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We herein pioneer the visible light (A,.x = 410 nm) mediated flow synthesis of catalytically active single-
chain nanoparticles (SCNPs). Our design approach is based on a copolymer of poly(ethylene glycol)
methyl ether methacrylate and a photocleavable 2-((((2-nitrobenzyl)oxy)carbonyl)amino)ethyl
methacrylate monomer which can liberate amine groups upon visible light irradiation, allowing for
single-chain collapse via the complexation of Cu(i) ions. We initially demonstrate the successful

applicability of our design approach for the batch photochemical synthesis of Cu(i) SCNPs and transfer
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Accepted 14th August 2024 the concept to photoflow conditions, enabling, for the first time, the continuous production of
functional SCNPs. Critically, we explore their ability to function as a photocatalyst for the cleavage of

DOI: 10.1039/d4sc03079¢ carbon-carbon single and double bonds on the examples of xanthene-9-carboxylic acid and oleic acid,
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Introduction

Single-chain nanoparticles (SCNPs) are functional 3D architec-
tures constructed via the intramolecular collapse of synthetic
macromolecular chains, which mimic the folded state of
natural enzymes.'” In recent years, a plethora of approaches
have been explored to achieve this intramolecular chain
collapse based on covalent®?® or non-covalent®* interactions.”
The folding units can either be randomly distributed along the
polymer chain (repeat unit folding) or be located at predefined
positions (selective point folding).*

Taking inspiration from naturally occurring metal-
loenzymes, our groups and others have focused on the synthesis
of metal functionalized SCNPs, allowing to synergistically
combine the tunable characteristics of polymeric materials with
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demonstrating the advantageous effect SCNPs can provide over analogous small molecule catalysts.

the diverse functionalities of metal complexes.>®*** Exploiting
the unique opportunities provided by the SCNP environment in
catalytic applications has been a major driving force of the
field*** and detailed overviews can be found in the recent
literature.?”55*

However, to prevent intermolecular crosslinking throughout
SCNP synthesis, the chain folding reactions usually require
highly dilute conditions, often significantly below 1 mg mL™",!
thus limiting the scalability of SCNP synthesis, and conse-
quently the applicability of SCNPs in general. To overcome the
scalability problem, flow synthesis - allowing for the contin-
uous production of SCNPs - is highly desirable. In general, flow
chemistry has found a variety of applications in organic and
polymer synthesis and offers significant advantages in terms of
facile scalability and pathways towards commercial
production.”**® In the realm of SCNPs, the groups of Barner-
Kowollik and Diesendruck have demonstrated for the first
time how transferring a photochemical batch reaction to pho-
toflow conditions can significantly enhance the efficiency of the
process, thereby opening a route to access SCNPs on the gram
scale.”® However, despite the conceivable advantages offered by
flow approaches for SCNP synthesis, to the best of our knowl-
edge, no efforts have been undertaken yet to synthesize func-
tional SCNPs under flow conditions.

An ideal system for the flow synthesis of SCNPs allows the
mixing of the linear precursor polymer and crosslinker without
any immediate initial reaction occurring, thus enabling the
simple preparation of one single reaction mixture to be sub-
jected to flow synthesis. During flow synthesis, a suitable trigger
must activate either the precursor polymer or the crosslinker,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thereby inducing the single-chain collapse. While different
triggers are conceivable, including but not limited to thermal,
electrochemical or photochemical stimuli, our groups are
particularly interested in using light to access highly functional
tailor-made macromolecular architectures as light efficiently
enables high spatiotemporal control chemical
reactions.”*>

The single-chain collapse approach usually used for the
synthesis of catalytically active, metal-functionalized SCNPs is
based on the coordination of Lewis basic functional groups
incorporated in the polymer chain to metal cations. To transfer
the approach to flow photochemistry, the Lewis basic groups
within the linear precursor polymer need to carry protecting
groups®~° to enable mixing with a metal precursor without any
immediate reaction occurring. Thus, a copolymer featuring at
least one photobasic comonomer constitutes an ideal system
for the photoflow synthesis of metal-functionalized single-chain
nanoparticles.

Based on these considerations, we herein target a critical gap
in the literature by introducing the first synthesis of catalytically
active SCNPs under photoflow conditions. Our design approach
is based on a poly(ethylene glycol) methyl ether methacrylate
polymer backbone, copolymerized with a photocleavable 2-((((2-
nitrobenzyl)oxy)carbonyl)amino)ethyl methacrylate monomer,
which can liberate amine groups upon visible light irradiation,
allowing single-chain collapse by complexation of Cu(u) ions via
the liberated amines. Initially, we investigate the photochemical
response of the photolabile monomer following our well-
established photochemical action plot methodology.”"”> Based
on the insights gained from the action plot, we show the
successful applicability of our concept in batch SCNP synthesis
and subsequently demonstrate its transferability to flow
conditions using a commercially available photoflow reactor.
Critically, we explore the catalytic performance of the resulting
Cu(ir) SCNPs for the visible light photocatalyzed cleavage of C-C
single and double bonds on the examples of xanthene-9-
carboxylic acid and oleic acid, demonstrating the advanta-
geous effect the SCNP environment can provide compared to
similar small molecule catalysts.

over

Results and discussion
Monomer photochemical action plot

We initially probed the wavelength dependent cleavage
response of the literature-known monomer 2-((((2-nitrobenzyl)
oxy)carbonyl)amino)ethyl methacrylate, which can liberate
Lewis basic amine groups upon light irradiation,”>”® via our
photochemical action plot methodology.””> While the photo-
chemical behaviour of a monomeric system is not necessarily
identical to its polymeric counterpart, the investigation of the
monomer can still provide valuable insights.” The photo-
chemical action plot obtained for 2-((((2-nitrobenzyl)oxy)
carbonyl)amino) ethyl methacrylate in acetonitrile in the
wavelength range between 230 nm and 440 nm is shown in
Fig. 1 (refer to ESI Chapter 37 for details).

It is evident that the wavelength dependent reactivity pattern
is red-shifted by about 50 nm compared to the extinction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photochemical action plot of the photocleavage of 2-((((2-
nitrobenzyl)oxy)carbonyl)amino)ethyl methacrylate to 2-aminoethyl
methacrylate in acetonitrile at a concentration of 0.5 mg mL™,
showing the consumption of the starting material upon irradiation with
the same number of photons (1.99 x 10 photons) at different
wavelengths. Error bars indicate the lowest and highest determined
conversion at each wavelength, respectively. Details regarding the
photochemical action plot methodology are given in the ESI (Chapter
3).f The insert shows the extinction at high wavelengths, super-
imposed with the emission spectra of the LEDs employed for the batch
and flow synthesis of SCNPs within the current work.

maximum  of  2-((((2-nitrobenzyl)oxy)carbonyl)amino)ethyl
methacrylate, an observation previously made for ortho-nitro-
benzyl photocleavage reactions.”®”” Usually, photochemical
action plots are employed to determine the wavelength of
maximum photoreaction efficiency, which is often strongly
disparate from the absorption maximum observed in a UV/vis
spectrum.”*’> In the current case, we were additionally
intrigued by the finding that reactivity was still observed at
wavelengths above 400 nm, where the extinction coefficient is
significantly below 100 L mol " em " (refer to Fig. 1), indicating
that visible light can be employed for the cleavage of our pho-
tolabile protecting group.

SCNP batch synthesis

To incorporate the photolabile monomer into a polymer, it was
copolymerized with poly(ethylene glycol) methyl ether methac-
rylate (average M,, = 300 g mol ') via reversible addition-frag-
mentation chain-transfer (RAFT) polymerization,”® resulting in
polymer P1 (refer to Fig. 2). Size exclusion chromatography
(SEC) in tetrahydrofuran (THF) gave an indication of the
number-averaged molar mass (M,) of M, = 28 200 g mol " and
dispersity (P) of P = 1.2. Employing 'H nuclear magnetic
resonance (NMR) spectroscopy, a content of approximately 14%
of incorporated photolabile monomer was determined, in good
agreement with the monomer feed ratio (refer to ESI Chapters

Chem. Sci., 2024, 15, 15280-15290 | 15281
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SCNP1-Batch: 400 nm, 10 W LED (Batch synthesis)
SCNP1-Flow: 410 nm, 12 W LED (Flow synthesis)

(Top) Schematic illustration of generating functional single-chain nanoparticles (SCNPs) via batch and flow synthesis. A linear precursor

polymer featuring photobasic amine groups is irradiated in the presence of Cul(i) ions, forming catalytically active Cu(i) SCNPs. Transferring the
concept from a batch photochemical process to photoflow conditions allows — in principle — for their continuous production. (Bottom) Reaction
scheme for the synthesis of Cu(i) SCNPs. SCNP1-Batch is prepared in a batch photochemical process from the linear precursor polymer P1,
SCNP1-Flow from a second batch of the same polymer (P1') under photoflow conditions. The depiction of the SCNP folding unit is based on

a model complex (refer to ESI Fig. S287).

4.1 and 4.27). The targeted polymer is a statistical copolymer;
therefore, SCNP folding reactions reported herein follow the
repeat unit approach.*

To prove that the developed methodology of using a polymer
with photobasic functional groups combines access to metal-
functionalized SCNPs with temporal control over the folding
process, P1 was mixed with copper(u) chloride dihydrate in
acetonitrile at a polymer concentration of 2 mg mL™' and
irradiated using a light-emitting diode (LED, centred at 400 nm,
refer to Fig. 1 for emission spectrum) in a batch process,
resulting in SCNP1-Batch.

"H NMR spectroscopy indicated the quantitative depro-
tection of the linear precursor polymer by disappearance of the
resonances associated with the photolabile ortho-nitrobenzyl
group at 6 = 8.20-7.45 ppm, 6.35-6.15 ppm and 5.52-5.38 ppm
(refer to insert in Fig. 3a). As "H NMR spectroscopy is incapable
of differentiating the desired intrachain collapse from

15282 | Chem. Sci, 2024, 15, 15280-15290

undesirable interchain crosslinking, size sensitive techniques
were employed to follow the SCNP folding reaction. Comparing
the size distributions of P1 and SCNP1-Batch obtained via SEC
in THF shows that the entire distribution of the latter is shifted
towards later retention times, indicating a decrease in the sol-
vodynamic volume, thus validating successful SCNP compac-
tion (refer to Fig. 3c). We note, however, that additional
experiments indicated potential enthalpic interactions of the
SCNP sample, depending on the SEC columns. To corroborate
the observed compaction, dynamic light scattering (DLS)
measurements in acetonitrile were conducted, evidencing
a decrease in the solvodynamic diameter (Dy,), derived from the
number-averaged size distributions, from Dy, = 6.4 nm for P1 to
Dy, = 3.1 nm for SCNP1-Batch (refer to Fig. 3d), in line with
SCNP compaction. We note in passing that DLS data of particles
of such small diameters need to be treated with caution due to
their low scattering abilities.® Diffusion-ordered 'H NMR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) *H NMR spectra (600 MHz, CD3CN, 298 K, refer to ESI Chapter 4+ for resonance assignments), (b) DOSY NMR spectra (400 MHz,
CD=CN, 301 K), (c) SEC chromatograms (THF, Rl), and (d) number-weighted DLS size distributions (CH3CN) of polymer P1 (black) and SCNP1-

Batch (red).

spectroscopy (DOSY) measurements in CD3;CN showed an
increase in the diffusion coefficient from 1.43 x 107 m® s "
for P1to 1.71 x 10~ ** m* s~ for SCNP1-Batch (refer to Fig. 3b),
again in line with the desired SCNP compaction.

Additional control reactions indicate that the simultaneous
presence of both CuCl,-2H,0 and light is critical for the
successful formation of SCNP1-Batch (refer to ESI Fig. S47) and
that P1 is stable under ambient light conditions and only
deprotected under high-intensity LED irradiation (refer to ESI
Fig. S2).

To obtain a more detailed understanding of the structure of
the actual SCNP folding unit, a small molecule model complex
was synthesized. For that, 2-phenylethylamine was chosen as
a small molecule mimic of the ethylamine moieties liberated
after cleavage of the ortho-nitrobenzyl protecting groups upon
irradiation of P1. The mixing of 2-phenylethylamine with
CuCl,-2H,0 in acetonitrile resulted in the hexa-coordinated
complex [(2-phenylethylamine),CuCl,] depicted in ESI
Fig. S28.7 The central copper ion is coordinated by four amine
ligands in a square planar fashion and additionally by two
chloride ions, resulting in a Jahn-Teller distorted octahedron,
as expected for the d° ion Cu(u).” We note, however, that the
coordination environment within our Cu(u) folded SCNP may
differ from that observed in the model complex due to flexibility
constraints within the polymer framework and the presence of

© 2024 The Author(s). Published by the Royal Society of Chemistry

additional oxygen atoms. Nonetheless, the model complex
unambiguously evidences the capability of ethylamine based
ligand systems to bind to Cu(u) ions under the conditions
employed in the synthesis of SCNP1-Batch.

SCNP flow synthesis

Building on these successful results, we prepared a new batch of
polymer (P1) analogously to P1 for exploration of SCNP
synthesis in flow. SEC measurements of P1’ in THF indicated
a number-averaged molar mass of M;, = 30900 g mol~" and
dispersity of B = 1.2. Using "H NMR spectroscopy, the amount
of photolabile functional groups within the copolymer was
estimated to be approximately 15% (refer to ESI Chapters 4.1
and 4.27).

Employing a commercially available photoflow reactor
(Vapourtec E-series, refer to ESI Chapter 2.7t for details),
a mixture of P1’ and CuCl,-2H,0 in acetonitrile was subjected
to irradiation with a 410 nm LED (12 W, refer to Fig. 1 for
emission spectrum) under flow conditions at a flow rate of 0.2
mL min " and a polymer concentration of 2 mg mL ™. The
tubing volume exposed to light in the photoflow process is 10
mL, resulting in a total irradiation time of 50 minutes, which is
similar to the time necessary for the complete deprotection of
P1 under batch conditions (refer to ESI Fig. S31). The complete
deprotection of polymer P1’ during the photoflow reaction is

Chem. Sci., 2024, 15, 15280-15290 | 15283
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Fig.4 Reaction schemes and *H NMR spectra (600 MHz, CDsCN, 298 K) of (a) the photocatalytic decarboxylation and oxygenation of xanthene-
9-carboxylic acid and (b) the oxidative cleavage of oleic acid employing SCNP1-Flow (left), CuCl,-2H,0 (centre) or CuCly-2H,0 in the presence
of n-butylamine (right) as the catalyst. Resonance labels refer to the respective schemes above the spectra. Numbers on resonances denote

integral values.

evident from "H NMR spectroscopy (refer to ESI Fig. S137). The
resulting SCNP1-Flow was analysed by SEC in THF, showing
a shift of the entire molar mass distribution of SCNP1-Flow
towards later retention times compared to that of P1/,
evidencing successful SCNP compaction (refer to ESI Fig. S187).
SCNP folding was additionally verified by DLS (refer to ESI
Fig. S217), evidencing a decrease in the solvodynamic diameter
from Dy, = 6.7 nm for P1’ to D}, = 4.7 nm for SCNP1-Flow, and
DOSY (refer to ESI Fig. S23 and S257), showing an increase in
the diffusion coefficient from 1.47 x 107'° m?* s~ for P1’ to 1.56
x 107 m? s for SCNP1-Flow. A comparison of the size data to
that of SCNP1-Batch is provided in ESI Chapter 5.10.t

To remove any unreacted CuCl,-2H,O from the reaction
mixture, the solution obtained after the photoflow process was
subjected to purification by preparative SEC (refer to ESI
Chapter 4.5t for details). The integrity of the polymer during
this purification process was verified by SEC measurements in
THF (refer to ESI Fig. S187), and energy dispersive X-ray spec-
troscopy (EDX) confirmed that Cu is still present in the polymer

15284 | Chem. Sci., 2024, 15, 15280-15290

(refer to ESI Fig. S267). The actual metal content within SCNP1-
Flow was quantified using electron paramagnetic resonance
(EPR) spectroscopy (refer to ESI Chapter 5.91 for details). An
average Cu(u) concentration in solutions of SCNP1-Flow of
about 0.05 mmol L~ " was determined.

To the best of our knowledge, our concept constitutes the
first example of a metal functionalized SCNP synthesized under
flow conditions. We note that the scalability of the approach
presented herein is limited as increasing the polymer concen-
tration or flow rate leads to incomplete deprotection of P1’ and
unidentified side reactions (refer to ESI Chapter 4.5t). Never-
theless, the flow approach enables the simple and continuous
production of any desired quantity of SCNP1-Flow. Contrary,
a batch process would be limited by (i) the difficulty to ensure
a homogeneous light distribution through large sample
volumes and (ii) the alternative — running several batch reac-
tions in a row - would constitute a time-consuming and inef-
ficient effort.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Graphical illustration of the stabilizing effect that the polymeric environment of SCNP1-Flow provides for the catalytically active moiety.
While the photocatalytic decarboxylation and oxygenation of xanthene-9-carboxylic acid (left) is catalyzed by SCNP1-Flow as well as tetra(n-
butylamine) copper(i) chloride, the latter is inactive in the oxidative cleavage of oleic acid (right).

Catalysis

Having the Cu(u) functionalized SCNP1-Flow at hand, we
employed them for the Cu-catalyzed photocatalytic cleavage of
C-C bonds, as recently demonstrated by the groups of Lee and
Jiang.** Specifically, we focused on the decarboxylation-
oxygenation of xanthene-9-carboxylic acid and the oxidative
double bond cleavage of oleic acid (refer to Fig. 4) as we found
these reactions to occur without the formation of side products,
thus enabling convenient tracking of the reaction progress via
NMR spectroscopy. The yields obtained in the individual reac-
tions are summarized in ESI Table S12.1 At first, the substrates,
either xanthene-9-carboxylic acid or oleic acid, respectively,
were irradiated with a 400 nm LED (10 W, refer to Fig. 1 for
emission spectrum) in the presence of catalytic amounts of
SCNP1-Flow (about 0.5 mol% Cu(u), refer to ESI Chapter 5.97)
under oxygen atmosphere. These catalytic reactions were per-
formed in triplicate (refer to ESI Chapter 61). Control reactions
ensured that the presence of SCNP1-Flow is critical and that
neither LED irradiation alone nor the presence of P1’ itself
combined with LED irradiation catalyze the product formation.
Additional control reactions demonstrate the necessity of light
irradiation and prove that purification by preparative SEC effi-
ciently removes unreacted CuCl,-2H,0 after SCNP synthesis
(refer to ESI Chapter 67 for all control reactions).

For xanthene-9-carboxylic acid, a quantitative conversion to
9-xanthenone within 90 minutes was observed via '"H NMR
spectroscopy (refer to Fig. 4a and ESI Fig. S36-S387). For the
oxidative cleavage of the double bond of oleic acid to nonanal
and 9-oxononanoic acid, a conversion close to 40% within 24
hours was observed via "H NMR spectroscopy (refer to Fig. 4b
and ESI Fig. S53-S557). Increased irradiation times (up to three
days) led to a maximum conversion of approximately 50% (refer
to ESI Fig. S557). The same results were obtained when SCNP1-

© 2024 The Author(s). Published by the Royal Society of Chemistry

Batch was employed as the catalyst (refer to ESI Fig. S52 and
S70%).

It is well established that the specific environment of the
active catalyst within SCNPs can offer advantages over analogue
small molecule catalysts.*”***#** Indeed, conducting the cata-
Iytic reactions with 0.5 mol% of CuCl,-2H,0 instead of SCNP1-
Flow resulted in a significantly lower rate of the catalytic
transformations. For xanthene-9-carboxylic acid, only a conver-
sion of about 10% was observed within 90 minutes (refer to
Fig. 4a and ESI Fig. S39-S41%), in contrast to quantitative
conversion when SCNP1-Flow is employed. Similarly, for oleic
acid a conversion of less than 5% was observed after 24 hours
(refer to Fig. 4b and ESI Fig. S56-S587), compared to about 40%
for SCNP1-Flow. To achieve reaction rates similar to those
observed for SCNP1-Flow, the CuCl,-2H,0O load had to be
increased 20-fold to 10 mol% (refer to ESI Fig. S42-S44 and S59-
S61+).

To rationalize the reason for the drastic difference in cata-
Iytic performance between SCNP1-Flow and CuCl,-2H,0,
additional experiments were performed. The characteristic
differences between these two catalysts are (i) the presence of
a polymeric environment and (ii) the coordination of amine
groups to the Cu ions within SCNP1-Flow, which are both
absent for CuCl,-2H,0. To investigate whether the presence of
the polymer plays an important role, a homopolymer of poly(-
ethylene glycol) methyl ether methacrylate (poly(PEGMEMA)),
mimicking the polymer backbone of SCNP1-Flow, was synthe-
sized. Running the catalytic reactions at a catalyst load of
0.5 mol% CuCl,-2H,0 in the presence of this polymer did not
affect the rate of the catalytic reactions (refer to ESI Fig. S50 and
S681).

To mimic the coordination of the Cu ions by primary amine
moieties within SCNP1-Flow, the catalytic reactions were con-
ducted again with 0.5 mol% CuCl,-2H,0 in the presence of
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2 mol% n-butylamine. For xanthene-9-carboxylic acid, this
resulted in a drastic increase in the catalytic rate compared to
CuCl,-2H,0 itself, and the reaction was completed within 120
minutes (refer to Fig. 4a and ESI Fig. S517). This clearly shows
that the coordination environment of the Cu ions plays a key
role and rationalizes the drastic differences in catalytic perfor-
mance between SCNP1-Flow and CuCl,-2H,O. In contrast, for
oleic acid, no such effect was observed (refer to Fig. 5) and
running the reactions with CuCl,-2H,0 in the presence of n-
butylamine did not increase the rate of the catalytic reaction
(refer to Fig. 4b and ESI Fig. S691). Instead, the presence of n-
butylamine led to the deprotonation of oleic acid as is evident
from the disappearance of the carboxylic acid proton resonance
at 6 = 8.90-8.70 ppm in the "H NMR spectrum of this reaction
mixture (refer to Fig. 4b and ESI Fig. S697). In contrast, when
SCNP1-Flow is employed as the catalyst, no deprotonation of
oleic acid by the polymer bound amines is observed as is evident
from the presence of the carboxylic acid proton resonance at 6 =
8.90-8.70 ppm in the "H NMR spectra of the corresponding
reactions (refer to Fig. 4b and ESI Fig. S53-S557). It thus seems
plausible that the amines remain bonded to the Cu ions,
exerting their advantageous effect on the catalytic rate, ratio-
nalizing the observed substantial increase in catalytic perfor-
mance of SCNP1-Flow with respect to CuCl,-2H,0.

A rigorous rationalization of these findings would require
precise knowledge of the pK, values of all species present in the
reaction solutions. Based on the literature,®*® the situation in
acetonitrile is considerably different from that in aqueous
solution and strongly depends on delicate equilibria. Further
complications may arise from self-assembly or micelle forma-
tion upon deprotonation of oleic acid.?® These considerations
render an in-depth investigation of the observations chal-
lenging and beyond the scope of the current study. Nonetheless,
our results demonstrate that shielding the catalytic entity
within the SCNP environment has a critical and positive effect
on catalysis, enabling reactivities unachievable with analogue
small molecule catalysts.

Conclusions

In summary, we pioneer the visible light mediated photoflow
synthesis of catalytically active Cu(u) folded single-chain nano-
particles (SCNPs). Specifically, we investigate the wavelength-
resolved reactivity of the photolabile 2-((((2-nitrobenzyl)oxy)
carbonyl)amino)ethyl methacrylate monomer and employ it for
the synthesis of a poly(ethylene glycol) methyl ether methacry-
late copolymer featuring photobasic amine groups. Visible light
irradiation of the resulting photolabile polymer in the presence
of copper(un) chloride dihydrate in a batch photochemical
process gives access to SCNP1-Batch, constituting the first
example of visible-light mediated metal-induced SCNP
compaction. Building on these proof-of-concept results, we
transfer our chemical approach to a commercially available
photoflow reactor, enabling the continuous synthesis of SCNP1-
Flow. We demonstrate the activity of the latter in the photo-
catalytic cleavage of carbon-carbon single and double bonds on
the examples of xanthene-9-carboxylic acid and oleic acid,
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highlighting the advantageous effects the SCNP environment
can provide over analogous small molecule catalysts. Our study
paves the way for future flow synthetic approaches to the
continuous production of functional SCNPs. Critically, our
study serves as inspiration for the design of tailor-made cata-
Iytic pockets, enabling reactivities unachievable with small
molecule catalysts.
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