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ABSTRACT: We introduce a new photochemically active
compound, i.e., pyridinepyrene (PyPy), entailing a pH-active
moiety that effects a significant halochromic shift into orange-light
(λ = 590 nm) activatable photoreactivity while concomitantly
exerting control over its reaction pathways. With blue light
(λ = 450 nm) in neutral to basic pH, a [2 + 2] photocycloaddition
can be triggered to form a cyclobutene ring in a reversible fashion.
If the pH is decreased to acidic conditions, resulting in a
halochromic absorption shift, photocycloaddition on the small-
molecule level is blocked due to repulsive interactions and
exclusive trans-cis isomerization is observed. Through implementa-
tion of PyPy into the confined environment of a single-chain
nanoparticle (SCNP) design, one can overcome the repulsive
forces and exploit the halochromic shift for orange light (λ = 590 nm)-induced cycloaddition and formation of macromolecular
three-dimensional (3D) architectures.

■ INTRODUCTION

Photochemistry, essentially enabling life on our planet,1 has
evolved into a powerful tool in modern synthesis, featuring
versatility, efficiency, exquisite spatiotemporal control, and
mild reaction conditions.2−6 These factors make photo-
chemical reactions applicable in various research areas such
as three-dimensional (3D) printing,7,8 catalysis,9,10 and
biology.11,12 Shifting the activation wavelength of photo-
chemical reactions well into the visible-light regime is one of
the key challenges and main foci due to the considerable
increase of penetration depth through matter.13,14 Critically,
shorter wavelength light, in particular UV light, is known for
causing harm to biological environments,15,16 but can also
cause degradation of soft matter materials.17

To generate the desired red shift in light gated reactions, the
highest occupied molecular orbital−lowest unoccupied molec-
ular orbital (HOMO−LUMO) gap in a photoreactive
molecule must be lowered. Approaches such as the expansion
of the π-system through conjugation with extended aromatic
systems like styrene,18 pyrene,19 and quinoxaline have been
followed.20 Introduction of electron-pushing substituents such
as thiols21,22 and amides23 or electron-pulling groups such as
nitro-groups24 or halogens25,26 can furthermore red shift the
photoreactivity. In addition to adjusting the intrinsic molecular
design, the group of Bach successfully established an
alternative pathway of red-shifting activation energies. Through
addition of an aluminum-based chiral Lewis acid, the activation

wavelength of the intramolecular [2 + 2] photocycloaddition
was shifted and performed in a regio- and diastereoselective
manner.27 Other Lewis28 and Brønsted acids,29 organo-
catalysts,30 or simply protons31 have been exploited in a
similar fashion.
Importantly, photoreactivity also depends on the respective

excited electronic transitions as well as the surrounding
environment. If different excited states are populated through
a switch of activation wavelength, a change in relaxation
pathways can cause a change in the obtained photoproducts.32

When attached to macromolecular structures such as polymer
chains,33 crystals,34,35 or surfaces,36,37 the reaction kinetics and
λ-dependence of photoreactions can strongly differ from those
in solution. The photocycloaddition of styrylpyrene, for
example, can be triggered at significantly lower concentrations
and at a previously reported inaccessible wavelength when
contained in a polymer chain.38,39 In contrast, the reversion
triggered with UV light proceeds sluggishly due to an
unfavorable photostationary state.40
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Herein, we introduce the photochemistry of pyridinepyrene
(PyPy), which can be controlled by pH and its macro-
molecular environment. Through the decoration of a pyridine
moiety with a conjugated aromatic system containing a double
bond accessible to [2 + 2] photocycloaddition, a halochromic
system is established, opening highly defined reaction path-
ways. We investigate PyPy’s photochemistry at variable pH
regimes (acidic, neutral, and basic) and within a wide
wavelength regime (360−620 nm). Furthermore, we utilize
the impact of a confined environment within a single polymer
chain to induce a change in the reaction pathway, which
enables orange-light-induced photocycloadditions.

■ RESULTS AND DISCUSSION
(E)-Pyridinepyrene ((E)-PyPy, Figure 1, violet) is pale yellow
in solution (acetonitrile (ACN), c = 0.01 mM) and has its
absorption maximum at λ = 373 nm with a strong blue
fluorescence (λmax = 458 nm).

When protonated, (E)-pyridinepyreneH+ ((E)-PyPyH+, blue)
is formed, establishing an electron-deficient push−pull system,
resulting in a significant red shift to a new maximum of
λ = 440 nm. In addition, a strong yellow coloration of the
solution occurs as well as an even stronger shift in its
fluorescence (λmax = 598 nm). Interestingly, the maximum
molar absorptivity decreases by 25% going from (E)-PyPy (ε =
42 550 L mol−1 cm−1) to (E)-PyPyH+ (ε = 31 800 L mol−1

cm−1) and an additional absorption band is observed in the
protonated state (λmax = 395 nm). Due to its halochromic
characteristics, (E)-PyPy can undergo two reaction pathways
when irradiated, controlled by pH. In neutral conditions,
irradiation with blue LED (λmax = 450 nm) induces
cycloaddition, yielding different regioisomers of cyclobutane
(Dim-PyPy, green) (Scheme 1). This process is reversible, as
the cycloreversion can be activated when irradiated with a UV
lamp (λmax = 360 nm). However, if the pH is lowered and (E)-

PyPyH+ (blue) is formed, irradiation is unable to induce
photocycloaddition, blocking this reaction pathway. Instead,
photoisomerization occurs and (Z)-pyridinepyreneH+ ((Z)-
PyPyH+, orange) is generated. (Z)-PyPyH+ is also locked in the
protonated state and can only be converted to Dim-PyPy
when deprotonated and irradiated with blue light.
We investigated the above-described reaction pathways in-

depth using liquid chromatography-mass spectrometry (LC-
MS) and 1H NMR spectroscopy (Figure 2). Specifically, (E)-
PyPy eluates at 8.6 min in the LC chromatogram (Figure 2)
and is associated with a significant double-bond resonance at
δ = 8.67 and 8.45 ppm. When irradiated in neutral conditions
(c = 5 mM, ACN, deoxygenated) with a blue LED
(λmax = 450 nm, 10 h), five products are observed in the
crude LC chromatogram (top row). The signals at retention
times of 9.0 min (10% of cycloadducts), 9.5 min (37% of
cycloadducts), and 10.3 min (53% of cycloadducts) belong to
the different regioisomers of Dim-PyPy (refer to Figure S26
for all isomers and their geometry), yielding an overall
conversion of more than 94%. Less than 2% (Z)-PyPy (8.1
min) and 4% of unconverted (E)-PyPy (8.6 min) are detected
as minor side products. In the corresponding 1H NMR spectra,
the isolated isomer Dim-PyPy-I (9.5 min, syn head-to-tail) is
associated with its characteristic cyclobutane resonances at δ =
5.93 and 5.12 ppm.38 We determined the quantum yield for
the cycloaddition as ϕdimer (%) = 0.19 ± 0.03 (refer to the
Supporting Information section 3.9). In contrast, if (E)-
PyPyH+ (c = 5 mM, ACN, 10 eq. trifluoroacetic acid (TFA),
deoxygenated) is irradiated with a green LED (λmax = 525 nm,
10 h), (Z)-PyPyH+ is the only product (yield 80%). This is
apparent by the LC elution peak at 8.1 min as well as the Z-
double-bond resonances in the 1H NMR spectrum at δ = 7.68
and 6.95 ppm. Herby, the isomerization can also be conducted
in a catalytic fashion with 5 mol% acid leading to the same
isomeric pattern after irradiation (Figure S46). The quantum
yield for the isomerization was determined as ϕE−Z (%) =
14 ± 2 (refer to the Supporting Information section 3.9).
Remarkably, the UV−vis spectrum of the Z-isomer displays
significant pyrene bands (Figure S1), an indication of the
weaker conjugation within the push−pull system.
After neutralization, (Z)-PyPy was irradiated with a blue

LED (λmax = 450 nm) to promote dimer formation. As a result,
a notably different pattern of the cyclobutane regioisomers is
observed. Dim-PyPy-II (10.3 min, syn head-to-head, 60% of

Figure 1. Top: Structure of (E)-PyPy (violet) and its protonated
counterpart (E)-PyPyH+ (blue). Bottom: UV−vis absorption (solid
lines) and fluorescence spectra (λ = 350 nm, dashed lines) of the
respective species. Pictures of the solutions in basic and protonated
states at c = 0.01 mM as well as under a UV lamp (λ = 360 nm).

Scheme 1. Overview of PyPy Reaction Pathwaysa

aAccessible and locked reaction pathways of pyridinepyrene (Py,
pyrene).
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cycloadducts) is the main product, evident in the 1H NMR
spectrum (cyclobutane resonances at δ = 4.95 and 4.55 ppm).
Additionally, the yield of Dim-PyPy-III (anti head-to-tail)
increased noticeably to 25%, followed by a decrease of Dim-
PyPy-I to merely 15%. This indicates that Dim-PyPy-I is
exclusively accessible from the trans state. Thus, via specific
pathways, we can manipulate the regioisomer ratios of the
[2 + 2] photocycloaddition. To evidence reversibility of the
system, a series of experiments was conducted to form the
dimer and reverted it with UV light (λmax = 360 nm) (Figures
S3 and S41−43). To further investigate the photochemically
induced isomerization process of (E)-PyPyH+ to (Z)-PyPyH+,
six solvents were screened for conversion to the Z-isomer. The
isomerizations were conducted with solutions of c = 5 mM in
the respective solvents, under deoxygenation and irradiation
for a period of 16 h with a green LED (λmax = 525 nm). The
resulting yields of (Z)-PyPyH+ ranged from 54% (tetrahy-
drofuran (THF)) to 85% (dimethyl sulfoxide (DMSO))
(Table S1). These substantial differences are potentially useful
for tuning of material properties.41 The obtained isomers were
tested for photochemical, mechanical, and thermal reversibility
in acidic and neutral conditions. If heated (60 °C, 24 h) or
sonicated (2 h), the isomer ratio did not change. Irradiation
with UV light (λ = 350 nm) led to minor reversion in the
protonated case (80/20 to 60/40 Z/E) and showed good
reversibility in the deprotonated (Z)-PyPy (30/70 ratio Z/E
after UV-light irradiation, Figure S45).
Due to the significant red shift in the protonated state, the

lowest possible energy for activation of the isomerization in
acetonitrile was explored. Specifically, a set of wavelengths
ranging from λ = 550 to 620 nm was screened for reactivity,
using a tunable laser setup. Remarkably, reactivity could be
observed up to λ = 620 nm, corresponding to orange light
(Figure S2). It is also evident that the reactivity decreases for
wavelengths above λ = 560 nm.
To prove our hypothesis that the confined environment of a

single polymer chain can overcome the restrictions hindering

photocycloaddition in the protonated state, a PyPy containing
monomer was designed (M1, Scheme S1) and incorporated
into a pMMA copolymer via RAFT polymerization. The
obtained polymer (PyPyP) has a molecular weight of
16 200 g mol−1 and a dispersity of D = 1.3. On average, 13
PyPy units are incorporated (Section S2), corresponding to
6−7 possible intramolecular cross-linking points. Initially, we
focused on the established photocycloaddition in neutral
conditions and investigated the folding behavior of this linear
polymer into a single-chain nanoparticle (SCNP) with blue
light (Figure 3A). Therefore, a solution of the polymer (c = 0.1
mg mL−1) in tetrahydrofuran (THF) was prepared, deoxy-
genated, and irradiated with a blue LED (λmax = 450 nm). The
progress of the reaction was followed via UV−vis spectroscopy
and size-exclusion chromatography (SEC) (Figure 3B/C).
Rapidly (approx. 640 s), the reaction proceeds to completion,
evidenced by the decrease in the main absorbance peak of the
PyPy absorption at λ = 378 nm and the increase of the distinct
pyrene bands with their maxima at λ = 330 and 350 nm. A
clean reaction is observed, evidenced by the three isosbestic
points of the photoreaction at λ = 288, 316, and 356 nm. The
high local concentration and preorganization of the aromatic
units within the polymer chain is likely responsible for the
rapid reaction rate. In addition, the resulting intramolecular
cross-linking of the polymer chains can be confirmed by the
contraction of their hydrodynamic volume. As depicted in
Figure 3C, with reaction time, the elution time in the SEC
increases, caused by an increased number of intramolecular
chain cross-links and the associated decrease of the hydro-
dynamic volume. Overall, the apparent molecular weight Mn
decreased from 16 300 to 14 100 g mol−1. In addition,
diffusion-ordered NMR (DOSY, SI S3.2 and its appendix)
measurements were conducted, demonstrating a decrease in
the hydrodynamic radius from RH = 2.98 ± 0.02 to 2.14 ± 0.04
nm (28% contraction).
Next, we investigated whether the halochromic shift of the

protonated moiety can be exploited to initiate photo-

Figure 2. (left) LC chromatograms and (right) 1H NMR spectra of the light-induced reaction pathways of pyridinepyrene (violet) (E)-PyPy.
Irradiation with blue-light LED (λmax = 450 nm) in neutral pH affords Dim-PyPy-I (green, LC of the crude reaction mixture, 1H NMR of isolated
Dim-PyPy-I). (E)-PyPy is irradiated with a green LED (λmax = 525 nm) in acidic conditions to form (Z)-PyPyH+ (orange). (Z)-PyPyH+ is
neutralized to (Z)-PyPy and irradiated with blue-light LED (λmax = 450 nm) to form Dim-PyPy-II (green).
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cycloaddition in the proximity of confined environments
(Figure 3D). Thus far, in charged systems established by
Whitten42,43 and Yamada,44 [2 + 2] photocycloaddition of
charged moieties only occurred in the solid state or at very
high concentrations above 1 M. As before, a solution of PyPyP
(THF, c = 0.1 mg mL−1) was acidified using 4 M HCl in
dioxane (10 eq.), followed by deoxygenation. Subsequently,
the solution was irradiated with a green LED (λmax = 525 nm)
and the reaction’s progress was followed by in situ UV−vis and
SEC (Figure 3E/F). The reaction proceeded very similarly to
the neutral case with a decrease of the maximum absorption
band at λ = 440 nm and the appearance of new pyrene bands.
Critically, the reaction rate decreased considerably compared
to the folding in neutral pH. Alternatively, the changed
preorganization within the SCNP due to the present charge
may cause the rate change. It is further evident that the shape
of the resulting pyrene absorption band varies from the pyrene
band observed during neutral folding. Yet, this can be
overcome through neutralization of the solution, after which
the product UV−vis appears as expected (Figure S4).
The change in hydrodynamic volume followed via SEC

analysis displays a stepwise increase of elution time with
proceeding reaction time. Overall, the apparent Mn decreased
from 16 300 to 13 250 g mol−1. DOSY analysis confirms this
contraction, yielding a hydrodynamic radius of RH = 2.17 ±
0.08 nm (27% contraction). The 1H NMR spectra of the
respective folded polymers (Figure S5) show cyclobutane
resonances in the same regions (δ = 6.6−4.8 ppm), most likely
corresponding to the different regioisomers. However, the ratio
of the isomers varies in both polymers, indicating an impact of
the pH on the selectivity for certain isomers. Whereas Dim-

PyPy-I appears in the SCNP folded under neutral conditions
(δ = 6.05−5.95 and 5.45−5.30 ppm), in the acidic folded
SCNP, this isomer is significantly less favored. This could be
explained by the foregoing PyPy isomerization followed by
photocycloaddition due to the substantial decrease in the
reaction rate, as previously demonstrated (Figure 2).
To assess whether the pH is truly responsible for the

accessibility of the reaction with green light, the polymer was
irradiated in neutral conditions in the same setup. Even after 2
h of irradiation, no change in the UV−vis or SEC was observed
(Figure S6), proving the necessity of the protonation for
halochromic photoreactivity. We subsequently examined
whether light of a longer wavelength than green can induce
photocycloaddition. Therefore, the irradiation of the proto-
nated PyPyP was performed using an orange LED (λmax =
590 nm). With a very slow reaction after four days of
irradiation, a clear shift in the SEC traces as well as the
appearance of pyrene bands in the UV−vis was observed,
proving the reactivity at these high wavelengths (Figure S7).

■ CONCLUSIONS

In conclusion, we establish a new halochromic photoreactive
molecule, pyridinepyrine (PyPy), with controllable reaction
pathways depending on the pH and environment. PyPy can be
reversibly dimerized in its unprotonated state with blue light/
UV light. In contrastwhen protonatedwavelengths up to
λ = 620 nm induced isomerization ((E)-PyPy to (Z)-PyPy).
We explored the impact of the double-bond stereochemistry
on the resulting dimer regioisomers and were able to
manipulate their ratios depending on the chosen pathways.
Importantly, we transfer the photochemistry to a single-chain

Figure 3. Folding of photoreactive chains into single-chain nanoparticles (SCNPs) via blue and green light. A Schematic drawing of
photocycloaddition with blue light and neutral pH. B In situ UV−vis of PyPyP photocycloaddition in neutral conditions (THF, 0.1 mg mL 1).
C THF-SEC traces as a function of time mapping the folding process induced by a blue LED (λmax = 450 nm) (UV trace at λ = 356 nm). D
Schematic representation of the photocycloaddition of PyPyP in acidic conditions. E In situ UV−vis of PyPyP photocycloaddition in acidic
conditions (THF, 0.1 mg·mL 1). F THF-SEC traces as a function of time following the folding process induced by a green LED (λmax = 525 nm)
(UV trace at λ = 356 nm).
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nanoparticle and successfully formed a 3D architecture in both
neutral and acidic conditions, illustrating environmental
confinement effects allowing the photoreaction to proceed
under exceptionally mild wavelengths.
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