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We herein report the preparation, characterization and (photo)catalytic investigation of block copolymer
micelles based on amphiphilic, pH-responsive block copolymers featuring pendant bipyridyl rhodium
complexes as NAD* reduction catalyst and ruthenium polypyridyl complexes as photosensitizers. A well-
defined polystyrene-block-poly((acrylic acid)-co-(2-(4-(4'-methyl-2,2'-bipyridyl)) ethylacrylate)) (PS-b-P
(AA-co-bpyEA)) block copolymer was synthesized via nitroxide-mediated polymerization (NMP). In post-
polymerization functionalization reactions utilizing the pendant bpy moieties rhodium and ruthenium
centers were covalently incorporated into the pH-responsive segment of the block copolymer. Proof of
successful metal attachment was provided by nuclear magnetic resonance spectroscopy (NMR) and X-ray
photoelectron spectroscopy (XPS) as well as size-exclusion chromatography (SEC). Morphological and
structural investigations of the obtained block copolymer micelles in aqueous solutions using dynamic
(DLS), (TEM),
microscopy in combination with energy dispersive X-ray spectroscopy (STEM-EDX) were performed. The

Received 22nd June 2024,
Accepted 10th September 2024

DOI: 10.1039/d4py00693c

light scattering transmission electron microscopy scanning transmission electron

respective model complexes and the metal-functionalized block copolymer micelles were finally tested
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Introduction

Many advances in catalyst design, activity and selectivity have
made homogeneous catalysis an attractive method for per-
forming organic transformations in research as well as in
industry.”™* However, homogeneous catalysis encounters
several difficulties in recovering the catalyst, preventing degra-
dation processes and keeping products free of catalyst resi-
dues. In contrast, for heterogeneous systems the recovery/reac-
tivation of deactivated catalysts from inorganic supports is a
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as soft matter-based photocatalytic systems for NADH formation.

standard procedure in industry, albeit energy-intensive (smelt-
ing, refining, electrolysis).>” Furthermore, the activity of cata-
lysts in heterogeneous regimes can be limited by diffusion
effects and the effective available surface area of the catalyst.
At this point a nanostructured, polymeric support (micelle,
vesicle, bilayer, membrane) in solution may offer a promising
and sustainable alternative. Such systems may provide signifi-
cant synergism by combining high selectivity and activity
based on molecular catalysts with ease of recovery and possi-
bility of reactivation from heterogeneous catalysis. Hence, soft
matter integration of catalytically active centers is very appeal-
ing for enabling the possibility of importing advantages from
heterogeneous catalysis, such as simplified recovery, recyclabil-
ity, and reuse. Further on, specifically generating and control-
ling local environments upon matrix incorporation allows a
defined adjustment of reaction surroundings. Thus, upon co-
valently incorporating catalyst systems into such polymer-
based nanostructures would enable the possibility to specifi-
cally target the prevention of degradation pathways such as
leaking and provide long-term stability of active centers.?
Acquiring an in-depth understanding on how structure design
of soft matter matrices can lead to improvements beyond just
mechanical support is crucial. Therefore, the implementation
of well-studied catalytic reactions into such matrices provide a
profound basis for obtaining detailed insights in how structure

This journal is © The Royal Society of Chemistry 2024
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influences the reaction and hence is the primary objective of
this work.

In our previous work we provided pH-responsive polystyrene-
block-poly((acrylic  acid)-co-(2-(4-(4-methyl-2,2"-bipyridyl))-ethyl-
acrylate)) (PS-b-P(AA-co-bpyEA)) block copolymer micelles as
tunable matrix and potential nanoreactor for light-driven cataly-
sis.’ In the latter case we demonstrated the suitability of the
pendant bipyridine units for complexing platinum centers. In
another work, we demonstrated the successful covalent embed-
ding of molecular ruthenium(u) photosensitizers within block
copolymer micelles, facilitating outstanding light-driven catalysis
for the hydrogen evolution reaction (HER) using molecularly dis-
solved thiomolybdate clusters as catalysts.'® The resulting col-
loidal nanoreactors served beyond mechanical support and
appeared to actively engage in the light-driven catalytic reaction,
prompting the need for comprehensive investigations to eluci-
date the involvement of polymer-assisted transport and substrate
diffusion processes. Following up on this, we herein use pH-sen-
sitive micelles as soft matter matrix for both covalently attached
rhodium catalysts and ruthenium photosensitizers to drive nico-
tinamide reduction. This would open the intriguing possibility
to generate polymeric scaffolds where either the Rhodium-based
catalyst or the Ruthenium-based photosensitizer would be
immobilized and the complementary unit could be added as
molecular entity. This would aid in understanding the effect of
restrained diffusion imposed by the polymer backbone on the
overall photocatalysis. Therefore, a polystyrene-block-poly((tert-
butyl  acrylate)-co-(2-(4-(4"-methyl-2,2"-bipyridyl))-ethylacrylate))
(PS-b-P(‘BuA-co-bpyEA)) diblock terpolymer acts as soft matter
matrix for immobilizing both rhodium and ruthenium centers.
Subsequently, tert-butyl ester functionalities are deprotected to
acrylic acid. The resulting amphiphilic block copolymers con-
taining either rhodium, ruthenium or both metals retain the
capacity to form micelles in aqueous solution and are tested in
the following as soft matter-based colloidal catalyst, photosensi-
tizer and photocatalyst for light-driven nicotinamide reduction.

Results and discussion
Preparation of [Rh]-functionalized block copolymers

A thoroughly investigated catalyst for nicotinamide reduction
is [Rh(bpy)(Cp*)Cl]Cl and its various derivatives (bpy = 2,2'-
bipyridine, Cp* = pentamethylcyclopentadienyl). These com-
plexes have been used for a variety of catalytic applications
such as the reduction of protons,""™ CO,,'*'*> carbonyl
compounds'®'” as well as nicotinamides and the mole-
cular mechanism of these reactions has been worked out in
detail.”’* Reductive activation of the Rh complexes is either
possible electrochemically,'*'® using formate,?® or by suitable
photosensitizers in the presence of appropriate electron
donors."”*® Resulting from the ubiquity of NAD(P)H in biologi-
cal processes, it is possible to interlock the Rh-catalyzed for-
mation of the reduced cofactors with enzymatic reactions
giving rise to a broad range of possible applications such as

18-20
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stereoselective synthesis of chiral alcohols®® or the production
of solar fuels.>”*®

The block copolymers for functionalization were syn-
thesized by block extension of a polystyrene (PS) macroinitiator
with tert-butyl acrylate (‘BuA) and 2-(4-(4-methyl-2,2'-bipyri-
dyl))-ethylacrylate  (bpyEA) utilizing nitroxide-mediated
polymerization (NMP) (Scheme S17). The functionalization of
the obtained block copolymer PS,,,-b-P(‘BuAgy-co-bpyEAs)
(BCP1, M, = 44300 g mol™, P = 1.16) and PS,,,-b-P(*BuA,¢,-co-
bpyEA,s) (BCP2, M, = 70 400 g mol ", P = 1.28) was carried out
upon cleavage of bridging chlorides in the [Rh(Cp*)Cl,], dimer
while providing the block copolymer attached bpyEA units as
ligands. In the following procedure an excess TFA was applied
to deprotect ‘BuA units yielding amphiphilic, pH-responsive
and [Rh]-functionalized diblock terpolymers [Rhj@BCP3 and
[Rh]@BCP4 (Fig. 1).

As reported for small molecular reference complexes,'’ the
covalent attachment of the [Rh] complex to the block copoly-
mer is approximated to be quantitative (degree of functionali-
zation (DoF) for bpyEA units >99%) on the basis of "H-NMR
analysis (Fig. S4 and S5%). Characteristic low-field shifts for
bipyridine proton signals f, g, h, i as well as the presence of
pentamethylcyclopentadienyl proton signal j in 'H-NMR
spectra before and after deprotection with TFA provide further
evidence for successful functionalization (Fig. 1B and S1-S77).
Furthermore, the block copolymer was purified by preparative
SEC removing low-molecular weight components (such as
unreacted [Rh(Cp*)Cl,],), and thus, the pentamethyl-
cyclopentadienyl proton signal j can be attributed to the
attached [Rh]-complex. 'H-NMR spectra after deprotection
imply almost complete cleavage of ‘BuA groups to AA upon
comparing the NMR spectra before (Fig. S4 and S5t) and after
treatment with TFA (Fig. 1B, S6 and S77). The measurement of
the above shown 'H-NMR spectra (Fig. 1B) was conducted
using small amounts of TFA to shift the water signal to low-
field and prevent overlap with protons d and e. The PAA
content renders the block copolymers hygroscopic, and thus
water could not be quantitatively removed from the sample. In
case of PS,;7-b-P(AA,4,-co-([Rh(bpyEA)(Cp*)Cl]CF5CO,),5) ([Rh]
@BCP4) the addition of TFA to perform "H-NMR led to aggre-
gate formation. Instead, measurements were performed using
water signal suppression and as a result, the signal for protons
e vanished (Fig. S6 and S77).

From SEC-coupled in-line diode array spectra of the block
copolymers before and after deprotection a successful attach-
ment of the rhodium complex to the polymer structure can be
qualitatively verified (Fig. 1C left and middle, S147}). First, we
observe matching UV/vis spectra extracted from SEC analysis
and separate UV/vis measurements of the respective com-
pounds (Fig. S15 and S167). Second, the characteristic UV/vis
spectrum is recorded at elution volumes distinctive for poly-
meric structures with molar masses above 10000 g mol™".
Additionally, RI traces accompany the UV/vis signal at 380 nm
(Fig. 1C, right). A general shift towards lower elution volumes
observed for the UV/vis signal presumably occurs due to a
device specificity.

Polym. Chem., 2024,15, 4810-4823 | 4811
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Fig. 1 (A) Reaction scheme depicting the post-polymerization functionalization of PS,7,-b-P(‘BuA,,,-co-bpyEA,) (the subscripts denote the corres-
ponding degree of polymerization) with [Rh(Cp*)Cl,], and subsequent acidic deprotection of ‘BuA ester moieties, m = 99, 262, p = 9, 28, R = 1,1-
dimethyl-2-carboxyethyl, R? = N-tert-butyl-N-(1-(diethoxyphosphoryl)-2,2-dimethylpropyl)-N-oxyl nitroxide (SG1). (B) *H-NMR spectrum of PS,;7-
b-P(AAgg-co-([Rh(bpyEA)(Cp*)ClICF3CO,)s) (IRh]@BCP3) in DMF-d; + TFA and signal assignment. (C) SEC-coupled in-line diode array spectra for
PS277-b-P('BuAge-co-([Rh(bpyEA)(Cp*)CLICl)s) (IRh]@BCP1) (left) and [Rh1@BCP3 (middle); RI elution traces and UV/vis absorption traces before and

after deprotection of ‘BuA units (right).

The obtained increased dispersities and asymmetries in RI
elution traces from SEC analysis for [Rh]-functionalized
samples arise from potential polymer-column interactions of
the polyionic, second segment alongside with altered solution
structures after [Rh]-attachment and ‘BuA deprotection. The
successful attachment of the Rh-complex to the polymer is
confirmed via XPS. As seen in Fig. 2, a rhodium signal can be
detected at a binding energy (BE) of 310.0 eV (Rh 3ds),) at the
same BE detected for the model complex [Rh(dmbpy)(Cp*)Cl]
Cl (1, dmbpy = 4,4’-dimethyl-2,2"-bipyridine). In parallel the
position of the N 1s signal is found at a BE of 400.4 eV match-
ing to those of the bare Rh-complex 1 as well. This BE is
higher in comparison to characteristic positions for pyridinic
nitrogen (398.7 eV) and confirms the presence of the co-
ordinated metal ions.*® Furthermore, a chlorine signal accord-
ing to the Rh-Cl bonds was found (Fig. $197). For [Rh]@BCP3,

4812 | Polym. Chem., 2024, 15, 4810-4823

a F 1s peak was observed to be associated with CF;COO™ as
well as the respective C-F; component in the C 1s spectrum.
This supports the hypothesis of exchanging non-coordinating
chloride in [Rh]-complexes with CF;COO™, introduced by TFA.

Preparation of [Ru]-functionalized block copolymers

Generally, well-established systems for light-driven solar fuel
generation often utilize ruthenium polypyridyl complexes as
robust and efficient photosensitizers.>**” While the vast
majority of ruthenium-based photosensitizers ([Ru]) are
applied in homogeneous systems, reports investigating its
usage as covalently attached photosensitizer in non-conjugated
soft matter matrices are rather limited.*®*! In principle, two
different strategies to incorporate [Ru] into polymeric struc-
tures are available.*>*® Either a polymerizable ruthenium
complex is used as comonomer®****>° or [Ru] is anchored via

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 High resolution C 1s, Rh 3d, N 1s and F 1s (left to right) XP spectra of BCP2, [Rh(dmbpy)(Cp*)CLICl (1), [Rhl@BCP1 and [Rh]@BCP3. For better
representation, intensities of the Rh 3d, N 1s and F 1s spectra are multiplied by a factor given in the figure.

post-polymerization functionalization.*®**®>®*”® Focusing on

post-polymerization modifications, often pendant bipyridyl
moieties act as attachment sites. Typically, procedures for
grafting ruthenium polypyridyl complexes to existing polymer
structures rely on [Ru(bpy),Cl,] as readily available precursor.
In this manner accessible asymmetric complexes commonly
require aqueous mixtures with methanol or ethanol in combi-
nation with elevated temperatures,>"®>”'”7®  ethanol/
methanol,**?%°%6677.78 pMFE, 7980 acetone®®'"** or dimethoxy-
ethane®® under reflux. With respect to amphiphilic block copo-
lymers obtained with nitroxide-mediated radical polymeriz-
ation (NMP) as polymer matrix for ruthenium incorporation,
solubility and integrity of the polymer chain cannot be
ensured upon the latter instances. While polar solvents, such
as aqueous mixtures of alcohols or acetone are not suitable to
dissolve the hydrophobic compartment of amphiphilic block
copolymers, a non-selective solvent should be chosen to dis-
solve the entire block copolymer for ensuring sufficient acces-
sibility of the anchoring units in post-polymerization
approaches. The above-mentioned reaction pathways for
synthesizing asymmetric ruthenium bipyridyl complexes
require elevated temperatures to cleave nitroxide-bearing chain
ends and therefore, facilitate degradation of the polymer
chain. For milder approaches in most cases [Ru(bpy),Cl,] is
necessary to be activated with silver salts,®*0>7%7981783
however silver colloid residues resulting from polynuclear
anionic argentate side products may cause problems during
subsequent catalysis.®* In addition for post-polymerization
approaches utilizing copper salts in click chemistry®” " a later
potential interference of copper residues in (light-driven) cata-
lysis cannot be excluded. A report from Brennan et al. provides
a desirable approach in DMF with temperatures below 100 °C,
thus avoiding polymer degradation and ensuring good solubi-

This journal is © The Royal Society of Chemistry 2024

lity.?” still, the activation of the chloro ligands in [Ru(bpy),Cl,]
is desirable to further increase reactivity. Isolating the respect-
ive activated complex, where the chloro ligands are exchanged
with coordinating solvent molecules, allows the removal of
potential silver colloids for subsequent application. In fact, a
number of literature protocols utilized isolated [Ru(bpy),(sol-
vent),] species as activated complex.®**>*® In this work we
select [Ru(bpy),(ACN),](PFs), as activated complex for its good
thermal stability®® to covalently attach a ruthenium photosen-
sitizer complex via post-polymerization functionalization
within the later hydrophilic and pH-responsive segment of an
amphiphilic block copolymer.

Therefore, BCP2 was treated in a ligand exchange reaction
with [Ru(bpy),(ACN),](PF¢),, where two acetonitrile ligands of
the precursor are substituted with one pendant bpyEA unit at
the block copolymer. In the next step the obtained ruthenium
functionalized block copolymer was treated with an excess of
TFA to deprotect ‘BuA units under acidic conditions yielding
an amphiphilic, pH-responsive and [Ru]-functionalized
diblock quaterpolymer (Fig. 3).

Through 'H-NMR analysis the degree of functionalization
of bpyEA units with [Ru] was determined to 57% resulting in
16 out of 28 available bpyEA units per polymer chain to act as
ligands for the covalent attachment of the ruthenium precur-
sor (Fig. S9f). In analogy to [Rh]-containing block copolymers
an approximated quantitative deprotection of ‘BuA can be
assumed. The 'H-NMR spectrum for [Ru]@BCP4 was
measured using water- and solvent signal suppression, thus
the protons e and e’ are not present (Fig. 3B). The high PAA
content causes water entry, analogously to the earlier pre-
sented [Rh] containing block copolymers [Rh]@BCP3 and [Rh]
@BCP4. As a result, bpyEA side chain signals as well as
protons j and i’ are superimposed by the water and DMF

Polym. Chem., 2024, 15, 4810-4823 | 4813
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(A) Reaction scheme depicting the post-polymerization functionalization of BCP2 with [Ru(bpy).(ACN),](PFe), and subsequent acidic de-

protection of ‘BuA ester moieties, R* = 1,1-dimethyl-2-carboxyethyl, R? = SG1. (B) *H-NMR spectrum of PS,77-b-P(AA,s»-co-bpyEA;,-co-([Ru(bpyEA)
(bpy)2l(CF3CO,)2)16) (IRUl@BCP4) in DMF-d; and signal assignment. (C) SEC-coupled in-line diode array spectra for PS,7,-b-P(‘BuA,e,-co-bpyEA;,-
co-([Ru(bpyEA)(bpy),l(PFg)2)16) (IRul@BCP2) (left) and [Rul@BCP4 (middle); Rl elution traces and UV/vis absorption traces before and after de-

protection of ‘BUA units (right).

solvent signal (Fig. S10%1). SEC-coupled in-line diode array
spectra of the block copolymers before and after deprotection
verify a successful attachment of the ruthenium chromophore
to the polymer structure in a qualitative manner (Fig. 3C and
S177). Dispersity and shape of traces determined by the used
SEC are not fully representative, since strong column inter-
actions are a general issue for [Ru]-functionalized polymers,
causing falsified results or even preventing analysis.>***% In
this case, polymer characteristics such as a narrow molecular
weight distribution and monomodality determined before the
attachment are still valid as we assume no change in the
degree of polymerization throughout the performed reactions
(Table 1).

However, SEC analysis shows reduced absolute absorption
for the block copolymer after deprotection, that may arise
from polymer-column interactions or the change in solubility
by further charge introduction through PAA. It cannot be

4814 | Polym. Chem., 2024, 15, 4810-4823

excluded that a significant amount of sample is removed by
the pre-column. Thus, a shift to higher elution volumes can
result, which also is caused by a reduction of the molar mass
through cleavage of the ‘BuA groups. Nevertheless, sufficiently
good qualitative analyzability with this SEC system is given for
the presented [Ru]-containing polymer samples.

The presence of non-attached complex can be excluded
since after preparation the block copolymers were passed over
preparative SEC columns to remove on the one hand unreacted
precursor and on the other hand potential low-molecular
weight substances either as reagents or side-products. When
comparing NMR spectra before and after deprotection with
TFA, a reduction of [Ru(bpyEA)(bpy),]”* content is not
observed. Exemplary, integrals of signals for protons f', m, f, i
and 1 remain constant relative to those for protons a, b, and ¢
(Fig. S9 and S107). However, the treatment of [Ru]@BCP2 with
TFA also resulted in an exchange of PFs~ ions with trifluoro-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Summary of characterization data for used and synthesized block copolymers in Rh- and Ru-functionalization approaches

Block copolymer ~ Composition M,/g mol™* P’ Block ratio®  Metal content?/wt%
BCP1 PS,,-b- P( BuAgg-co-bpyEA,) 44300 116  0.52 —

BCP2 PS,,-b- P( BuA,6,-c0-bpyEA,) 70 400 1.28  1.43 —

[Rh]@BCP1 PS,;,-b- P( BuAg,-co-([Rh(bpyEA)(Cp*)CI]Cl)s) 47100 1.33  0.62 1.97 Rh
[Rh]@BCP2 PS,,,-b-P(*BuA,6,-co-([Rh(bpyEA)(Cp*)CI|Cl),) 79000 1.48  1.72 3.65 Rh
[Rh]@BCP3 PS,,,-b-P(AAgy-co-([Rh(bpyEA)(Cp*)C1]CF,CO,)s) 41 600 1.26  0.43 2.23 Rh
[Rh]@BCP4 PS,,,-b-P(AA,6,-co-([Rh(bpyEA)(Cp*)CI]CF5CO,),5) 64300 1.54  1.21 4.48 Rh
[Ru]@BCP2 PS,77-b-P(‘BuA,6,-c0-bpyEA, ,-co-([Ru(bpyEA)(bpy),](PFe)2)16) 81600 1.54 1.81 1.98 Ru

[Ru]l@BCP4 PS,77-b-P(AAy6;-c0-bpyEA; ,-co-([Ru(bpyEA)(bpy).](CF3CO,)2)16) 66 900 1.15  1.30 2.42 Ru

“NMR analy51s, based on the degree of polymerization (DP) of ‘BuA and presumed quantitative deprotection to AA. ? SEC-analysis, PS standard
for calibration.  Molecular weight of second block/molecular weight of first block.  NMR analysis, based on DP of [Rh] or [Ru].

Ru 3d |
C-N/C-O \
L 2 ) b\

|
[ Ru@scP2

U U I R |

Intensity / arb.u.

[ [Rul@BCP4
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405 402 399 396
Binding Energy / eV

Fig. 4 High resolution C 1s (left), N 1s (middle) and F 1s (right) XP spectra of BCP2, [Ru(bpy).(dmbpy)](PFe), (2), [Rul@BCP2 and [Rul@BCP4. For
better representation, intensities of the N 1s and F 1s spectra are multiplied by a factor given in the figure.

acetate (CF;COO™) to a large extend. XPS analysis (see Fig. 4)
of the block copolymer after deprotection with TFA shows a
shift of the F 1s signal to higher BEs, characteristic for CF,
binding modes, that can be associated with CF;COO™.
Furthermore, a rather weak signal corresponding to remaining
PF¢~ is observed, which is confirmed by a small P 2p signal
(see Fig. S211). Nevertheless, Ru 3d and N 1s BEs from
[Ru(bpy),(dmbpy)](PFs), (model complex) are analogously
found in the block copolymer spectra after functionalization
with [Ru] and after treatment with TFA. A successful attach-
ment of [Ru] is further verified upon comparing the N 1s
signal of the block copolymer before functionalization with
those of the model complex. Similar to the observation after
attachment of the Rh-complex, for BCP2 the N 1s binding
mode is shifted to higher BEs after attachment of [Ru], match-
ing those of the model complex (400.0 eV). Additionally, a
second N 1s binding mode for [Ru]J@BCP2 can be found
related to non-functionalized bpyEA units (398.7 eV, light
green). Please note, the different intensities of ruthenium and

This journal is © The Royal Society of Chemistry 2024

nitrogen in the XP spectra of the model complex and after
attachment of [Ru] to the block copolymer are related to the
sample fabrication via drop casting (see ESIt for details).

Preparation of [Ru]- and [Rh]-functionalized block copolymer

With [Ru]@BCP2 on hand, remaining unfunctionalized bpyEA
units are available for the attachment of [Rh] to form a block
copolymer containing both photosensitizer and catalyst. In
analogy to the [Rh]-functionalized block copolymer the
functionalization of the [Ru] centers bearing block copolymer
and subsequent acidic deprotection was performed (Fig. 5).
Characteristic signals for both [Ru] and [Rh] can be found
in the "H-NMR spectrum of [Rh] + [Ru]@BCP5 confirming
approximated no residual unfunctionalized bpyEA units per
polymer chain (Fig. 5B and Fig. S12t). The high efficiency of
attaching [Rh] to pendant bipyridine units was additionally
proven in this approach. Most pronounced evidence for suc-
cessful [Rh] incorporation is given by signals attributed to
protons i and j. Especially the presence of proton i allows the
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([Rh] + [Rul@BCP5) in DMF-d; + TFA and signal assignment.

determination of the DoF for [Rh] to 12 units per polymer
chain upon comparing to signals caused by the PS block a, b
and c. As during purification, the block copolymer was passed
over preparative SEC, collecting the high molecular weight
fraction only, the signal of proton j can be assigned exclusively
to immobilized [Rh] complex. SEC-coupled in-line diode array
spectra further provide evidence for the presence of [Rh] in the
copolymer architecture (Fig. 6). Both features of [Ru] and [Rh]
in the UV/vis spectrum at elution volumes of 14.9 mL (before
deprotection) and 15.1 mL (after deprotection) show character-
istic bands for both complexes. Despite the stronger absorp-
tion of [Ru] bands (289 nm and 456 nm) the shoulder at
311 nm reveals the distinctive absorption of [Rh] (compare to
Fig. S17Af). Reduced absolute absorption of the block copoly-
mer after deprotection is explained by strong polymer—-column
interactions, also noted previously for the [Rul-containing
block copolymer. The shoulder for lower elution volumes
(sample after deprotection) is most likely due to partial aggre-
gate formation of the block copolymer in the solvent for SEC
analysis (DMAc + 0.05 wt% NH,PF, Fig. 6D).

Micellization of amphiphilic block copolymers in water

Micellization of metal-functionalized block copolymers in water
was carried out similarly to previously published results with
small changes (Section S3).° Rhodium- and ruthenium-functio-

4816 | Polym. Chem., 2024, 15, 4810-4823

nalized block copolymers form spherical micelles in water,
which were investigated by dynamic light scattering (DLS) and
transmission electron microscopy (TEM) (Fig. S22-S25%).
Apparent hydrodynamic radii ((R},)) of the formed micelles were
determined by DLS analysis showing a clear relation of DP in
the second, hydrophilic segment and measured (R;,) for [Rh]-
micelles. The TEM images (Fig. S23-5257) show isolated micelles
as well as aggregated constructs most probably as the result of
drying processes on the TEM grid. A clear trend of influence
from electrostatic repulsion in the corona is observed for [Rh]-
micelles resulting in lower values for average aggregation
number N,,, and chain density pu.;, (see Section S1f for
details) with increasing DP in the second segment. Compared to
[Rh]J@BCP4 a decrease in (R;) of 8 nm is observed for using
[Ru]@BCP4 that can be explained by decreased electrostatic
repulsion of the micellar corona introduced by permanently,
twice positively charged [Ru] units (Table 2). Although the
degree of functionalization with [Rh] is higher, the average
number of positive charges in the second segment of the ruthe-
nium functionalized block copolymer is higher. Consistent with
results obtained from [Rh]-containing micelles a trend in further
reducing electrostatic repulsion causing higher Nyg, and pep,i, is
observed. Obtained results for [Rh] and [Ru]-containing micelles
are rather similar to previously reported PS-b-PAA and PS-b-P(AA-
co-bpyEA) micelles, however secondary aggregation is less pro-

This journal is © The Royal Society of Chemistry 2024
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traces before and after deprotection of ‘BuA units.

Table 2 Characteristics for metal-functionalized block copolymer micelles in deionized water

Block Block (Ry)?/

copolymer Composition ratio” nm Feore /MM Nage  Pehain
[Rh]@BCP3 PS57-b-P(AAgg-co-([Rh(bpyEA)(Cp*)CI]CF;CO,)o) 0.43 24 14.0£2.0 237 0.097 + 0.028
[Rh|@BCP4 PS,,,-b-P(AA,6,-co-([Rh(bpyEA)(Cp*)Cl]CF5CO0,),s) 1.21 33 125£1.9 171 0.087 £ 0.026
[Ru]@BCP4 PS,,,-b-P(AA,-c0-bpyEA»-co-([Ru(bpyEA)(bpy),](CF3C0,),)16) 1.30 25 15.9+1.7 348 0.110 +0.024
[Rh] + [Ru] PS;,7-b-P(AA,6,-co-([Rh(bpyEA)(Cp*)C1]CF5CO, )1 ,-co-([Ru(bpyEA) 1.43 20 127+1.3 179 0.088 +0.019
@BCP5 (bpy).] (CF3CO,)s)16)

“ Molecular weight of second block/molecular weight of first block. > DLS analysis. “ TEM analysis.

nounced for [Ru]@BCP4 micelles (second mode between
60-200 nm in Fig. $221).° A powerful method to verify the pres-
ence of ruthenium in the micellar structure is achieved by scan-
ning transmission electron microscopy (STEM) accompanied by
energy dispersive X-ray (EDX) analysis which allows spatially
resolving elemental composition of nanostructures. Although
disintegrating most of the carbon of the micelles upon this
process, the presence of ruthenium in the micellar fragments
was proven. In addition, remaining carbon and oxygen residuals
spatially correlate with ruthenium (Fig. S26-S28t). STEM-EDX
analysis of [Rh]-containing micelles ([Rh]J@BCP4) led to a rather
scattered deposition of the polymer, presumably due disinte-

This journal is © The Royal Society of Chemistry 2024

gration of the micelles under plasma treatment. Thus, a spatial
correlation of, for instance, carbon, oxygen and rhodium for dis-
tinctive micellar fragments was not possible (Fig. S29%).
Furthermore, the strong Cl-K line overlaps with Rh-L lines and
strong K and Ca-L lines with Rh-M lines, respectively
(Fig. S307). Additionally, the Rh-K lines (at 20.2 keV) are outside
the standard range of 0-20 keV. Upon using the extended keV-
range the presence of Rh could be verified (see the Ru-K line in
Fig. S30T). However, the local mapping showed a rather hom-
ogenous Rh distribution (Fig. S29t). Micellization of [Rh] + [Ru]
@BCP5 yielded spherical micelles and analysis was carried out
via DLS and TEM (Fig. 7).
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Fig. 7 (A) DLS-CONTIN plots from three individual measurements for [Rh] + [Rul@BCP5 based micelles in deionized water, ¢ = 0.5 g L™ . (B) TEM
image of [Rh] + [Rul@BCP5 based micelles in deionized water, ¢ = 0.5 g L™* and schematic representation of the anticipated micellar structure.

DLS analysis reveals micelles exhibiting (R;,) of 20 nm with
a second mode notable between 50-120 nm. Compared to the
ruthenium-functionalized micelles (R;) is reduced by 5 nm
due to further decreased electrostatic repulsion of the micellar
corona introduced by permanently positively charged [Rh]
units into an already [Ru] functionalized matrix (Table 2). As
expected, utilizing the block copolymer containing both [Ru]
and [Rh] centers in the PAA segment, the lowest value of (Ry,)
for all metal functionalized block copolymers was obtained.
From TEM analysis 7.ore could be determined to 12.7 + 1.3 nm
resulting in an approximated N,g, = 179. Therefore, pq,;, can
be calculated to 0.088 + 0.019 nm™>. Counterintuitively, Feore
and N,,, show decreased values, although increased attractive
electrostatic forces are expected in the corona driving micelli-
zation towards larger core sizes. This observation may be
explained by the altered micellization process compared to
[Rh]- or [Ru]-functionalized samples.

Thermal and photocatalytic NAD" reduction studies

In a final step the [Ru]- and [Rh]-containing micelles were ana-
lyzed with respect to their contribution to purely thermal as well
as light-driven catalytic NADH formation. The presence of [Rh
(bpy)(Cp*)Cl]*-like centers allowed to probe the principal cata-
lytic activity of all [Rh] embedded materials in a light-indepen-
dent fashion by incubation with sodium formate as reductant
(all experimental details can be found in the ESI, section S47).
Using this method, it was initially tested whether the different
molecular compositions, more specifically, the degree of
polymerization in the second block of [Rh]J@BCP3 and [Rh]
@BCP4 had any effect on the efficiency of the NADH-forming
catalytic process. At a temperature of 45 °C and a concentration
of 5 uM micelle-anchored [Rh] centers, both [Rh]-functionalized
polymeric systems behaved comparable (Table S3,t entries 1 and
2). As can be seen in Fig. S31,T the emission band centered at
462 nm, being characteristic for NADH, increased in a linear
fashion and reached for both micelles a TON of ca. 1 after
90 min (TON = turnover number). As for analogous small mole-
cular Rh complexes the p-hydride elimination process has been
reported to represent the rate determining step of the overall
NADH-forming process,”® both [Rh]-containing micelles were
also investigated at higher temperatures, i.e. 60 °C, to accelerate

4818 | Polym. Chem., 2024, 15, 4810-4823

this process or other activity-limiting steps such as substrate
diffusion towards the micelle-embedded [Rh] centers. As shown
in Fig. 8A the linearly increasing amount of NADH is again
clearly observed by the rising emission band at 462 nm as well
as the rising intensity of the absorption band at 340 nm (see
Fig. S32t). After 90 min a TON of ca. 4 was observed for both
nearly identically behaving [Rh]-containing micelles (see Fig. 8A,
Fig. S32 and Table S3,} entries 3 and 4). As neither at 45 °C nor
at 60 °C any notable difference in catalytic activity was observed
between the two different [Rh] containing micelles, it is con-
cluded that the rate of formate-driven NADH formation is inde-
pendent of the micellar corona size for the two herein presented
[Rh] micelles.

In contrast to the elevated temperatures described above,
no NAD' reduction was observed at room temperature for both
[Rh]-containing micelles (Fig. S33 and Table S3, entries 5 and
6). This is also true for the bimetallic [Ru] and [Rh] moieties
containing [RuRh] micelles based on [Rh] + [Ru]@BCP5 which
otherwise yielded a TON for the thermal NADH formation of
1.8 after 90 min at 45 °C (Fig. S33 and Table S3, entries 7 and
8). However, when comparing the polymeric systems with [Rh
(dmbpy)(Cp*)Cl]CI (Rh complex 1) as small molecular refer-
ence catalyst, substantially higher formate-driven NADH for-
mation activity was observed for 1. Contrary to the micelles,
this reference catalyst was active at room temperature and
showed a TON of 15 after 90 min (see Fig. 8B and Table S3,}
entry 9). At 45 °C complex 2 even converts ca. 80% of NAD"
into NADH within only 20 min, i.e. a TON of 40 after 20 min is
observed, accompanied by a maximum TOF of 150 h™" (TOF =
turnover frequency, see Fig. S34 and Table S3,} entry 10). The
superior activity of complex 1 compared to the [Rh] functiona-
lized micelles might be explained by either a very slow
B-hydride elimination process inside the micelles, a slow
diffusion rate of substrates (HCO,  or NAD') towards the
micelle-embedded [Rh] centers or a blocking of the Rh
binding site by the high local concentration of polymer inte-
grated acid functionalities preventing the necessary coordi-
nation of formate to the Rh center.

After elucidating the capability of all [Rh]-containing
micelles for NADH formation in the presence of a suitable

reductant, their activity for cofactor reduction under

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (A) Emission spectroscopic changes and corresponding TON plot during formate-driven NAD* reduction at 60 °C using 5 uM [Rhi@[Rh]

@BCP3. (B) UV/vis spectroscopic changes during formate-driven NAD* reduction at r.t. with 5 uM 1. (C and D) UV/vis and emission spectroscopic
changes during photocatalytic NAD" reduction using 5 uM [Ru(bpy)z]Cl, and 5 uM [Rh]@BCP3.

irradiation with visible light (4 = 465 nm) was investigated (for
experimental details see ESI, section S4f). During the photo-
catalytic process in presence of triethylamine (TEA) as sacrifi-
cial electron donor, the [Rh] centers (i.e. 1 as well as micelle-
incorporated [Rh] centers) were reduced by Ru polypyridine
moieties, i.e. either by molecular [Ru(bpy);]Cl, or polymeric
[Ru]J@BCP4 as well as pendant [Ru] sites in the bifunctional
micelle [Rh] + [Ru]@BCP5.

Based on the results from the light-independent catalysis
results described above as well as prior results on heterodi-
nuclear RuRh photocatalysts showing improved (photo)cata-
Iytic activity at elevated temperatures,®” light-driven catalysis
was initially investigated at 45 °C. As for the formate-driven
catalytic process, both only [Rh] centers containing micelles
exhibited identical photocatalytic activity in the presence of
5 pM [Ru(bpy);]Cl, showing a TON of 2 after 90 min (see
Fig. S35 and Table S3,1 entries 11 and 12). This indicated that
the varying ratio of repeating units in the polymeric backbones
also induced no reactivity differences in the photocatalytic
processes.

This journal is © The Royal Society of Chemistry 2024

However, the analysis of the absorption and emission spec-
troscopic changes during this process in combination with the
course of the respective TOF values suggested that higher
TONSs were likely prevented by the parallel occurring photode-
gradation of [Ru(bpy);]Cl, which was concluded from the van-
ishing *MLCT band absorbance at around 450 nm and the
decreasing intensity of the *MLCT emission band with a
maximum at around 605 nm (see Fig. 8C and D). Thus, photo-
catalytic runs with an increased concentration of 25 pM [Ru
(bpy)s]Cl, were performed. Although this did not lead to an
increase in longevity of the overall photocatalytic system, as a
consequence of an initially faster photocatalysis still an
improved TON of ca. 4.5 after 120 min at 45 °C was observed
(Fig. S367). Interestingly, when keeping 25 pM [Ru(bpy);]Cl,
but varying the temperature from room temperature (r.t.) to
45 °C and to 60 °C, the initial TOF for NADH formation as well
as the rate of the photodegradation increased (see Fig. S367).
These opposed effects lead to TONs of ca. 3.5, 4.5 and 3.0 at
r.t., 45 °C and 60 °C after 120 min, respectively (Table S2,f
entries 13-15).
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However - in contrast to the formate-driven process — under
photocatalytic conditions NAD" can also be directly reduced by
Ru polypyridine complexes, leading to the formation of NAD-
dimers (NAD,)* as non-luminescent®® side product. Thus, the
selectivity for NADH at different [Ru(bpy);]Cl, concentrations
and temperatures was determined as well (see ESI section S4}
for the details on selectivity determination). With 5 pM [Ru
(bpy);]Cl, at r.t. a selectivity for NADH formation of 85% was
obtained using both [Rh]-functionalized micelles. At 25 uM
[Ru(bpy);]Cl, the selectivity drops to 58% at r.t. and to 47%
and 35% at 45 °C and 60 °C, respectively. Control experiments
where either only the [Rh] functionalized micelles or only [Ru
(bpy)s]ClL, were irradiated in the presence of NAD" indicated
that (i) irrespective of the applied temperature (r.t. or 60 °C) a
very limited NADH-forming background activity was observed
for the [Rh] micelles (Fig. S371) but (ii) significant photo-
catalytic activity with low selectivity (<50% for NADH) was
detected for [Ru(bpy);]Cl, (Fig. S387) at elevated temperatures.
In the absence of NAD' no Ru-induced emission spectroscopic
changes at 462 nm were observed (Fig. S397). As from these
experiments it became clear that a highly selective NADH
forming photocatalytic process involving [Rh]-containing
micelles is only achieved at low, i.e. 5 pM [Ru(bpy);]Cl, as well
as at r.t., all further experiments were performed under these
conditions unless otherwise noted (see Fig. S407).

In contrast to the formate-driven process where complex 1
outperformed the [Rh] functionalized micelles by at least one
order of magnitude, the light-dependent reference experiment
involving [Rh(dmbpy)(Cp*)Cl]Cl instead of the [Rh]-modified
micelles resulted in very similar NADH production. At r.t. and
within 90 min a TON of 2 (93% selectivity) and at 45 °C a TON
of 4 (77% selectivity) for complex 2 was obtained (see Fig. S41
and Table S3,T entries 16 and 17; at 5 pM [Ru(bpy);]Cl, the
[Rh]-functionalized micelles gave TONs of ca. 2, irrespective
whether r.t. (85% selectivity) or 45 °C (82% selectivity) was
applied, see Fig. S35 and S42 as well as Table S3,f entries
18-21) which highlights the photochemical reduction of [Rh]
centers as activity limiting factor.

As discussed above, the use of rather photolabile [Ru(bpy);]
Cl, might additionally limit the photocatalytic system to reach
higher cofactor conversion. Therefore the [Ru]-containing
micelles were analyzed as alternative photosensitizers. In fact,
the irradiation time-dependent luminescence loss for [Ru]
@BCP4 within the solution used for all photocatalytic experi-
ments (0.12 M TEA and 0.1 M NaH,PO, in degassed H,0) was
only 19% within 120 min at r.t. compared to 47% for 5 pM [Ru
(bpy);]Cl, (Fig. S43t). However, when 5 pM Ru polypyridine
moieties via [Ru]@BCP4 were combined with either 5 pM 1 or
5 pM [Rh]@[Rh]@BCP4, only TONs of 0.8 and 0.4 were
obtained at r.t., respectively (Fig. S44 and Table S3,} entries 22
and 23). This suggested that despite the improved photostabil-
ity of the [Ru] moieties when being embedded into the micel-
lar environment, only very limited photocatalytic activity was
observed. While indeed photocatalytic activity was observed
for the system with [Rh] micelles and molecular [Ru], in the
opposite case a fundamental difference in mass and/or energy/

4820 | Polym. Chem., 2024, 15, 4810-4823
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electron transfer seems to hinder any activity. It can be dis-
cussed whether molecular or micelle-embedded [Rh] centers
are prevented from entering the corona of [Ru] micelles, or
whether altered electronic properties of [Ru] upon embedding
changed reactivity. Considering the additional observation
that in absence of any [Rh] moiety the [Ru]J@BCP4 micelles
also produced ca. 0.4 molecules of NADH per [Ru] center
(Fig. S45%), close to no independent activity of the [Rh]
micelles in combination with [Ru]@BCP4 was observed. Inter-
micellar corona penetration is unlikely to happen, due to
electrostatic repulsive forces between individual micelles.
Thus, a close interaction of [Ru] and [Rh] centers inside the
micellar corona is prevented.

To overcome this low efficiency of inter-micellar activity, the
bifunctional micelle [Rh] + [Ru]@BCP5 was prepared.
However, also in this case TONs of only 0.5 were observed
(Fig. S46 and Table S3,} entry 24) despite a very similar photo-
stability (20% luminescence loss within 120 min) as for [Ru]
@BCP4. Analysis of the luminescence quenching within the
[RuRh] micelles revealed that in comparison to [Ru]@BCP4
almost no luminescence loss upon introduction of [Rh] moi-
eties was obtained (Fig. S471). Thus, in addition to substrate
diffusion towards the metal centers, the low intermetallic
charge transfer efficiency within the [RuRh] micelles might be
another important factor limiting photocatalytic activity. It
seems that proximity between [Ru] and [Rh] sites is insufficient
to enable electron transfer. Since the photocatalytic experi-
ments were conducted in basic pH regime induced by TEA as
essential electron donor for the photocatalytic process, a
rather stretched conformation of individual chains can be
expected, increasing distance between the functional units.

Conclusions

In the herein presented work, block copolymers featuring
pendant bipyridyl rhodium complexes and ruthenium polypyr-
idyl complexes were successfully prepared. For this, well-
defined polystyrene-block-poly((acrylic acid)-co-(2-(4-(4"-methyl-
2,2'-bipyridyl))ethylacrylate)) (PS-b-P(AA-co-bpyEA)) block copo-
lymers were prepared via nitroxide-mediated polymerization
(NMP). In post-polymerization functionalization approaches
utilizing the pendant bpy moieties rhodium centers as poten-
tial NAD" reduction catalysts and ruthenium centers as poten-
tial photosensitizers were covalently incorporated, leading to
block copolymers with [Rh] or [Ru] only, or even containing
both metals. A successful metal attachment and integrity of
embedded complexes was investigated by NMR, SEC and XPS
analysis. The obtained block copolymers self-assembled in
water generating spherical micelles, bearing the metal sites
inside the PAA segment forming the corona. Micellar size and
morphology were characterized using a combination of
dynamic light scattering (DLS), transmission electron
microscopy (TEM), and in case of [Ru] only containing
micelles scanning transmission electron microscopy in combi-
nation with energy dispersive X-ray spectroscopy (STEM-EDX).

This journal is © The Royal Society of Chemistry 2024
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Differences in micellar size could be explained by the nature
and amount of incorporated metal complexes inside the
corona as well as the preparation strategy.

The analysis of the (photo)catalytic activity of the [Ru], [Rh]
and [RuRh] modified micelles showed, that under formate-
driven NAD' reduction conditions model complex 2 outper-
formed the polymeric architectures by at least one order of
magnitude at all investigated temperatures. However, under
light-dependent conditions using TEA as electron donor, the
difference in catalytic activity became less pronounced, likely
due to a slow photochemical [Rh] catalyst reduction also in
the case of complex 2. When the [Rh] containing micelles
were activated by [Ru(bpy);]Cl, TONs for the cofactor
reduction of up to 4.5 per [Rh] moiety could be observed.
Although the chemical integrity of the [Ru] centers in an inter-
micellar photocatalysis approach or by the use of a bifunc-
tional [RuRh] micelle was improved, the amount of generated
NADH was lower compared to the experiments when [Ru
(bpy);]Cl, served as molecular, freely diffusing photosensiti-
zer. This likely indicates that, substrate diffusion and charge
transfer in these promising materials is an important factor
determining overall catalytic activity which will be analyzed in
future studies.
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