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Simultaneously recorded photochemical action
plots reveal orthogonal reactivity†

Ishrath Mohamed Irshadeen,ab Vinh X. Truong, c Hendrik Frisch *ab and
Christopher Barner-Kowollik *abd

We map the photochemical reactivity of two chromophores—a

pyrene-chalcone and a methylene blue protected amine—from a

one-pot reaction mixture based on their dynamic absorptivity

changes upon light exposure, constructing a dual action plot.

We employ the action plot data to determine a pathlength-

independent k-orthogonality window, allowing the orthogonal

folding of distinct polymer chains into single chain nano-particles

(SCNPs) from the same reaction mixture.

Understanding photochemical reactivity as a function of the
activation wavelength is critical for the design of precision
photochemical reaction systems that respond to distinct col-
ours of light in either a wavelength orthogonal, synergistic or
antagonistic fashion.1–3 Such highly selective photochemical
systems hold significant potential for advanced applications
such as light-activated 3D printing inks or curing processes,
where disparate material properties can be generated from one
photoresist entirely based on varying the colours of light.4–7

Within the last decade, our team has developed a technology to
map the wavelength-by-wavelength resolved photochemistry
of covalent bond forming and cleaving reactions—known as
photochemical action plots—demonstrating their utility in the
design of advanced photoresponsive soft matter materials.1

Perhaps the most pivotal finding that photochemical action
plots have revealed is that the absorption spectrum of a
chromophore is typically not an accurate predictor of its

photochemical reactivity. In most cases, a red-shift in the
photochemical reactivity is observed. The underpinning rea-
sons for the mismatch between absorptivity and reactivity are
currently explored, yet they are based on the fact that the
absorption spectrum of a chromophore typically contains no
information on excited state dynamics, in particular triplet
states.8 Indeed, other research teams have confirmed
the strong red-shift of photochemical reactivity, including
photo-induced reversible deactivation radical polymerization
(RDRP).9,10 The most notable example is a recent report from
the group of Haddleton, showing quantitative conversions of
CuBr2/Me6TREN mediated photopolymerization of methyl acry-
lates in spectral regions of near zero absorptivity.10

In addition to unravelling the wavelength resolved reactivity
of photochemical reactions, we have applied photochemical
reactions to construct complex macromolecules, including
single chain nanoparticles (SCNPs),11–14 which represent a
contemporary research field.15–17 SCNPs have been applied in
catalysis18–23 and sensors.24,25 Light-driven reactions have been
employed to construct and deconstruct SCNPs in a controlled
fashion,26–31 yet orthogonal folding of polymer chains into
SCNPs using two distinct colours of light in a one-pot reaction
system has not been achieved.

Herein, we utilise trans-pyrene-chalcone32 and a methylene
blue caged amine,33 with well resolved absorbances, and
simultaneously track their photoreactivity in a one-pot system
to establish two orthogonality windows, wherein each of the
moieties can be triggered to react independently irrespective of
the sequence in which they are initiated. This strategy is
motivated by three main considerations: (i) Using a mixture
of the two desired chromophores allows to account for any
effect of the changed light attenuation of the solution caused by
the presence of another chromophore; (ii) chromophores may
behave differently when in the same solution, e.g. by photo-
sensitization; (iii) since every wavelength must be recorded and
analysed separately, the recording of action plots is time-
consuming, thus the simultaneous analysis of two species is
more efficient.
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To translate the knowledge of the two orthogonality win-
dows into SCNP folding, we incorporated the photoreactive
monomers into separate polymers, which are capable of com-
pacting via light-induced intramolecular crosslinking. In our
design, one monomer unit carries a trans-pyrene-chalcone
moiety able to undergo a [2+2] photocycloaddition,32,34 while
the other monomer unit carries a methylene blue photo-
protected amine33,35 (Scheme 1). The specific absorptivity pro-
files of these two monomer units—from which subsequently
two distinct polymer chains are constructed for folding into
SCNPs—is selected such that they do not overlap and, impor-
tantly, show a distinct change in their absorption spectrum
upon irradiation, allowing their photochemical response to be
tracked. Specifically, the trans-pyrene-chalcone containing
monomer has only residual absorption above 450 nm, which
decreases as the trans-pyrene-chalcone is consumed, while the
methylene blue containing monomer only commences to
absorb significantly post 525 nm, and the absorbance increases
upon photocleavage of the caged amine, thus offering a unique
opportunity to follow their photochemistry simultaneously.

Both chromophores are dissolved in equimolar quantities,
which have a suitable absorbance for direct UV-vis measure-
ments without further dilution and irradiated with an identical
number of photons at pre-selected monochromatic wave-
lengths, in a procedure described in literature.1 This analysis
allows for the determination of the photochemical reactivity of
both chromophores in a wavelength-resolved fashion, which is
represented in a dual chromophore action plot. From this
action plot, a l-orthogonal photochemical reactivity
window can be determined, where both chromophores can be
independently activated to effect wavelength-orthogonal SCNP

formation from a one-pot mixture containing both polymer
chains carrying the respective chromophores (Scheme 1). Con-
sequently, we selectively control the folding of polymer chains
by two different wavelengths in a one-pot reaction mixture. We
submit that the herein presented dual action plot technique
allows for the facile reactivity mapping of specific photochemi-
cal reactions from one-pot reaction mixtures.

Fig. 1 depicts the dual action plot resulting from monitoring
the individual change in absorptivity in the respective UV/Vis
spectra of both chromophores (l = 450 nm for trans-pyrene-

Scheme 1 Graphical depiction of the l-orthogonal folding of two separate polymers (P1 and P2) equipped with MB-MMA (blue) and trans-pyrene-
chalcone-MMA (yellow), while in the same solution. trans-pyrene-chalcone undergoes [2+2] photocycloaddition at 480 nm within P1, while MB in P2
stays photochemically silent, and is exclusively activated at 625 nm, leading to the uncaging of the amine group, which forms an amide bond with the
crosslinker.

Fig. 1 Dual colour action plot for MB-MMA and trans-pyrene-chalcone-
MMA as well as their absorption spectra. The red line line and inset depict
eMB-MMA whereas the black line depicts eChalcone-MMA. The black squares
represent the Dabsorbance at 450 nm representative of the depletion of
trans pyrene-chalcone-MMA, while the red squares represent Dabsor-
bance at 655 nm representative of the photocleavage of MB-MMA. For
each indicated wavelength 7.7 mmol of photons were deposited into the
one-pot reaction system (cMB-MMA = 5.5 � 10�11 mol L�1, cChalcone-MMA =
5.5 � 10�11 mol L�1 in acetonitrile).
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chalcone-MMA and l = 655 nm for MB-MMA) in the same
reaction mixture (refer to Fig. S17 and S18 for the time-resolved
evolution of the absorption spectra for selected wavelengths as
well as details of the spectral evaluation procedure to determine
the relative change in absorptivity, ESI†). As the absorptivity of
the amine-caged methylene blue unit is relatively weak, Fig. 1
also shows an enlargement of the relevant spectra region in the
inset. The key findings from the action plots are: (i) The
methylene blue chromophore displays a minimum of photo-
chemical cleavage at close to 480 nm and effectively cleaves at
longer, low energy wavelengths (650 nm); (ii) the reactivity of
trans-pyrene-chalcone displays a significant red-shift,32 allow-
ing to identify a wavelength, i.e. 480 nm, at which trans-pyrene-
chalcone reacts and the methylene blue shows almost no
photocleavage (indicated by the highlighted area in Fig. 1).
Thus, it is possible to identify two wavelengths, which allow
addressing both chromophores fully pathway independently,
i.e. 480 nm (predominant activation of the trans-pyrene-
chalcone moiety) and 650 nm (exclusive activation of the
methylene blue entity). To corroborate these findings, we
recorded the conversion of each chromophore in the same
reaction mixture at higher concentrations at the critical wave-
length of 480 nm via 1H NMR spectroscopy and found that the
trans-pyrene-chalcone was depleted by 47%, while the methy-
lene blue unit was only converted by approximately 2%, thus
supporting the UV/Vis absorption spectra driven analysis (refer
to the ESI,† Section S4.3 and Fig. S21 for the 1H-NMR spectra
and their associated conversion determination). To assess the
kinetics of the orthogonal photocleavage, a solution of MB-
MMA (0.27 mg mL�1, 0.59 mmol L�1) was irradiated with
monochromatic light at 480 nm for, followed by monochro-
matic light at 640 nm, keeping the total number of photons
delivered identical at both wavelengths (1.98 � 1019 photons)
and the progress of the photocleavage was tracked via UV-Vis
spectroscopy (ESI,† Section S4.2 and Fig. S19). The absorbance
at 655 nm only increased from 0.016 to 0.019 over 30 min of
irradiation at 480 nm, whereas the absorbance increased
steeply from 0.019 to 0.052 upon switching the irradiation
wavelength to 640 nm over the same time duration, critically
supporting the orthogonality window at 480 nm. It is important
to note that identifying a wavelength where the higher energy
gated chromophore does not activate the lower energy species
is rare, with the only three examples reported by our team.5,36,37

Subsequently, we copolymerised MB-MMA or trans-pyrene-
chalcone-MMA with methyl methacrylate, to generate two poly-
mers that can undergo light-induced folding into SCNPs at
orthogonal wavelengths as determined in the above dual action
plot analysis. The trans-pyrene-chalcone and MB containing
polymers (P1 and P2, respectively, refer to the ESI,† Sections
S2.4 and S2.5) were jointly dissolved in acetonitrile and initially
irradiated within the window of orthogonal reactivity (l =
480 nm), to investigate their orthogonal folding into SCNPs.
The SEC refractive index (RI) trace of the mixture shows a
maximum at 23.2 min elution time, which aligns with the
elution time of P2 (Fig. 2A, inset), and a shoulder at 24.2 min
aligning with the elution time of P1 (23.9 min, Fig. 2A, inset).

Importantly, the UV-vis detector trace recorded at 360 nm is
highly sensitive to P1 due to its significantly higher molar
extinction coefficient (2.5 � 104 L mol�1 cm�1 for trans-
pyrene-chalcone-MMA compared to 34 L mol�1 cm�1 for MB-
MMA at l = 360 nm), which can be used to monitor the changes
in the elution time of P1. Upon irradiation at 480 nm, the UV-
vis detector trace of the SEC showed a significant shift towards
later elution times, indicating the folding of P1 into SCNP1
upon intramolecular [2+2] photocycloaddition, substantiated
by the appearance of pyrene peaks of the photocycloadducts at
331 and 350 nm in the UV-vis spectrum after 15 min of
irradiation at 480 nm (Fig. S22, ESI†).32

The elution maximum of the RI trace assigned to P1,
however, did not shift towards longer elution times, only the
shoulder at later elution times assigned to P2 shifted. After
subsequent irradiation at 640 nm, the RI trace maximum
shifted by more than 1 min to 24.2 min, indicating the folding
of P2 into SCNP2, while the UV-vis trace did not shift any
further. These results indicate the orthogonal and complete
folding of P1 at the high energy wavelength without affecting
P2. Orthogonal folding in the reverse order of irradiation, i.e.
low to high energy, was subsequently investigated using an

Fig. 2 (A) RI size-exclusion chromatograms (SEC) and UV trace (detection
set to l = 360 nm) of P1, P2 and SCNP1 before and after irradiation at l =
480 nm (inset: separate elution times of P1 and P2). (B) RI SEC and UV trace
(UV detection set to l = 360 nm) of SCNP1 and SCNP2 after irradiation at
lmax = 625 nm following initial irradiation at l = 480 nm.
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identical mixture of P1 and P2 (ESI,† Section S3.2). Irradiation
at 640 nm led to the previously observed shift in RI trace
of 4 1 min, whereas the UV-vis trace remained unchanged,
indicating the selective folding of P2. Subsequent irradiation at
480 nm, yields no observable shift of the RI trace, however,
displays the previously observed shift of the UV trace indicating
the folding of P1 into SCNP1. The folding of P1 and P2 can thus
be independently induced within the determined orthogonality
windows as a function of wavelength and, importantly, in any
order. Notably, photocycloaddition reactions are strongly concen-
tration dependent. At the low concentrations of the dual-action
plot measurement, photoisomerization likely dominates the
observed depletion rather than photocycloaddition.27,38 However,
the recorded action plot shows the same reactivity maximum as
for the photocycloaddition and allows to determine the orthogon-
ality window for the selective photocycloaddition within P1,32

illustrating that the depletion serves as an effective proxy for
photocycloaddition.

In conclusion, we introduce a technique to simultaneously
map the wavelength-resolved photochemical reactivity of two
chromophores jointly present in the same reaction mixture by
following the change in their non-overlapping absorption spec-
tra, yielding a dual-photochemical action plot. The outcome is
critical for identifying a wavelength at which the more red-
shifted photochemical reactant remains photochemically
silent, while the blue-shifted reactant is activated, thus allowing
for orthogonal wavelength reactivity. We exemplify the power of
our dual photochemical action plot technique by pathway
independently folding two polymer chains carrying one of each
chromophore into single chain nanoparticles (SCNPs) from a
one-pot reaction mixture.
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