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Herein we introduce a photoreactive chalcone moiety that can be synthesized at a scale of several grams
with ease, and efficiently undergoes a [2 + 2] photocycloaddition with light up to just below 500 nm as
determined by an action plot. The peak chalcone reactivity is at 440 nm which is red-shifted by 25 nm
compared to the absorption maximum at 415 nm. The chalcone was attached to a RAFT agent enabling
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reversible deactivation radical polymerization. The resulting polymer subsequently took part in a photoli-
gation triggered by light from an LED centered at 505 nm. Thus, we introduce a chalcone that is capable
of overcoming the synthetic disadvantages associated with styrylpyrenes and can readily undergo [2 + 2]
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Introduction

Tunable materials exhibit properties that can be adapted in
response to external stimuli, and are highly desired in many
applications, ranging from inks> and coatings® to biomedical
materials.? A variety of triggers can be used to alter materials
such as temperature, pH, light and even magnetic fields.”

Light is a powerful tool to modify material properties due
to its precise spatio-temporal control, compared to thermally
controlled processes. An additional degree of control arises
from wavelength-specific activation of specific reactive moi-
eties. Furthermore, light is a non-invasive trigger and, relative
to a chemical trigger, does not leave residues or contaminants®
in the material. A variety of light sources are readily available,
including conventional filaments or arc lamps, LEDs, lasers,
and even chemiluminescence.”

[2 + 2] Photocycloadditions have been used in a range of
applications due to their versatility and efficiency as well as
their tolerance to a wide range of reaction conditions.*’ [2 + 2]
photocycloadditions are typically highly selective and most are
catalyst-free, making them an attractive class of photoreactions
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photocycloadditon with visibile light.

to apply to the design of adaptable materials.'>"" However, a

major drawback of the traditional library of [2 + 2] photocy-
cloadditions is the requirement of UV light to initiate the reac-
tion, which severely limits their applications due to potential
photodamage to biological or chemical matrices and a very
short penetration depth.'>'* Photoreactions that can be trig-
gered in the visible spectrum are highly sought-after for bio-
logical applications, as these wavelengths can penetrate the
cell matrix without lasting negative impacts on the cells.
Consequently, in recent years, significant efforts have been
directed towards identifying reactions triggered by visible light
for drug delivery systems and as modulators to investigate the
biochemical signaling cascade.™*

The visible-light mediated [2 + 2] cycloaddition of styrylpyr-
ene was initially reported in the 1980s,"> but was recently
rediscovered and found a wide range of applications as a result
of its benign activation wavelength (4 = 430 nm)."7'%'%'”
However, large-scale applications of styrylpyrene are impeded
by synthetic challenges. Indeed, functional styrylpyrenes
are only obtained in relatively low yields and require
expensive precursors preventing a straightforward upscaling
(Scheme 1).%7'%'%"'® T overcome the synthetic limitations of
styrylpyrenes, a visible light reactive pyrene-chalcone (Py-chal)
has recently been developed, which can be scaled to produce
several grams of material with ease.””*' While the Py-chal has
proven its potential as a wavelength-gated binding site,”*>" an
in-depth study of its photoreactivity has not been conducted
thus far.

Over the past decade, our group has worked intensively to
explore the wavelength-resolved covalent bond forming photo-
chemistry of a wide array of reactions and discovered that the
absorbance profile and reactivity of a photoreactive moiety do
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Scheme 1 Schematic comparison between styrylpyrene® and Py-chal,
listing the overall required number of synthetic steps, yield and price per
gram of each pyrene monomer, starting from commercial reagents. All
prices were sourced from Sigma Aldrich®, quoted in Australian dollars,
and were accurate at the time of publication.

not always coincide. In other words, the wavelength at which
maximum reactivity is observed is often offset by tens of nano-
meters relative to the absorption maximum."**?** Using the
concept of so-called ‘action plots’, the wavelength-dependent
substrate conversion is experimentally mapped. This mapping of
wavelength-dependent reactivity of the Py-chal chromophore is
prerequisite knowledge for harnessing its photochemical reac-
tions, allowing reactivity under the mildest possible conditions
and the exploitation of wavelength-orthogonal chemistries.

Herein, we probe the photoreactivity of Py-chal via an
action plot to determine the mildest possible conditions (i.e.,
longest wavelength irradiation) that can be applied for efficient
polymer end group functionalization. The findings of the
current study provide the required insights to exploit the Py-
chal chromophore more widely.

Results and discussion

Styrylpyrene undergoes a [2 + 2] photocycloaddition over a
limited visible light range,"'*'°® and has the synthetic dis-
advantage of limited yields. In contrast, synthesis of Py-chal is
achieved on a multi-gram scale in 2 steps with relatively in-
expensive and commercially available reagents in high yields
(>95% across two steps). The first step involving a Williamson
etherification readily produced over 20 g of product (ESL} M1
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and M4, yield = 98%), and the second step involving a
Claisen-Schmidt condensation yielded close to 10 g of product
(ESL M2 and M5, yield >95%). As such, we were able to syn-
thesize several grams of product at once with relative ease,
making Py-chal a very easily scalable chromophore.

UV-vis absorbance and kinetic data

While our group has previously established that Py-chal forms
photodimers at 415 nm, the detailed photo-characteristics of
the chalcone and products are established herein.*®" Firstly,
the absorbance of Py-chal was recorded in a range of solvents
to determine if there is a significant shift of the absorption
characteristics in different reaction environments (ESI,
Fig. 271). The maximum molar extinction coefficient of the
chalcone varies by 10-15% depending on the dielectric con-
stant of the solvent. The Py-chal was also found to exhibit
strong green fluorescence when excited with blue or UV light
(¢ = 0.11, Amax = 496 nm, ESI, Fig. 287).

The [2 + 2] photocycloaddition of Py-chal (415 nm, Fig. 1A)
and its photocycloreversion (UV-B, Fig. 1C) were followed over
time via UV-vis spectroscopy. The characteristic absorbances of
Py-chal at 390 nm and 415 nm diminish when it is converted
to the photodimer as the pyrene chromophore is deconjugated
from the benzoyl system. In the photodimer, (Py-chal),, the
characteristic absorbances of pyrene at 335 nm and 353 nm
are prominent. However, since the photodimerization proved
to be a clean reaction according to "H NMR spectroscopy (ESI,
Fig. 14t) and the clean isosbestic point of the UV-vis profiles,
the absorbance of the reaction mixture at any given wavelength
is merely the sum of the absorbances of the monomer and
dimer. Therefore, the dimer was isolated to determine its
molar extinction coefficient, after which least a squares fit of
the individual extinction coefficients to UV-vis spectra allowed
for quantification of the concentration of each of the com-
pounds as a function of time (ESI,{ Extraction of kinetic data
from UV-vis data).

Fig. 1(A and B) indicates that the forward reaction proceeds
to near-completion within 12 min of irradiation with a 415 nm
LED. The peaks at 390 nm and 415 nm decrease, and the
characteristic pyrene absorbance of the cycloadduct appears
prominently at 335 nm and 353 nm. In contrast—according to
the UV-vis data—the cycloreversion of the dimer is much
slower and even after 180 min of irradiation with UV-B light,
only ~75% of the dimer has been reverted to the monomer
(Fig. 1C and D) (ESI, UV-B reactions). We propose that this is
due to the photostationary state as UV light can induce both
the forward and reverse reactions of Py-chal, thus the rate and
conversion of the reverse reaction are likely impeded by the
competing forward reaction.>*?>

Action plot and wavelength resolved reactivity

To fully exploit the reactivity of the chalcone, it is critical to
establish the optimum dimerization wavelength and establish
its wavelength dependent reactivity. In prior studies, we have
quantitatively established that the maximum reactivity does
not necessarily coincide with the maxima of the absorption

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (A) Py-chal in DCM (14 mM) and degassed with argon for 10 min before being irradiated with a 10 W LED (1yax = 415 nm). The mixture was

characterized via UV-vis spectroscopy measurements spanning across 12 min. The characteristic chalcone peaks at 390 and 415 nm decrease over
time while the two pyrene peaks at 335 and 353 nm, increase. (B) The concentration of Py-chal and (Py-chal), over time during the forward reaction
shows the gradual depletion of the monomer and concomitant increase in the dimer concentration over time. (C) (Py-chal), (DCM, 7 mM) was irra-
diated with UV-B light to revert it to the monomer and the sample was monitored with UV-vis spectroscopy over 180 min. The pyrene peaks at 335
and 353 nm decrease and the chalcone peaks at 390 and 415 nm simultaneously increase indicating conversion back to the monomer. Conversion
was incomplete over the 180 min as indicated by residual pyrene peaks. (D) The concentration of the monomer and dimer over time during the

reverse reaction shows the gradual depletion of the dimer and increase in the concentration of the monomer over time under UV-B light.

band.! Rather, peak reactivity is often red-shifted relative to
the absorption maximum.

A so called ’action plot’ analysis employs a tunable laser to
investigate the wavelength dependent reactivity of a photo-
active moiety. It is imperative that the photoreactions con-
ducted at different wavelengths maintain an identical photon
count, while keeping other factors, such as concentration,
solvent, and temperature constant. For these measurements,
the chalcone was dissolved in deuterated acetonitrile (1 mmol
L™") and irradiated with monochromatic laser light at a range
of wavelengths between 300 and 500 nm.

The resulting conversion from monomer to photodimer
was determined via "H NMR spectroscopy. The integral of the
resonance at § = 8.92 ppm, which is assigned to one of the
alkene protons of Py-chal (Fig. 4 (top) proton 8) relative to an

This journal is © The Royal Society of Chemistry 2021

internal standard (1,3,5-trimethoxybenzene), was used to
determine the depletion of the monomer and quantify reactiv-
ity at each wavelength. The resonances at § = 5.15 and ¢ =
5.35 ppm correspond to the protons of the cyclobutane ring in
the primary cycloadduct (ESI, Fig. 141). The depletion of the
monomer relative to the wavelength of irradiation for Py-chal
is presented in Fig. 3.

The action plot indicates that the highest reactivity was
obtained at 440 nm (61% conversion for 18 pmol of photons).
The full conversion of Py-chal when irradiated with monochro-
matic light at 440 nm gives a single isomer as the major photo-
product with some evidence of a very minor product (Fig. 2).
The longest wavelength at which any reactivity is still observed
is 490 nm. Towards the shorter wavelength regime, the reactiv-
ity does not decrease below 15% (at 360 nm). As both the

Polym. Chem., 2021,12, 4903-4909 | 4905
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Fig. 2 *H NMR spectrum of the photodimer (Py-Chal), in deuterated
acetonitrile after irradiation with monochromatic light at 440 nm. The
minor 'H resonances highlighted in orange boxes suggest the formation
of a potential minor photodimer. 1,3,5-Trimethoxybenzene was
employed as an internal standard.

forward and reverse reactions are initiated by UV light, these
are expected to compete at these shorter wavelengths, ulti-
mately leading to a photostationary state.>*>*

The action plot for Py-chal confirms that the photochemical
reactivity and absorbance are not necessarily congruent. The
peak reactivity occurs at 440 nm, which is red shifted by 25 nm
compared to the absorption (4. = 415 nm). We suggest that
the bathochromic shift in reactivity is, in part, due to the lower
molar absorptivities and therefore increased penetration
depths at long wavelengths.?® For example, >99% of the inci-
dent light is absorbed within the first millimeter of the sample
for wavelengths <440 nm (ESI, Fig. 3f). With no stirring
mechanisms, the only mixing of the sample solution during
the reaction will be due to diffusion, likely leading to an
under-reporting of the conversions in this wavelength region.
In addition, in earlier studies we have hypothesized that
conical intersections might allow transitions to occur more
efficiently in regions of low absorptivity.”® This red-shifted
reactivity can be advantageous in biological applications, for
example, as it is less likely to produce unspecified photodam-
age to the biological matrix.”*>”~3°

Reactivity and end group modification at 505 nm

According to the action plot for the [2 + 2] photocycloaddition,
the longest wavelength at which there is still significant reac-
tivity is 490 nm. The dimerization of the Py-chal monomer was
tested by irradiating a solution of deuterated acetonitrile
(1.42 mM) with a green LED centered (4pax = 505 nm, Fig. 3)
for three days. '"H NMR spectroscopic analysis of the product
mixture showed near-quantitative conversion of the monomer
to the dimer (Fig. 4). These results confirm that the Py-chal
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Fig. 3 Action plot of Py-chal, where conversion was determined by the
depletion of monomer (black squares) and plotted against the absor-
bance spectrum of Py-chal (red line, inset at top-left shows zoomed in
molar extinction at 490 nm). The chalcone monomer was irradiated with
18 pmol of photons from a tuneable laser at each wavelength in deute-
rated acetonitrile (1 mmol L™%). The conversion was determined via *H
NMR spectroscopy using the integral of the Py-chal double bond reso-
nance at § = 8.93-8.95 ppm in deuterated acetonitrile (600 MHz). The
normalized emission spectrum of the 505 nm green LED (green curve)
shows that it emits light in the 490 nm region, where the most red-
shifted reactivity of Py-chal is observed.

91 Hz? ACN

5/ ppm

Fig. 4 'H NMR of Py-chal [top] and (Py-chal), [bottom] in deuterated
acetonitrile illustrating the near-quantitative conversion of Py-chal into
(Py-chal), after irradiation with a green LED (1nax = 505 nm) for three
days.

photodimerization is one of the few current examples of cata-
lyst-free photocycloadditions that can be induced by green
LED irradiation.

To translate the green light activated [2 + 2] photocycloaddi-
tion of Py-chal into the realm of polymer chemistry, Py-chal-

This journal is © The Royal Society of Chemistry 2021
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terminated poly(methyl methacrylate) (PMMA, P1/, ESIY
Synthesis of P1') was synthesized via reversible addition-frag-
mentation chain transfer (RAFT) polymerization with a chain
transfer agent containing the chalcone unit (M7, ESIT
Chalcone RAFT CTA).>' The successful synthesis of P1 also
demonstrates the ability of Py-chal to survive radical polymeriz-
ations at elevated temperatures. The benzodithioate moiety of
P1' (M, = 3.2 kg mol™', M,, = 4.1 kg mol™", P = 1.3) was sub-
sequently oxidized (P1) to prevent any further reaction between
the sulfur groups in the RAFT agents, such as the formation of
disulfide bonds, which could alter the molar mass distri-
bution.*” The polymer was finally irradiated with a green LED
(Amax = 505 nm) in a solution of deuterated acetonitrile con-
taining a five-fold excess of free Py-chal before being character-
ized via Size Exclusion Chromatography coupled with Electron
Spray Ionisation Mass Spectrometry (SEC-ESI-MS) (Fig. 5).

The end group fidelity of the polymer was characterized
before and after irradiation via SEC-ESI-MS to detect the
dimerization of the end group chalcone with the free chalcone.
The isotopic pattern of the macromolecule containing 17
MMA units was simulated before and after the end group lig-
ation and compared to the measured mass spectra to deter-
mine whether the ligation was successful. The isotopic pattern

o
| N

; O

40000000 —— 0 days at 505 nm

—— 3 days at 505 nm
30000000

20000000 ~

10000000 - A
0 1 ‘A A

1
2284 2285 2286 2287 2288 2289 2290 2291
m/z

Absolute abundance

§ 7000 Simulation P1
% 6000 - Imulation 5

? 5000 17 MMA repeat units

-Q 4000 -

g 3000 -

§, 2000

8 1000 - l

0 T T T T T i

2284 2285 2286 2287 2288 2289 2290 2291
m/z

View Article Online

Paper

of P1, evident in the pre-irradiated solution, is absent in the
post-irradiation polymer (Fig. 5). Extracted ion chromatograms
(XIC) of the reaction mixture before and after irradiation
(Fig. 6) show a significant shift toward earlier elution times as
a result of green light irradiation. It is well known that chroma-
tographic fractions corresponding to higher molar mass elute
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Fig. 6 XIC traces of the polymer with 17 MMA repeat units in the start-
ing material and product shows that the product elutes before the start-
ing material. The earlier elution time indicates that the product is larger
than the starting material, which signifies the successful end group lig-
ation of the terminal chalcone after irradiation with a green LED (Aax =
505 nm) for 3 days.
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Fig. 5 (A) Extract of mass spectrum showing the peaks associated with the starting polymer (P1) in the mixture before ligation [top], which disap-
pear completely after ligation and [Bottom] the simulation for the polymer with 17 MMA repeat units. (B) Extract of mass spectrum showing the
peaks associated with the end-group modified product polymer (17 MMA repeat units) (P2) in the mixture after the photoligation [Top] as well as the
identical mass range of the starting material for comparison, showing the appearance of product distinctly after the ligation reaction. [Bottom]

Simulation of the polymer mass spectrum for the photoligated product.

This journal is © The Royal Society of Chemistry 2021
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faster than that with a lower molar mass, providing strong evi-
dence that the product P2 is formed.** Therefore, the compari-
son of the SEC-ESI-MS polymer profiles and XIC traces before
and after the photochemical reaction shows that the polymer
end group modification via [2 + 2] photocycloaddition with
green light was successful.

Conclusions

Based on an in-depth study of the photochemical reactivity of
a pyrene chalone moiety Py-chal, we demonstrate that its
photodimerization is activated with wavelengths up to 490 nm.
The most efficient wavelength for Py-chal photodimerization,
was 440 nm, which is red-shifted by 25 nm relative to its
absorption maximum. As a result of the photoreactivity, a
quantitative photodimerization of Py-chal yielding (Py-chal),
was achieved using commercially available green LEDs cen-
tered around 505 nm. The photoreactive chalcone moiety was
subsequently attached to a RAFT agent (M7), which was
employed in a reversible deactivation radical polymerization of
PMMA to afford chalcone-terminated polymer P1. Under green
LED irradiation, the chalcone moieties of P1 were readily avail-
able for post-polymerization end group functionalization with
Py-chal yielding P2. In summary, we demonstrate Py-chal to be
efficient under mild photochemical conditions and accessible
in high yields with relatively inexpensive starting materials,
making it a viable candidate for biological applications.
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