient reaction pathway than
the S0 → S1 (at 350 nm) excitation. The quantum yield was calculated by the ratio of the
number of molecules that actually underwent phototransformation (N) to the number of
photons absorbed by those molecules (Nλ), as

Φ =
N
Nλ

(10)

The photocoloration quantum yield of an oligothiophene-substituted naphthopyran
derivative decreased from 0.32 to 0.045 when monochromatic and continuous irradiation
increased from 318 to 410 nm [136]. Similarly, the photochemical study of a biphotochromic
naphthopyran was carried out at diluted (6× 10−6 M) and highly (3× 10−3 M) concentrated
toluene solutions [137]. The quantum yield decreased by a third (from 0.32 to 0.11) with
increasing wavelength of monochromatic beams spanning the 330–410 nm range, where
measurements were performed at a 10 nm interval. Integration, initial rate, and differential
methods were used for the estimation of the quantum yield at each irradiation wavelength.
The dependence of the reaction quantum yield on wavelength within the S1 excitation
band, for both studies, was thought to indicate that the photoreaction occurs at a vibrational
excited level S1,ν in competition with vibrational relaxation.

Photoswitchable fulgides also represent a family of interest from the point of view
of quantum yield variation with excitation. The experimental results showed, in general,
that the quantum yield of the open- to closed-form isomer was slightly lower than that
corresponding to the ring-opening quantum yield, and both recorded higher values to
the reaction induced by visible light (λirr over 500 nm). These values varied between
0.15 and 0.20 (at ca. 400 nm, for ring closing), ranged between 0.1 and 0.26 (in the region
300 and 400 nm, for ring opening), and between 0.03 and 0.07 for irradiation in the visible
range (500 to 600 nm) [138–141]. The data of quantum yield values measured at 15–20 nm
intervals over the 340–700 nm spectral region served the proposal of a trifluoromethyl–
indolyl–fulgide derivative as a UV-to-NIR actinometer [142]. The quantum yield was calcu-
lated by Equation (11) for concentrated solutions exposed to monochromatic beams (where
the absorption of the reactive medium at the irradiation wavelength was Aλirr

medium~ 3).

Φ =
∆n

naborbed
=

∆n
P0 t

(11)

where ∆n is the molar amount (in mol) of the photo-species that reacted in time t, naborbed
is the molar amount (in einstein) of photons absorbed, and P0 is the photon flux (in einstein
s−1) of the light source that is absorbed by the sample.
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The quantum yield of the ring-closing reaction was attributed to the Z → C (52→ 53)
reaction step as a spectral unmixing of the irradiation series showed only a minor content
of the E-isomer in the reactive medium. The proposed mechanism included independent
photoisomerization of the excited state species into their isomers ( Z∗ → C and C∗ → Z )
as well as a thermal equilibrium of the ground state isomers ( Z ⇋ C ). The latter process
has been neglected for this particular molecule since both its forms were found thermally
stable, i.e., this reaction mechanism involves only photochemical reaction steps.
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Substantial photochemical production of the E-isomer as well as thermal reactions
between the ground state species have been observed for a number of fulgide deriva-
tives [143,144]. These features render the determination of the specific quantum yield
values for each photoreaction step of the reaction mechanism a tedious task, a considera-
tion that must raise caution in regard to the quantum yield values reported in the literature
for fulgides.

In general, quantum yields are determined for thermally stable reactants but not for
every photochemical step of the reaction mechanism leading to a photostationary state
(e.g., fulgides (51) to (53)). In this context, it is useful to mention an unprecedented set
of kinetic formulae that were developed for the concentrations of a reactant and its four
photoproducts, sequentially generated in a multi-consecutive photoreaction [145]. These
Φ-order kinetics formulae allowed for determining the quantum yields of riboflavin (54)
phototransformation into (55), which itself subsequently photoconverts into (56).

Photochem 2024, 4, FOR PEER REVIEW 25 
 

 

must raise caution in regard to the quantum yield values reported in the literature for 
fulgides. 

In general, quantum yields are determined for thermally stable reactants but not for 
every photochemical step of the reaction mechanism leading to a photostationary state 
(e.g., fulgides (51) to (53)). In this context, it is useful to mention an unprecedented set of 
kinetic formulae that were developed for the concentrations of a reactant and its four pho-
toproducts, sequentially generated in a multi-consecutive photoreaction [145]. These Φ-
order kinetics formulae allowed for determining the quantum yields of riboflavin (54) 
phototransformation into (55), which itself subsequently photoconverts into (56). 

 
Ethanolic solutions of (54) of initial concentrations ca. 10−6 M, were exposed to mon-

ochromatic collimated light beams of wavelengths 400, 420, 445, 460, and 480 nm, and the 
individual quantum yield of (54) and (55) at each irradiation wavelength were determined 
(Figure 4). For both species, the quantum yield values increased with irradiation wave-
length. A more pronounced variation was observed for (55) with a 5-fold increment be-
tween the lowest and highest recorded quantum yields compared to only a 1.5-fold vari-
ation for the quantum yields corresponding to (54). The quantum yield values for (54) 
were 6- to 20-times higher than those of (55), but both were well described by sigmoid 
functions. The wavelength range used here (400–480 nm) corresponds to two absorption 
bands (380–410 nm and 420–490 nm, respectively); hence, excitation occurs both in differ-
ent states (𝑆௡வଵ and 𝑆ଵ) and at different wavelengths of the lower energy state, 𝑆ଵ,ఔ. 

 
Figure 4. Sigmoid variation in the experimental photochemical quantum yield of the reactions (54) 
→ (55) (top) and (55) → (56) (bottom), in ethanol at 22 °C. Reprinted with permission from [146]. 
2024, Elsevier. 

10. Vibronic States Photochemistry 
Becker and his co-worker were perhaps the first to lay down, in the late 1960s [146], 

an interpretation directly linking photochemistry to vibronic states. The fluorescence ex-
citation and absorption spectra of 2,2-diethylchromene were found to be very different 
[147], and the quantum yields of fluorescence (Φிఒ೔ೝೝ) of this compound as well as those of 
5,6-benzochromene showed up to a 10-fold variation with the particular nature of which 

N

N

NH

N

O

O

N

N

NH

N

(CH(OH))3CH2OH

O

O

N

N

NH

H
N

O

O
H

O

54 55 56

0

0.002

0.004

0.006

0.008

0.01

380 400 420 440 460 480 500

Wavelength of irradiation / nm

Qu
an

tu
m

 y
ie

ld
 

reaction step

(54) → (55)

reaction step

(55) → (56)

Ethanolic solutions of (54) of initial concentrations ca. 10−6 M, were exposed to
monochromatic collimated light beams of wavelengths 400, 420, 445, 460, and 480 nm,
and the individual quantum yield of (54) and (55) at each irradiation wavelength were
determined (Figure 4). For both species, the quantum yield values increased with irradiation
wavelength. A more pronounced variation was observed for (55) with a 5-fold increment
between the lowest and highest recorded quantum yields compared to only a 1.5-fold
variation for the quantum yields corresponding to (54). The quantum yield values for (54)
were 6- to 20-times higher than those of (55), but both were well described by sigmoid
functions. The wavelength range used here (400–480 nm) corresponds to two absorption
bands (380–410 nm and 420–490 nm, respectively); hence, excitation occurs both in different
states (Sn>1 and S1) and at different wavelengths of the lower energy state, S1,ν.
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Figure 4. Sigmoid variation in the experimental photochemical quantum yield of the reactions
(54)→ (55) (top) and (55)→ (56) (bottom), in ethanol at 22 ◦C. Reprinted with permission from [146].
2024, Elsevier.

10. Vibronic States Photochemistry

Becker and his co-worker were perhaps the first to lay down, in the late 1960s [146],
an interpretation directly linking photochemistry to vibronic states. The fluorescence exci-
tation and absorption spectra of 2,2-diethylchromene were found to be very different [147],
and the quantum yields of fluorescence (Φλirr

F ) of this compound as well as those of 5,6-
benzochromene showed up to a 10-fold variation with the particular nature of which the
state was excited, including the electronic state, the vibrational mode, and the vibrational
level. The photoconversion of such molecules seemed to compete with fluorescence emis-
sion but not with phosphorescence (which was not observed, and the estimated quantum
yield of ISC was low ~0.1 [148,149]). A kinetic model (Equation (12)) was proposed for the
fluorescence quantum yield as a result of a competition between vibration relaxation (with
a rate constant kV) and photoreaction (with a rate constant kPC) at the excited vibrational
level, n [146].

ΦF(N) =

(
kV

kV + kPC

)n
(12)

The analysis was later carried forward [150] to establish an expression (Equation (13))
for the photoreaction quantum yield in relation to features of both photophysical and
photochemical processes, in addition to, and, for the first time in the field, taking into
account a quantum yield of vibrational relaxation of a given excited vibrational level within
a given mode of any electronic excited state (Figure 5).

ΦPC(n) =
(

kPC
kV + kPC

)n
(13)

It was concluded that photochemistry ought to be competitive with vibrational relax-
ation at any excited level (electronic or vibrational/vibronic). A number of subsequent
studies of various molecular structures has led to similar correlations between photochem-
ical quantum yield values and excited vibrational levels, as was described in a detailed
review [151]. It has been noted that when polychromatic light is used, the determined
quantum yield of a given reaction is rather an average yield over several wavelengths
and, therefore, the published data on quantum yield should be considered with caution. It
is also worth mentioning that the model proposed by Becker and his co-workers always
predicts higher quantum yield values for shorter excitation wavelengths due to the addi-
tive nature of the model. The latter point is shared with the model, discussed above in
Section 7 [54], that predicts a monotonic decrease in the quantum yield with increasing
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excitation wavelength. As such, these models do not seem suitable for many observed
cases where the quantum yield value increased with wavelength.
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Figure 5. (Left): Representation of possible photophysical and photochemical processes in the first
excited state with the rate constants for VR from S1,n to S1,n−1 (kV), IC (kNR), fluorescence (kF), and
photoconversion (kPC). (Right): Illustration of the variation in the photoconversion quantum yield
of a non-fluorescent photochrome when excited at different vibrational levels of the first electronic
excited state. Reprinted with permission from [151]. 2024, Elsevier.

A recent systematic review and analysis of reactions involving intersystem crossing,
photoisomerization, bond-breaking, and electron, proton, and energy transfer, proved the
competition of photoreaction with VR, radiative, and non-radiative processes occurring in
upper excited states [5]. Analysis of experimental data suggested that both VR and IC to
S1 proceed by slower or comparable rates to those of photoconversion. Direct coupling of
specific vibrations and photoconversion has been observed in many experiments [152,153],
and vibrational coherence has been detected for isomerization [154], electron transfer [155,156],
and proton transfer [157]. A reversed V-shaped variation of the quantum yield with excitation
wavelength (525, 550, 585, 625, and 600 nm) was recorded for 6-methyl-azulene-2-carboxilic
acid where the quantum yield value steeply decreased from ~0.8 at 525 nm to ~0.2 at 585 nm
then gradually to ~0.1 at 600 nm [158].
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The data presented in Table 2 and Figures 2–4 also indicate the occurrence of vibronic
photochemistry since variation in quantum yield was recorded when the S1 state was
subjected to irradiation at a series of different wavelengths.

Evidence of the contribution of vibrational levels to photochemistry has been laid out
for many other systems. The small chlorine dioxide (ClO2) molecule undergoes, in solution,
vibrational mode-dependent photochemistry [159–161].

An interesting review focused on some photochemical reactions in the atmosphere
that are driven not only by UV light but also by low-energy visible light, as observed at high
solar zenith angles [162]. Absorbed near-IR and visible region photons, promoting X− H
stretching vibrational overtones, contribute to atmospheric chemistry and play a role in the
fate of certain organic compounds [163–166]. Three mechanisms were envisaged for these
photoreactions. The excited OH overtone redistributes its vibrational energy within the
molecules, so that enough energy is transferred into a different weaker bond of the molecule
that ultimately breaks [167,168]. A second pathway involves a concerted reaction whereby
a strong coupling of the excited OH overtone with the reaction coordinate leads to the
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excitation of a low-frequency mode, causing the OH bond to break at much lower energies
than the dissociation energy of the bond at its equilibrium geometry [164,169]. Thirdly,
a two-photon absorption sequentially brings the overtone to an intermediate state from
which the system is promoted to a repulsive dissociative first excited electronic state [170].
Similarly, the initial vibrational state preparation was found to strongly influence the
photodissociation of HCNO by excitation of an NH stretching overtone that enhances the
breaking of the NH bond in its electronically excited state [171].

A vibrational mode-dependent excited state lifetime was investigated for phenol under
the S1/S2 conical intersection, where the O− H bond rupture dynamics were interpreted
by a possible topographical link to a lower energy minimum on the multidimensional
potential energy surface [172].

Formaldehyde (CH2O) photolysis, dependent on the excitation wavelength and the
variation of the quantum yield of the radical channel (Figure 6), was modelled by an ex-
pression (Equation (14)) involving a sum of sigmoid-like functions [173,174]. The excitation
of vibrational states for this molecule is implicitly suggested from the narrow wavelength
intervals used for irradiation (~5 nm) and the continuous variation in measured quantum
yield values.

Φλirr
rad =

0.72
1 + e−(105/5.2)(1/λirr−1/328)

− 0.38
1 + e−(105/4.7)(1/λirr−1/278)

(14)Photochem 2024, 4, FOR PEER REVIEW 28 
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Figure 6. Experimental variation in the radical channel quantum yield of formaldehyde photolysis at
room temperature, modelled by Equation (14). Reprinted with permission from [174].

11. Some Inorganic Actinometers

The variation in quantum yield with excitation has also been reported for inorganic
systems including actinometers. Two illustration examples are shown here, where the
reported data correspond to photonic yields rather than absolute quantum yield values.
The patterns observed are different but surely convey an effect of excitation.

Nitrate and nitrite photoreactions are monitored by the photochemical productions of
salicylic acid (Figure 7a) and p-hydroxybenzoic acid, by the reaction of the photoproduced
hydroxyl radical with benzoic acid [175].

Also, a series of studies revisited the properties of the ferrioxalate photoreaction that
was originally proposed for chemical actinometry in 1956 [176]. The latter inspiring work
established the wavelength sensitivity of the quantum yield of the ferric/ferrous ions
photoconversion. A compilation of quantum yield values from several studies, gathered in
the handbook of photochemistry [56], clearly shows that the photoreduction quantum yield
of the ferrioxalate ferric ions evolves within its dynamic 200–550 nm range, in a similar
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pattern to that observed for formaldehyde photolysis (Figure 6), but with a majority of the
values exceeding 1 (Figure 7b). The high quantum yield values (exceeding unity) were
attributed to the occurrence of thermal processes.
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Figure 7. (a) Interesting patterns of salicylic acid production quantum yields with irradiation wave-
lengths, from the photoreaction of either nitrate or nitrites. Raw data taken from [175]. (b) Evolution
of the photochemical quantum yield of Fe3+ → Fe2+ with irradiation wavelength in the ferrioxalate
actinometer. Raw data taken from [56].

12. Challenges/Limitations

There are cases where reactivity variation was recorded but quantum yields were
not generally measured. The reactivity changes were due to changes in reaction/reactant
features. Examples are found in industrial and technological applications. In this con-
text, recent discussions on the quantum yield definitions and their respective equations
differentiated between the experimentally measured quantities and their actual interpre-
tation [88,89]. It is useful to remember that the quantum yield, a quantity measured at a
given wavelength using strictly monochromatic light, is insensitive to reaction conditions
such as initial concentration, radiation intensity, temperature, and absorption competitors.
However, the photonic yield (also labelled photonic efficiency or apparent quantum yield)
is a relative quantity that is necessarily sensitive to a variation in such reaction conditions,
and the only one obtained when the employed irradiation light is polychromatic. The
relative character of the photonic yield meant that it is possible to observe its variation with
some reaction conditions (e.g., medium temperature), while it may remain unaffected by a
change of the excitation wavelength, as was observed for photoreactions of both 9- and
9,10-bromoantracenes [177].

Despite light-based stimulus having gained noticeable popularity in drug delivery
systems, long exposure to light remains a negative feature that might lead to phototoxicity
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(such mutations, degradation of endogenous molecules, photocarcinogenesis, etc.). In
this field, it has been recognized that the wavelength of the light employed is one of the
important factors to reduce toxicity to acceptable levels or to suppress it altogether [178].
The sensitivity of DNA as a function of the irradiation wavelength (corresponding to
the sun’s spectrum reaching the surface of the earth) smoothly diminished, as a sigmoid
pattern, between 260 and 360 nm [179]. The data were used to express the carcinogenic
effectiveness of the light as a function of the light’s wavelength, and also to deduce a
quantitative evaluation of the dose response in relation to UV-induced skin cancer.

In photocatalysis, semiconductor photocatalysts are increasingly characterized by the
variation in photonic yield with excitation wavelength (the so-called action spectrum),
which ideally has the same shape as that of the fraction of radiation absorbed by the semi-
conductor photocatalyst with wavelength [180–182]. The action spectrum indicates a clear
correlation between irradiation wavelength and photoreactivity. Similarly, photocurrent
action spectra were used in order to study the influence of the geometrical structure with
respect to the efficiency of thin film devices [183].

Also, reaction/reactant features effects have long been observed on both forward
and reverse quantum yields of photoreversible systems that depended on several reaction
parameters such as viscosity, temperature, additives, initial concentration, and excitation-
wavelength [81].

For instance, direct photolysis of polychlorinated biphenyls (PCB), in neutral 2-propanol
at a series of irradiation wavelengths (254, 264, 294, and 300 nm) in a Rayonet photore-
actor, showed a wavelength dependence on the apparent de-chlorination quantum yield
(0.15 to 0.56) [184]. The apparent quantum yield was also found to increase with increasing
the initial concentration of the PCB or the intensity of the irradiation light. The findings
of the study were proposed as a template for the remediation of PCBs. Similarly, pho-
toproduct formation (apparent) quantum yields of a series of fluorinated pesticides and
pharmaceuticals were evaluated using LEDs emitting at 255, 275, 308, 365, and 405 nm. The
fastest degradations were observed for irradiations with 255 or 275 nm compared to the
other LEDs, and a different set of end-products was obtained with 365 nm irradiation [185].

Another interesting aspect in this area relates to the quantification of the quantum yield
variation with structural changes in the molecule studied (e.g., in a series of derivatives),
and with the consequent changes occurring in the ground state absorption features of the
individual derivatives.

For instance, the photoinduced quantum yields of ring closure and ring-opening
reactions of a series of 1,2-dithienylperfluorocyclopentene derivatives followed a general
trend where a lowering of the derivative transition energy led to a decrease in the quantum
yield of the photoreaction of both open and closed isomers, as well an increase in the
quantum yield with increasing temperature [186]. The ring-opening reaction quantum
yield increased roughly exponentially with increasing transition energy. A similar behav-
ior was also observed for a series of dithienylethenes with polyenic and carotenoid-like
chromophores, where the quantum yields of the photochromic forward and back reactions
sharply decreased with increasing polyenic chain length [187]. Such a behavior was ra-
tionalized by the decrease in excitation density at the central photoreactive unit and the
concomitant shortening in the excited state lifetime in the carotenoid compounds with
increasing chain length. Also, an analogous dramatic decrease in ring-opening quantum
yields in a series of thiophene oligomers (including up to three thiophene rings), was
observed when increasing the number of thiophene rings, whereas only a little variation
was recorded for the ring closure reaction [188]. The efficiency of the photoreactions was
correlated to a threshold of the S0 → S1 energy.

A quantification of such an effect was delivered for a series of six bis(thienyl)ethenes,
studied in THF organic solutions and in PMMA films under irradiation from lasers or LED
lights [189]. The quantum yield of the photocoloring reaction was determined specifically
at the isosbestic point of each derivative (located in the region 300–330 nm), and those
of the photobleaching reactions were measured by irradiation at the maximum of each
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colored isomer (in the region 574–605 nm). These quantum yields were determined by a
spectrophotokinetic method [127,190] based on an analytical integration of the rate law of
the reaction subjected to a monochromatic beam whose wavelength exactly corresponds
to that of an isosbestic point. A plot of the isosbestic point wavelength against the corre-
sponding quantum yield value for the bis(thienyl)ethene series shows good correlation as
a sigmoid function (Figure 8). It is an interesting structure/photoactivity feature.
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Photoproduced diarylethene isomers are generally thermally stable, but a few excep-
tions were reported. The ring-opening reaction of hexafluoro- and hexahydro-diarylethene
derivatives, in organic solutions, was strongly temperature-dependent [191]. The close→ open
thermal rates at different temperatures were worked out from the initial linear portion of a
logarithmic scale plot of the kinetic data. The observed rate of the photoinduced ring-opening
was dependent on radiation intensity but not the exponential component of its fitted traces.
The authors attributed this feature to the presence of an excited state thermal barrier.

13. Concluding Remarks

The number of different chemical families exhibiting a photochemical quantum yield
variation with excitation wavelength is arguably in support of an underlining fundamental
process, and rather challenges the view considering such variation as an exotic or rare
phenomenon. A focus on the examination of the occurrence of such a phenomenon is useful
and should be recommended as an integral part of future studies.

The cases displayed in this review make it obvious that the conjecture stating that the
reaction quantum yield must be constant irrespective of the excitation wavelength is proven
false by the abundant literature. Evidence of reactions proceeding from higher excited
states and/or from hot excited states has been mounting since the 1950s. The same has also
been established for photophysical radiative processes. Competition of both luminescence
and photochemistry with IC and/or VR opens new avenues of research and offers the
possibility of selecting conditions suitable to specific needs and applications. As a result,
Kasha’s rule does not necessarily always hold for all emitters and is not automatically
extendable to photochemistry. Accordingly, there is need to amend the Jablonski diagram
in line with the recurrent findings in the fields of photophysics and photochemistry to
include such diversity in the possible pathways open to the excited molecule. Based on the
data available, Figure 9 attempts to capture this complexity albeit in a synoptic view.



Photochem 2024, 4 263Photochem 2024, 4, FOR PEER REVIEW 32 
 

 

 
Figure 9. An amended Jablonski diagram with pathways for photophysics and photochemistry 
emerging from hot and cold excited states conveying possible competition of these processes with 
internal conversion and/or vibrational relaxation. 

The community agrees, on one hand, that experimentation is the only way to reveal 
which pattern will be taken by photoreactivity when changing the excitation wavelength 
(the prediction of such a pattern is not yet reliably accessible by any other means). The 
best metric for that purpose undoubtedly remains a measure of the quantum yield. Here, 
a distinction must be made between the quantum yield and the photonic yield. The former 
is an intrinsic feature of the molecule at a given wavelength that can only be determined 
by using a strictly monochromatic light, whereas the latter is a relative quantity that can 
also be obtained for photoreactions subjected to polychromatic light. The photonic yield 
varies with the change in experimental conditions of the reaction. 

On the other hand, however, there is an obvious lack of consensus in the community 
on the standard ways, formulae, and photokinetic methods by which the quantum yield 
of a photoreaction is experimentally determined. This is shown by the large number of 
approaches that have been adopted for the evaluation of the reaction quantum yield (a 
sample of expressions and methods has been provided in this review). Standardization, 
hence, becomes necessary; it is an issue that needs to be addressed by the community in 
order to strengthen reliability of the data, and to improve the quality of the conclusions 
that can be reached for the effects of excitation on reactivity. 

In this context, the data available in the literature on the effect of excitation wave-
length most often relate to a few (two or three) measurements, whereas a systematic in-
vestigation over wider wavelength ranges and a larger number of actual measurements 
(preferably covering the whole absorption spectrum of the species studied, with measure-
ments taken at narrow wavelength intervals) will provide a better understanding of the 
reaction quantum yield behavior (as monotonical increase or decrease, or as a variable 
change with increasing irradiation wavelength). 

Finally, a full explanation of the quantum yield dependence on wavelength is not yet 
available despite the many attempts to describe it. This is a future task that will certainly 
reveal new subtilities of the excited state. 

Funding: This research received no external funding. 

A
bs
or
pt
io
n

Fl
uo
re
sc
en
ce

Fl
uo
re
sc
en
ce

Fl
uo
re
sc
en
ce

ph
op
ho
re
sc
en
ce

Figure 9. An amended Jablonski diagram with pathways for photophysics and photochemistry
emerging from hot and cold excited states conveying possible competition of these processes with
internal conversion and/or vibrational relaxation.

The community agrees, on one hand, that experimentation is the only way to reveal
which pattern will be taken by photoreactivity when changing the excitation wavelength
(the prediction of such a pattern is not yet reliably accessible by any other means). The
best metric for that purpose undoubtedly remains a measure of the quantum yield. Here, a
distinction must be made between the quantum yield and the photonic yield. The former
is an intrinsic feature of the molecule at a given wavelength that can only be determined by
using a strictly monochromatic light, whereas the latter is a relative quantity that can also
be obtained for photoreactions subjected to polychromatic light. The photonic yield varies
with the change in experimental conditions of the reaction.

On the other hand, however, there is an obvious lack of consensus in the community
on the standard ways, formulae, and photokinetic methods by which the quantum yield
of a photoreaction is experimentally determined. This is shown by the large number of
approaches that have been adopted for the evaluation of the reaction quantum yield (a
sample of expressions and methods has been provided in this review). Standardization,
hence, becomes necessary; it is an issue that needs to be addressed by the community in
order to strengthen reliability of the data, and to improve the quality of the conclusions
that can be reached for the effects of excitation on reactivity.

In this context, the data available in the literature on the effect of excitation wavelength
most often relate to a few (two or three) measurements, whereas a systematic investigation
over wider wavelength ranges and a larger number of actual measurements (preferably
covering the whole absorption spectrum of the species studied, with measurements taken at
narrow wavelength intervals) will provide a better understanding of the reaction quantum
yield behavior (as monotonical increase or decrease, or as a variable change with increasing
irradiation wavelength).

Finally, a full explanation of the quantum yield dependence on wavelength is not yet
available despite the many attempts to describe it. This is a future task that will certainly
reveal new subtilities of the excited state.
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