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Photochemical Action Plots Reveal the Fundamental
Mismatch Between Absorptivity and Photochemical
Reactivity
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Over the last years, the authors’ laboratory has employed monochromatic
tuneable laser systems to reveal a fundamental mismatch between the
absorptivity of a chromophore and its photochemical reactivity for the vast
majority of covalent bond forming reactions as well as specific bond cleavage
reactions. In the general chemistry community, however, the long-held
assumption pervades that effective photochemical reactions are obtained in
situations where there is strong overlap between the absorption spectrum and
the excitation wavelength. The current Perspective illustrates that the
absorption spectrum of a molecule only provides information about electronic
excitations and remains entirely silent on other energy redistribution
mechanisms that follow, which critically influence photochemical reactivity.
Future avenues of enquiry on how action plots can be understood are
proposed and the importance of action plots for tailoring photochemical
applications with never-before-seen precision is explored.
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1. Introduction to Action Plot
Methodology

Photochemistry is the basis of life on earth.
Without photosynthesis, life would simply
not exist on our planet. Photosynthesis
is enabled by broadband light absorption
by the critical chromophore chlorophyll.
We typically measure the ability of a chro-
mophore to absorb light in an absorption
spectrum, revealing information about the
electronic excited states. Over the decades,
chemists and physicists alike have pon-
dered the question of how to design effec-
tive photochemical processes, that is, pho-
tochemical reactions with a high yield of the
desired target product, and to understand
how degradation of materials proceeds
under the influence of light, including
the degradation of biologically relevant

molecules such as DNA.[1,2] For chemical structures as vital to life
as DNA and chlorophyll, the photoresponse as a function of wave-
length was intensively investigated and well-understood decades
ago.[3,4] In recent years attention has shifted, and the focus of
wavelength dependent studies has been centered around semi-
conductor photocatalysis[5–7] and photocurrent generation.[8,9]

Surprisingly, however, this trend has been largely ignored by ma-
terials scientists and the wider chemistry communities. Within
these fields, the careful wavelength-by-wavelength mapping of
photochemical reactivity, both of covalent bond forming and
breaking reactions, has not been explored to any significant
extent–or even identified as an important avenue of enquiry. In-
stead, absorption spectra are primarily used as the almost exclu-
sive informant of photochemical reactivity. We note of course that
there are fields within (physical) chemistry that provide critical
(time-resolved) insights into energy redistribution after photon
absorption for specific molecules. However, they do not exam-
ine the wavelength-by-wavelength resolved photochemical con-
version of a specific reaction on a global level.

Routinely, the employed wavelength is matched with the ab-
sorption maximum of the UV-visible (UV-Vis) spectrum of a pho-
tochemically reactive substrate, following the rationale that the
more photons are absorbed, the faster the reaction will progress.
In the current Perspective, we dispel the above assumption.
For this purpose, we initially introduce our action plot method-
ology for bond formation of covalent reactions including its
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Figure 1. A) Schematic of our action plot apparatus where a tuneable, monochromatic light source is directed from below into a transparent vial
containing the reaction solution. The energy incident upon the sample is carefully tuned to ensure an identical photon input at each wavelength of
interest. B,C) Comparison of the UV-vis spectra (insets: zoom into 375/390 to 450 nm) and the wavelength-dependent conversion of methyl methacrylate
initiated by two oxime-based free-radical photoinitiators at constant photon count (60 μmol) at each irradiation wavelength. Adapted with permission.[10]

Copyright 2017, American Chemical Society (ACS).

surprising findings. We subsequently explore the critical impact
of the mismatch between absorptivity and reactivity on practical
applications and subsequently move to review the process of light
absorption during photochemical reactions, while concomitantly
tendering hypotheses for the mismatch between absorptivity and
reactivity.

Several years ago, our team in collaboration with the team
of Georg Gescheidt, saw a critical need for wavelength-by-
wavelength exploration of photochemical reaction systems. This
investigation was driven by our serendipitous finding of two pho-
toinitiators for radical polymerization that appear to only absorb
< 400 nm, but can induce highly effective macromolecular chain
growth when irradiated with visible light.[10] Indeed, not only
can these two initiators initiate in the visible light range, but
their peak performance is significantly red-shifted compared to
their absorbance spectrum measured in the reaction solution
(Figure 1). This is a critical finding that at the time received only
limited attention in the following literature, except by our team,
and was met with incredulity at conferences. The data shown
in Figure 1 was obtained via our so-called “action plot method-
ology”, using a nanosecond pulsed, wavelength-tunable laser
system capable of delivering an identical and stable number of
photons at each wavelength. Typically, a stock solution of the pho-
toreactive compound (or reaction mixture) is divided into aliquots
that are independently subjected to monochromatic light. The
yield (or conversion) of the photochemical process under exam-
ination is subsequently determined by a suitable sensor such as
(gravimetrically determined) conversion, change in UV-Vis ab-
sorption or nuclear magnetic resonance frequency changes. For
a detailed description of our action plot methodology, the reader
is referred to the “How To” instructions provided in the support-
ing information section of a recent technical overview.[11]

Over the past years, we have recorded a large number of action
plots on a variety of photochemical reaction systems, and we refer
the reader to the above noted summary. Pleasingly, other labora-
tories have since corroborated our findings, predominantly in the
space of (controlled) photopolymerization and mostly employing
LEDs with narrow emission profiles.[12–15] For the purposes of
our current perspective, we will focus on specific examples to
illustrate key points, explore important implications that these
findings have for applications, and reflect upon possible reasons

why we observe such paradigm-changing disparities between ab-
sorptivity and reactivity.

2. Implications for Applications

Identifying the most efficient irradiation wavelengths for pho-
toactive groups is of paramount importance in order to judi-
ciously design materials for a desired application. This includes a
plethora of everyday examples, ranging from the light driven cur-
ing of dental fillings to the fabrication of coatings. If the optimum
wavelength is known, the photochemical reactions underpin-
ning curing applications can progress faster and to higher con-
versions, reducing waste and increasing economic advantages.
Imagine a situation where the initiators depicted in Figure 1 were
excited in a curing formulation at 330 nm, selected based on the
absorption spectrum, instead of at the most effective wavelength
of 420 nm indicated by the action plot.

In the realm of biological applications, efficient chemistries
in the biologically benign window are essential. Here, action
plots can provide key guidance too. As highlighted in the current
contribution, our action plot studies have uncovered unexpected
reaction windows that are often red-shifted relative to the absorp-
tion maximum. Such measurements on existing chromophores,
which may have previously been ruled out for biological appli-
cations due the short wavelength absorption maximum, could
in fact be found to be safe and efficient in longer wavelength
regimes. One powerful example is the styrylquinoxaline chro-
mophore depicted in Figure 2, which can undergo an efficient
[2 + 2] cycloaddition at excitation wavelengths up to 500 nm, de-
spite having an absorption maximum at 380 nm and seemingly
no absorption above ≈480 nm.[16] Inspired by these findings,
Michenfelder et al. recently exploited styrylquinoxaline for DNA
labeling with a mild 450 nm LED.[17] The power of the action plot
in this case was to reveal the extent of the molecule’s reactivity in
the long wavelength region. Without these measurements, and
using the absorption spectrum as the sole guide, one would as-
sume there would be minimal dimerization of the styrylquinox-
aline at wavelengths longer than 450 nm – ignoring potential
DNA labeling in the green region of the visible light spectrum.
Similar biological labeling has been reported with 455 nm
light using styrylpyrene as the labeling moiety; considerably
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Figure 2. A) Action plot of styrylquinoxaline in water indicating strongly red-shifted reactivity into the blue and green light regions and B) schematic
diagram of the application of 455 nm blue light induced [2 + 2] cycloaddition of styrylquinoxaline for DNA labeling and C) fluorescence readout. a)
Adapted with permission.[16] Copyright 2020, Springer Nature. b,c) Adapted with permission.[17] Copyright 2023, Royal Society of Chemistry.

red-shifted from its absorption maximum ≈380 nm.[18,19] We
predict that as the wavelength dependence of more biologically
compatible chromophores are investigated, more visible and
NIR active molecules will be unearthed.

The commonly observed bathochromic shift in reactivity also
has benefits for broader materials applications. As many organic
polymers absorb light in the UV region, the development of
visible-light tuneable chromophores has some obvious advan-
tages. These include higher penetration depths into the material,
benign irradiation conditions and the potential for orthogonal ac-
tivation. One such example is the well-known case of anthracene
dimerization, which is commonly believed to only occur under
UV excitation.[20,21] A detailed action plot study, however, revealed
that the dimerization can indeed proceed under much milder
visible light irradiation up to 410 nm.[22] This long wavelength
dimerization facilitated the incorporation of anthracene into 3D
printed structures, and the subsequent mechanical tuning of
structures with blue light.[23] Wavelength dependent, dynamic
materials have also been developed based on the exchange of
disulphide and diselenide bonds.[24] At short wavelengths, the
disulphide and diselenide bonds undergo metathesis, effectively
exchanging bonds with each other to generate a crosslinked
network, while long wavelength irradiation induces a reversion
back to the original bond structure. Combining these wave-
lengths’ orthogonal behavior permits dynamic and robust bond
formation and cleavage. The development of more materials
with mild synthetic stimuli, as well as degradation stimuli, are
critical to tackle challenges such plastic recycling. To this end, Do
et al. demonstrated a polymer ligation system where UVA light
was used to polymerise a multicomponent polymer and shorter
wavelength UVB light was later applied for degradation.[25]

Action plots are perhaps even more critical where two col-
ors of light are required to facilitate a photochemical reaction,
such as in emerging 3D printing technologies. Here, they are
essential to determine the specific wavelengths where individ-
ual chromophores, or synthetic steps, can be addressed in-
dividually for synergistic, orthogonal, antagonistic or sequen-
tial purposes.[26] Previously, our group exploited an orthogonal
chemical system to show that disparate material properties can
be produced from a single photoresist purely by applying dif-
ferent colors of light;[27] a feat that could only be achieved with

the insights available from action plot measurements. The action
plots depicted in Figure 3 were particularly important for this
result, as the absorption spectra indicated that both molecules,
styrylpyrene and o-methylbenzaldehyde, absorb light at shorter
(UV) wavelengths.[28,29] It was only through the discovery of a
narrow wavelength region in the UV where cycloreversion of the
styrylpyrene dimer dominated over cycloaddition (Figure 4a) that
orthogonal addressability was realized.

Since the above initial example, we have further developed
two-color, synergistically activated photoresists, where the indi-
vidual colors activate individual components of the photoresist.
Only at the intersection of both colors of light, can photocuring
occur.[27,30] Similar two-color photocuring resists have also been
developed by the groups of Hecht and Wegener, in the latter case
using 2-step photoinitiator activation, where each step is activated
by a different color of light.[31,32] Examples of such two-color pho-
toresists are rare, and hence the applications for so-called xologra-
phy or light-sheet printing remain a field with rich development
opportunities. There appears to be scope for many other, as yet
undiscovered, compatible molecular pairs capable of orthogonal
activation to emerge. As more photoinitiators and resists are de-
veloped, broader applications, such as conductive or biologically
compatible 3D printed materials will similarly expand.

3. The Mismatch between Absorptivity and
Photochemical Reactivity

While a complete understanding of the mechanism for the mis-
match between absorptivity and reactivity remains elusive, some
attempts have been made at rationalizing it. In the following, we
will discuss the process of absorption of light by a molecule, while
concomitantly highlighting key experiments in the literature that
investigate explanations for the mismatch. It is important to note
that most photochemical systems are deeply complex and that a
range of different mechanisms may all contribute to varying de-
grees.

Several foundational principles have been developed to aid in
understanding photochemical reactions, inform predictions of
the potential products formed and gauge the efficacy with which
they are generated. Fermi’s Golden Rule is one such principle,
which states that “the stronger the overlap in the wavefunctions
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Figure 3. Example of two-color photochemistry. A) Action plot measurements on the cycloaddition and cycloreversion of styrylpyrene highlighting that
dissociation supresses the dimerization conversion at short wavelengths.[28] B) Schematic diagram of orthogonal activation of two chromophores in
a single photoresist, in this case the two chromophores are styrylpyrene and o-methylbenzaldehyde (oMBA). C) Action plot measurements of oMBA
reaction with N-ethylmaleimide showing efficient reaction in the wavelength region where styrylpyrene dimerization is supressed.[29]
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Figure 4. Jablonski diagram illustrating molecular excitation through ab-
sorption of a single photon to a specific vibrational energy. Radiative and
non-radiative pathways exist for the return to the ground state. The energy
levels, along with available pathways and their propensities, are unique
to each molecule. Singlet states from ground (S0) to states higher (Sn) in-
crease in energy, while Tn represents triplet states. Each band corresponds
to a vibrational energy level within that molecular state. Rotational ener-
gies are not shown for each vibrational energy.

of the respective electronic states, the higher the probability of
transition and hence the transition rate”.[33] Experimentally, this
manifests as the order of magnitude of the extinction coefficient
in Beer-Lambert’s law, quantifying the transition from the elec-
tronic ground state to an excited state. Furthermore, it is respon-
sible for the profile of an absorbance spectrum. It is important to
note that absorption is merely the first step of many on the path
of a photochemical reaction, and it is therefore no surprise that
consultation of an absorbance spectrum alone may not provide
the entire information for every molecular system. Experienced
photochemists may understand this fact well, however without
a strong understanding of photochemistry it can be easy to rely
solely on an absorbance spectrum to choose an efficient excita-
tion wavelength. Other principles focus on light emission, in-
cluding Kasha’s Rule which states that “polyatomic molecules
react or luminesce only from the lowest excited state of each
multiplicity”,[34] and Vavilov’s Rule that states that “the lumines-

cence quantum yield is independent of excitation wavelength”.[35]

The naïve interpretation of these rules is that molecules should
react at appreciable yields only from the lowest lying levels of
the singlet and triplet states and that these yields should also be
excitation-independent. This interpretation implies that the ab-
sorption spectrum should seemingly dictate the reactivity spec-
trum for molecules that strictly obey these two rules. Again, expe-
rienced photochemists know there are many exceptions to these
rules, yet their very existence as rules suggests that they govern
most molecular systems, and if taken as absolute can further re-
inforce incorrect assumptions that an absorption spectrum is suf-
ficient to determine reactivity for all molecular systems.

At this point it is useful to transition from discussions of prin-
ciples and theory and determine exactly what empirical informa-
tion an absorption spectrum provides about a system, to better
comprehend its limitations. The most valuable information ob-
tained from absorbance spectra is the energy levels for singlet
excitations and, in much rarer cases, triplet excitations that are
directly accessible from the ground state.[36,37] The magnitude of
absorption peaks reveals the relative likelihood of a transition oc-
curring at each excitation wavelength, while the width of each
peak indicates the range of vibrational and rotational energies
for that specific excited state – as well as contributions from sol-
vent interactions.[38] Qualitative insight into the rates of internal
conversion (IC) can also be obtained from the widths of absorp-
tion peaks. However, gaining quantitative information such as
lifetimes and specific relaxation pathways, requires experimental
methods such as ultrafast time-resolved spectroscopy.[39] Based
on these insights into absorption, several explanations between
reactivity and an absorbance spectrum have been put forth, in-
cluding light attenuation by Beer-Lambert’s law at high extinc-
tion coefficients, and the possibility of multi-photon absorption.
While variations in sample concentration contribute,[29] Beer-
Lambert’s law cannot be the sole contributor, as if it were, the
action plot would be symmetric around the absorption peak,
which is rarely the case.[40] In addition, even wavelength depen-
dent surface ligations on a single atomic monolayer still reveal
a weak bathochromic shift.[41] With regard to two photon pro-
cesses, action plot experiments performed with LEDs as the ex-
citation source also display a similar mismatch between absorp-
tion and reaction yields.[14,15,42] These results effectively rule out
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the possibility of a multi-photon mechanism as the cause of the
bathochromic shifts. Changes in molecular absorbance during ir-
radiation were also disregarded as a mechanism, with continuous
monitoring of an absorbance spectrum during irradiation show-
ing no increase in absorbance in the longer wavelength region,
while still showing enhanced reactivity at these excitations.[43]

Could violations of Kasha’s Rule be responsible for all the ob-
served shifts? With so many molecular systems studied, and most
of them showing discrepancies between the absorption and reac-
tivity maxima, it seems more likely that there is still some yet
unrealized mechanism at work.

To further explore the mismatch between absorption and re-
activity, we must go beyond the absorption spectrum and in-
terrogate the steps following absorption.[44] A molecule that is
excited to a certain electronic state has access to several avail-
able pathways, illustrated in a Jablonski diagram (Figure 4). En-
ergy relaxation commences with non-radiative decay, such as vi-
brational relaxation and IC, which describe transitions between
vibrational states of the same or overlapping electronic states,
respectively. Vibrational relaxation facilitates energy dissipation
through vibrational, translational and conformational relaxation
during collisions with surrounding molecules, or as intramolec-
ular vibrational redistribution (IVR) where the energy is re-
distributed amongst other vibrational modes within the same
molecule. When the vibrational levels of the singlet excited state
overlap with a triplet state, intersystem crossing (ISC) can occur,
which is the radiationless transition between singlet and triplet
electronic states, featuring different spin multiplicities. Triplet
lifetimes typically exceed those of singlet states, making triplet
states particularly important for many chemical reactions. ISC
can also occur in reverse, known as reverse-ISC. All the processes
mentioned thus far are radiationless, with the excess energy dis-
sipating in the form of heat. Radiative pathways also exist which
emit the excess energy via a luminescent process, either fluo-
rescence from a singlet state, or phosphorescence from a triplet
state. Finally, the energy can also be directly transferred between
molecules, such as from a donor to an acceptor through mech-
anisms such as Förster resonance energy transfer,[45,46] Dexter
Energy Transfer,[47] (including Triplet-Triplet Annihilation),[48] or
as a proton transfer process.[49]

Now we have outlined all the relevant processes, we consider
two broad conditions that are critical for a successful photochem-
ical reaction. First, access to a favorable reaction pathway, and sec-
ond, a sufficiently long excited state lifetime for the reaction to
occur. For the first condition, exceptions to Kasha’s rule are crit-
ical, for in these cases the absorption spectrum reveals excited
states that may not be photochemically active.[50] Furthermore,
efficient ISC to a reactive triplet state relies on sufficient overlap
between singlet and triplet vibrational energy levels. This vital
information is not revealed in the absorption spectra and can di-
rectly contribute to wavelength dependent variations in reactivity.
Experiments on photoluminescence of a low-temperature indole
solution have shown that the ratio of fluorescence to phosphores-
cence changes with longer wavelengths.[51] This effect arose due
to interactions between the solvent and dipole moments of two
closely aligned singlet electronic excitations. As both states had
differing magnitudes in dipole moment, their interactions with
the molecules of a polar solvent were found to be separate, re-
sulting in a dependence on ISC quantum yields from excitations

at the red edge of the absorption spectrum.[52] If these interac-
tions lead to more efficient ISC at lower energy excitations for a
given chromophore, we suggest this process could contribute to
observed red-shifted action spectra. Reeves et al. recently reported
a Norrish Type 1 photoreaction displaying the fastest conversion
utilizing a wavelength that is red-shifted from the absorbance
spectrum.[15] These authors proposed that the reaction is less ef-
ficient from higher electronic states excited with UV light, as the
ISC pathway to T1 from S1 is potentially more efficient than from
S2 or Sn, but noted that femtosecond transient absorption spec-
troscopy was required to underpin this hypothesis.[54]

The second condition, regarding excited state lifetimes, be-
comes particularly significant in bimolecular reactions. Con-
sider processes such as cycloaddition or donor-acceptor reac-
tions, where two or more molecules must be in close proximity.
Here, longer excitation lifetimes are beneficial, implying a higher
chance of these excited molecules experiencing collisions prior
to electron relaxation. For these molecular classes, an excitation
wavelength that ultimately leads to a long-lived triplet state will
likely result in a more efficient reaction than wavelengths leading
to short-lived singlet excitations.[53,54]

We finish by discussing the contributions of specific tran-
sitions to the reactivity mismatch, starting with the pathways
involving IC and IVR. In the absence of competing photo-
induced processes (i.e., following the IC path from S1 to So in
Figure 4, purple arrow to the left) and depending on the excited
state lifetime, the molecule arrives vibrationally hot in the
electronic ground state. Interestingly, high-temperature spectra
of molecules obtained in the gas phase under high-temperature
shock tube conditions clearly display red-shifts[55] and their
spectral width is also wider. Thus, transiently higher extinction
coefficients are possible in the blue region as well.[56] Why does
this matter for experiments performed with LEDs or nanosecond
lasers? Typically, molecules require a few to hundreds of picosec-
onds to dissipate energy after photo-excitation. Similar to shock
tubes, LEDs (or nanosecond lasers) constantly re-pump the relax-
ing system back into higher states eventually maintaining a much
higher temperature compared to ambient conditions. Thus, a
“hot-spectra” hypothesis may be tendered as a potential con-
tributing factor for the explanation of our observed red-shifted
action spectra. Finally, there are other transitions that may
contribute and must be considered, that is, strong vibrational
coupling may play an essential role in the energy dissipation
process prior to chemical reactions as it can lead to a tilting of
the reactivity landscape.[57,58] All these processes are invisible to
steady-state methods such as an absorbance spectrum and there-
fore require more sophisticated techniques to disentangle them.

With so many available chromophores, in so many unique sys-
tems, it is thus critically important to avoid solely relying upon ab-
sorbance spectra for determining reaction efficiencies. Through
a wavelength-tunable laser system and our action plot methodol-
ogy, these complex underlying mechanisms can be holistically
observed as a global effect. From a practical point of view, ac-
tion plots are thus the only reliable methodology to access com-
prehensive wavelength dependent reactivity information. The
underlying reasons for the observed disparities require care-
ful, separate consideration and are certainly system-specific and
multi-causal. However, it is equally true that nearly all inves-
tigated photochemical systems show a marked departure from
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their absorption spectra in terms of their reactivity. Thus, it is
not unreasonable to assume that there is one overarching guid-
ing principle at work that causes the typical strong red-shifts.

4. Summary and Outlook

In the current perspective, we have highlighted the now accepted
paradigm that absorption spectra are not a reliable guide for
selecting optimum wavelengths to induce photochemical reac-
tions. We have considered the reasons why this should not come
as a surprise, although the reliance on absorption spectra for pre-
dicting reactivity continues to be ongoing practice in chemistry,
despite overwhelming evidence to the contrary. Recording pho-
tochemical action plots for covalent bond forming and breaking
photochemical reactions is an effective means for capturing the
sum of all effects governing a photochemical process, with key
applications in a wide range of fields. Action plot measurements
facilitate photochemistry with never-before-seen precision, as re-
activity windows can be determined for each individual reaction
system, enabling advanced concepts including wavelength or-
thogonal, synergistic, cooperative and antagonistic photochem-
ical reactions. Unpacking the sum of all processes that an action
plot affords for a particular photochemical process is a complex
undertaking, with each system requiring careful individual con-
sideration. Techniques that can assist include transient absorp-
tion spectroscopy as well as quantum chemical calculations. We
submit, however, that action spectra will – from a practical per-
spective – remain the only broadly applicable avenue to gain in-
sights into photochemical reactivity. There is a vast array of pho-
tochemical reaction systems that are yet to be subjected to action
plot analysis. It will be fascinating to see a fine wavelength re-
solved image of photochemical reactivity emerge over the next
years, as more research groups adapt the technology to design
precision photochemical system that find applications from biol-
ogy to material science.
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