7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Light-driven folding of single polymer chains via

{ M) Check for updates ‘
metal-complexationt

Cite this: Polym. Chem., 2024, 15,
1955

Aidan E. Izuagbe,®® Bryan T. Tuten, () *@ Peter W. Roesky ) * and

Christopher Barner-Kowollik (= &<

We introduce a light-driven methodology (Amax = 365 nm) to fold single polymer chains into single chain
nanoparticles (SCNPs). Exploiting the photo-isomerization of spiropyran entities embedded into the back-
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bone of polymer chains (ranging from 15 to 38 mol%) constituted of polyethylene glycol carrying
monomer units (ranging from M,, = 28 500 g mol™ to 40 000 g mol™), we complex their open form
using a range of metals, including iron, copper and cobalt. The approach offers the first direct avenue for
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Introduction

Single chain polymer nanoparticles (SCNPs) have in recent
years evolved from macromolecular architectural curiosities to
functional soft matter materials that are exploited as e.g. cata-
lysts, combining the advantages of homogeneous and hetero-
geneous catalysis as well as sensors.' While the field explores
both the physical and chemical properties to elucidate their
folding behaviour and physical properties,”” current work is
focused on harnessing the utility of precision folded systems
in conjunction with advanced chemical modification of the
intramolecular crosslinks and backbone to generate entities
capable of specific catalysis.*'® Indeed, perhaps the fastest
growing field within functional SCNPs is in the realm of cata-
lytic materials."* ™ Due to the formation of hydrophilic and
hydrophobic pockets, drastically increased surface area, and a
high functional density, SCNP catalytic systems have demon-
strated promise across various chemical systems.'*™*® A par-
ticular challenge with functional organometallic systems is the
requirement for a specific ligand design dependent on the tar-
geted metal centre. Thus, ideally, the ligand system should be
agnostic to a wide array of metal centres, which is critically
lacking in the current SCNP design toolbox. Further, the
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incorporating metals into SCNPs via a photochemical folding mechanism in one step.

folding of the parent polymer chains into SCNPs should
ideally proceed at ambient temperature under the mildest
possible conditions. Photons are considered a traceless
reagent and especially long visible light wavelengths are
ideally suited to induce chemical transformation in a very mild
fashion. In the current contribution, we introduce an avenue
to install metal centres into SCNPs via a light-driven photoche-
mical process exploiting the switching of spiropyrans into
their ring-opened form, which can in the open state effectively
react with metal ions to form a stable complex (refer to
Scheme 1).

Results and discussion

Spiropyrans are versatile photoswitches, which have received
increasing attention over the years and are highly attractive
entities in their ring-opened merocyanine form for follow-on
chemistry by virtue of the generated negatively charged oxygen
atom that can, for example, serve as a coordinating ligand."” "’
Herein, we incorporate several metal centers into SCNPs
without the use of an additional crosslinker in a simple one
step reaction using photons. We base our polymer on a back-
bone of a methyl methacrylate carrying poly(ethylene glycol)
side chains (PEGMEMA), and a methacrylate functionalised
spiropyran (refer to the ESI section 27 for characterization and
synthetic methods detailing the polymer and small molecule
synthesis) allowing for optimal solubility in a mixture of
methanol and dioxane. We prepare three polymers (M, =
28500, 30 500 and 40 000 g mol ") with different ratios of the
copolymerized spiropyran-functional monomer (refer to
Table 1 for the SEC characterisation data).’®*" Fig. 1 displays
the "H-NMR spectrum of the 36 mol% containing polymer
(SP-36-PEGMEMA) from which the exact polymer composition
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Scheme 1 Overview of the SCNP design strategy followed in the current contribution based on a methyl methacrylate with poly(ethylene glycol)
side chains and photoreactive spiropyran (SP) units (SP-X-PEGMEMA) with different compositions, where X is the mol% of spiropyran units. The spir-
opyran metal coordination sphere [M?*] is likely completed by solvent molecules and shown here in a simplified way. Note that the crosslinking

occurs within one polymer chain intramolecularly.

Table 1 Dispersity and molecular weights of the SP-X-PEGMEMA poly-
mers reported as both number average and peak molecular weights,
derived from SEC measurements in THF using PMMA calibration
standards

Mp/g mol™ M,/g mol™! P
SP-15-PEGMEMA 32000 30500 1.3
SP-36-PEGMEMA 45 000 40000 1.2
SP-38-PEGMEMA 29500 28 500 1.4

has been deduced as well as its corresponding SEC (THF) chro-
matogram. The corresponding analytical data for the 15 and
38 mol% spiropyran containing polymers can be found in the
ESI sections 2 and 4.3.7

Due to the propensity of spiropyran to undergo significant
photo degradation upon conversion to the merocyanine
isomer, it is critical to establish an understanding of the
photoswitching properties of the employed spiropyran
system.'”?* The photoswitching characteristics were thus
investigated on one of the linear, spiropyran decorated poly-
mers, ie. SP-36-PEGMEMA, to identify irradiation conditions
for the subsequent folding experiments. A solvent mixture of
dioxane : methanol 1:6 was selected to facilitate efficient
photoswitching (methanol) and polymer solubility (dioxane)
and used for all subsequent photochemical characterisations.
The linear polymer (0.0143 mmol L™, 0.5 g L") was subjected
to varying irradiation times with a 7 mW LED centred at
365 nm (refer to the ESI Fig. S217 for the LED’s emission spec-
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trum). The degree of spiropyran to merocyanine conversion
was determined by monitoring the A, of the visible region at
close to 552 nm. Similar absorption at 552 nm was observed
for 1, 2 and 3 min of continuous irradiation (Fig. 2A and B).
Periodic irradiation at 365 nm for 1 min and white light
irradiation (refer to Fig. S22} for the emission spectrum) for
1 min to generate the merocyanine entities and recovery of the
spiropyran respectively was conducted to determine the
fatigue resistance of the spiropyran polymer. Photo-induced
fatigue was evidenced as a loss in intensity of the visible band
centred at 552 nm (Fig. 2C). Consequently, only 1 min
irradiation times were employed for the subsequent folding
experiments. The band centred at 552 nm was once more used
to track the gradual thermal reversion of the merocyanine
isomer to the closed spiropyran. As a highly solvent dependent
process, increased thermal stability is reported for spiropyran
switching in polar solvents.”® As the charged merocyanine
form is responsible for forming intramolecular metal-cross-
links and collapsing the polymer chain, the presence of a ther-
mally stable, long lived merocyanine isomer is critical.>*
Accordingly, when irradiated in the noted methanol/dioxane
mixture, the linear spiropyran polymer features a merocyanine
isomer with a long thermal half-life, gradually relaxing back
near-quantitatively to the closed spiropyran within a 1 h
period (Fig. 2D). The photochemical folding of linear spiro-
pyran polymers into SCNPs was conducted in a photo vial with
a 7 W LED centred at 365 nm (refer to the ESI Fig. S27 for a
photograph of the reaction set-up). A solution of dissolved
metal salt in methanol (0.021 mol L™, 7.05 g L™") was added

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Exemplary *H NMR spectrum of SP-36-PEGMEMA in deuterated chloroform recorded at 500 MHz. The *H-NMR spectra of the additional
polymers can be found in the ESI (ESI, Fig. S19 and S20+). (B) SEC traces of the parent polymers, SP-15-PEGMEMA, SP-36-PEGMEMA and SP-38-
PEGMEMA. The folding is induced by mild UV-light (n,ax = 365 nm), ring opening the spiropyran units within the polymer chains, which sub-

sequently react with copper, iron and cobalt ions contained in metal salts.

A ——SP B =
e Arvar = 365

6 ——60s
1 120
5 -=--180s

Absorbance
Absorbance
o
2
L

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength | nm Wavelength | nm

D time / min
o

Absorbance

300 400 500 600 700 800
Wavelength | nm

Swiching Irradiations

Fig. 2 UV-Vis spectroscopy of SP-36-PEGMEMA dissolved in a
dioxane/methanol mixture. (A) UV-Vis of SP-36-PEGMEMA spectrum
after irradiation for 1 min with a 365 nm centred LED affording the open
merocyanine (MC) form of the polymeric spiropyran (SP) pendant
groups, indicated by an increase in the absorption band centred at
552 nm. (B) Effect of increasing irradiation time on the generation of
SP-36-PEGMEMA bound spiropyran into merocyanine units. (C) Periodic
irradiation of SP-36-PEGMEMA with 365 nm and subsequent white light
irradiation. The absorption band at 552 nm was used to monitor the for-
mation of the merocyanine and spiropyran isomers. (D) Thermal relax-
ation in dioxane : methanol 1: 6 of the merocyanine isomers generated
by 365 nm irradiation within SP-36-PEGMEMA, monitored over 1 h by
UV-Vis spectroscopy.

via a syringe pump via continuous addition to a solution of
the respective spiropyran polymer in the noted dioxane:
methanol 1:6 mixture (0.5 mg mL™"), periodically irradiated

This journal is © The Royal Society of Chemistry 2024

with a 365 nm LED. As noted, to avoid photo-induced fatigue,
irradiation was limited to 1 min pulses interluded by 30 min
of stirring in the dark. The relatively long thermal half-life in
dioxane/methanol and the high amount of merocyanine gener-
ated after even 1 min irradiation allows for a sufficiently high
concentration of merocyanine units for metal ion complexa-
tion without continuous irradiation (refer to ESI Fig. S37 for
the irradiation pattern and setup). Size exclusion chromato-
graphy (SEC) using THF as an eluent was used to monitor the
compaction of the linear polymer into SCNPs. A decrease in
apparent molecular weight is indictive of intramolecular com-
paction and SCNP formation.>® Both the number average mole-
cular weight (M,) and peak molecular weight (M) are com-
monly used to evidence compaction. The resulting compac-
tions are summarised in Table 2 and the corresponding SEC
traces can be found in Fig. 4.

Compaction of SP-38-PEGMEMA (38 mol% spiropyran
units) was most significant with the introduction of Fe" ions
after 365 nm irradiation with a reduction in apparent mole-
cular weight of 25%. Co" and Cu" ions induced SCNP for-
mation, albeit with less compaction for the same polymer. As
an independent assessment of the compaction, an exemplary
DOSY spectrum (Fig. 3) was recorded for the Fe'-SCNP orig-
inating from SP-38-PEGMEMA. The derived diffusion coeffi-
cients were used to estimate a hydrodynamic diameter of
5.08 nm for the Fe"-SCNP indicating a 16% compaction when
compared to the parent polymer SP-38-PEGMEMA featuring a
diameter close to 6.06 nm (for the primary DOSY data of both
the Fe-SCNP and SP-38-PEGMEMA refer to ESI section 67).

Critically, a control experiment was conducted to ensure
that SCNP formation did not occur in the dark or at a slower
rate compared with the irradiated samples (refer to the ESI,
Fig. S4 and section 3.41 for the procedure). Specifically,

Polym. Chem., 2024, 15,1955-1961 | 1957
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Table 2 Relative compaction (in percent) achieved using the precursor polymers denoted SP-X with different molar contents of spiropyran units
with varying metal salt precursors. Folding with the 15 mol% polymer was attempted only with Fe(BF;), and Co(BF,),. Refer to the ESI section 3.1}
for the exact compaction procedure for each metal salt. Note that the reported molecular weights are apparent

Co(BE,), Fe(BF,),
M,/g mol™* M,,/g mol™* % comp M,/g mol™* M,/g mol™* % comp
SP-15 31500 31500 2 30000 30500 6
SP-36 36 000 32500 20 n/a n/a n/a
SP-38 26 000 21000 12 22000 14 000 25
Ni(BF,), Zn(BF,),
Mp/g mol ™ M,/g mol™* % comp M,/g mol™* M,/g mol™* % comp
SP-36 43 000 39000 4 42 000 39500 7
Cu(BF,),
M,/g mol™* M,/g mol™* % comp
SP-38 27500 25000 7
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Fig. 3 DOSY spectra recorded in deuterated acetonitrile yield diffusion
coefficients for both the linear polymer (SP-38-PEGMEMA) and the Fe''-
SCNP generated after irradiation and addition of Fe(BF4),. The protons
used to determine diffusion coefficients are highlighted by coloured
spheres that match the corresponding resonance on the IH NMR spec-
trum (top). Protons associated with the PMMA backbone were also used,
labelled as backbone in the *H NMR spectrum. The mean value of the
diffusion coefficients calculated for the resonances— highlighted in grey
- associated with both SP-38-PEGMEMA and the Fe"-SCNP are rep-
resented by a dashed line. The mean diffusion coefficients are used to
calculate approximate hydrodynamic diameters. The Dy decreases after
irradiation and addition of Fe(BF,4), indicating that intramolecular
folding is occurring leading to an SCNP (for the primary DOSY data of
both the Fe'-SCNP and SP-38-PEGMEMA refer to ESI section 61).

polymer SP-38-PEGMEMA was exposed to Fe(BF,), in the
absence of 365 nm light irradiation monitored by SEC. No
compaction was observed after 24 h as indicated by the com-

1958 | Polym. Chem., 2024, 15, 1955-1961

parison of the M, values before and after introduction of Fe
(BF4),. A small shift to lower apparent molecular weight and
narrower P is observed after 24 h when comparing the corres-
ponding M,, values. PEG is known to form complexes with
metal species in a process similar to crown ether
complexation.>®®® The slight shift to a lower apparent mole-
cular weight and narrower P may be attributed to metal encap-
sulation by the PEG side chains of the SP-38-PEGMEMA
polymer. As Fe(BF,), induced the largest compaction in the
photoinduced folding experiments, further controls with Cu
(BF,), and Co(BF,), were deemed unnecessary. In addition,
small molecule 'H NMR studies with the spiropyran
monomer, SP-MMA were also conducted using 1 min of
irradiation and 0.5 equivalents of metal (0.00296 mmol). The
photoinduced formation of merocyanine-metal complexes
with Fe'', Cu" and Co" was confirmed and the percent compo-
sition of Fe'' merocyanine was calculated as 17% and 13% for
both Cu™ and Co™ (refer to ESI section 4.1 for the "H NMR
spectra and the procedure). In addition to SP-38-PEGMEMA,
SCNP formation was attempted on a larger polymer SP-36-
PEGMEMA (M,, = 40000 g mol™'; M, = 45000 g mol~ ") with a
similar degree of spiropyran functionalisation (36 mol%)
using Co", Zn" and Ni" (Fig. 4). SCNPs were formed with Co"
as evidenced by an approximately 20% reduction in apparent
molecular weight. Zn" and Ni" both resulted in a negligible
reduction in molecular weight, suggesting that no SCNP for-
mation occurs. Based on these findings, folding was attempted
on the polymer SP-15-PEGMEMA using Co" and Fe", similar
in size to SP-38-PEGMEMA, containing only half the amount
of spiropyran units (for SEC traces of SP-15-PEGMEMA refer to
ESI Fig. S5 and S61). A less pronounced compaction was
observed with Fe', while no compaction was observed with
Co", suggesting that folding is highly dependent on the
number of spiropyran units within the polymer chain.”
Indeed, graphing the degree of compaction (based on changes
in M) vs. the number of spiropyran units per chain reveals a

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 SEC chromatograms of the photo-induced folding SP-38/
36-PEGMEMA with late transition metals. (A) SP-38-PEGEMEMA-Fe", (B)
SP-38-PEGEMEMA-Co", (C) SP-38-PEGEMEMA-Cu", (D) SP-36-
PEGEMEMA-Co", (E) SP-36-PEGEMEMA-Zn", (F) SP-36-PEGEMEMA-Ni".
All chromatograms were recorded in THF as eluent.

linear correlation for Co™ and Fe" ions, for which we saw the
largest compactions (refer to Fig. S237).

Merocyanine-metal coordination has been shown to occur
with a wide variety of metals, displaying a high affinity towards
late transition metals.>® A large number of spiropyran/mero-
cyanine systems rely on the complexation of Cu™ or Co" ions
resulting in distinct morphological changes, specifically in
polymeric systems, arising from merocyanine
complexation.>**> In addition, spiropyrans have also been
shown to display a high affinity for Fe" ions leading to distinct
colorimetric responses and selectivity.**® Ions such as Zn" or
Ni" - while known to generate complexes with merocyanine -
are less abundant particularly in polymeric systems."®*%*° In
specific studies examining merocyanine/transition metal com-
plexation, Zn" and Ni'" are often reported as having reduced
binding affinity to the open merocyanine. In the current con-
tribution, both Cu" and Zn" resulted in small compactions
compared to that of Fe"" or Co", despite copper being reported
to possess a binding affinity that is higher than Co™ and com-
parable to Fe" in PMMA based polymer systems.*®*'
Compaction may be rationalized by the specific coordination
polyhedra of each merocyanine-metal complex. Here, differing
geometries (cis/trans) with the coordination of a larger or
smaller number of polymer/merocyanine ligands to the metal
centre may lead to a larger or smaller compaction respectively,
analogous to a variation in the number of possible crosslinks
in conventional SCNPs.** Differences in the composition of
the ligand sphere may occur due to steric strain of the polymer
backbone as well as different binding energies of the merocya-
nine ligand to the corresponding metal ion.

The distinct absorption band attributed to the merocyanine
(MC) isomer is clearly visible with a A, of 552 nm in the
corresponding UV-Vis spectra after irradiation with a 365 nm
LED (refer to Fig. 2A)."° A blue shift of the absorption
maximum is commonly utilised to monitor the complexation
of metals to the merocyanine form.** Consequently, the UV-Vis

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 UV-Vis absorption spectra of the linear polymer SP-36-
PEGMEMA (0.5 g L™ prior to (SP) and after 365 nm irradiation (MC) as
well as of the Fe'" (red), Co" (green) and Cu'" (yellow) SCNPs generated
from SP-38-PEGMEMA (0.5 g L™3).

absorption spectra of the different metal containing SCNPs
(Fe", Co™ and Cu") reveal distinct absorption profiles similar
to metal specific polymeric merocyanine complexes reported
in literature. The introduction of Fe" and Cu" ions resulted
in similar absorption spectra with broad absorption profiles
expanding into the low visible range (Fig. 5). Spectra of both
metals contain two noticeable shoulders, for Fe™ these are
observed at close to 434 and 526 nm and for Cu" close to
430 and 535 nm. The two shoulders — approximately 430 and
530 nm - observed in both SCNPs formed from Cu" and Fe"
have been attributed to the presence of complexes arising
from the cis and trans isomer of the merocyanine respect-
ively.?® In a study by Fries et al., similar absorption profiles
for methyl methacrylate based thin film polymers were
reported; for Fe' the shoulders were observed Ap.. 520 and
437 nm and for Cu"at at Amae 520 and 410 nm.*® Similarly,
Byrne et al. reported a spiropyran end capped methacrylate
polymer capable of complexation with copper leading to the
distinct two shoulder profile, with shoulders at 434 and
510 nm.** Both studies suggest different complexation pro-
cesses for the coordination of metals to the merocyanine
phenolate and carbonyl of polymeric ester side chains or
from the formation of merocyanine metal complexes. In the
case of the SCNPs explored in the current study, both
binding mechanisms can be envisaged to induce intra-
molecular crosslinking. Addition of Co™ results in an absorp-
tion spectrum with a profile retaining similarities to un-com-
plexed merocyanine (MC), lacking an absorption band in the
low visible region (close to 400 nm) seen in the complexation
of Cu" and Fe". A distinct absorption band in the mid-
visible region is retained with a blue shift to 543 nm com-
pared to 552 nm for the merocyanine maximum absorption.
The aforementioned blue-shift is reported in literature for
polymeric spiropyran Co'" complexation, however the absorp-
tion is typically blue shifted close to 520 nm.**

Polym. Chem., 2024,15,1955-1961 | 1959
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Conclusions

We introduce a light-driven methodology to compact single
polymer chains into single chain nanoparticles (SCNPs) using
a polymer system featuring photoreactive spiropyran units in
its backbone in different percentages. We find that the degree
of single chain compaction is dependent on the specific diva-
lent metal species complexed with the polymer-bound mero-
cyanine. Fe"" induced the largest compactions, while smaller
compactions are observed when complexing Co", Cu", Zn"
and Ni". We attribute this diversity in compaction efficiencies
to polymer specific coordination geometries arising from the
confinement of merocyanines in the polymer backbone as well
as varying ligand-metal bond energies. In addition, the larger
the amount of spiropyran units in the polymer backbone, the
more pronounced the compaction. Furthermore, increasing
the size of the precursor polymer also appears to result in a
more significant compaction. Distinct metal specific UV-Vis
spectra after compaction via spiropyran complexation were
used to confirm the incorporation of metals into the structure
of the SCNPs. The current findings represent a method of
intramolecularly folding a linear polymer into several metal-
containing SCNPs using a singular ligand driven by a mild
photochemical stimulus.
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