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Water-soluble polyphosphonate-based
bottlebrush copolymers via aqueous ring-opening
metathesis polymerizationt

Diego A. Resendiz-Lara,® Suna Azhdari,?® Hubert Gojzewski,? Andre H. Groschel & °
and Frederik R. Wurm @& *

Ring-opening metathesis polymerization (ROMP) is a versatile method for synthesizing complex
macromolecules from various functional monomers. In this work, we report the synthesis of water-
soluble and degradable bottlebrush polymers, based on polyphosphoesters (PPEs) via ROMP. First, PPE-
macromonomers were synthesized via organocatalytic anionic ring-opening polymerization of 2-ethyl-
2-0x0-1,3,2-dioxaphospholane using N-(hydroxyethyl)-cis-5-norbornene-exo-2,3-dicarboximide as the
initiator and 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU) as the catalyst. The resulting norbornene-based
macromonomers had degrees of polymerization (DP,)) ranging from 25 to 243 and narrow molar mass
dispersity (9 = 1.10). Subsequently, these macromonomers were used in ROMP with the Grubbs 3-
generation bispyridyl complex (Ru-G3) to produce a library of well-defined bottlebrush polymers. The
ROMP was carried out either in dioxane or in aqueous conditions, resulting in well-defined and water-
soluble bottlebrush PPEs. Furthermore, a two-step protocol was employed to synthesize double
hydrophilic diblock bottlebrush copolymers via ROMP in water at neutral pH-values. This general
protocol enabled the direct combination of PPEs with ROMP to synthesize well-defined bottlebrush
polymers and block copolymers in water. Degradation of the PPE side chains was proven resulting in low
molar mass degradation products only. The biocompatible and biodegradable nature of PPEs makes this
pathway promising for designing novel biomedical drug carriers or viscosity modifiers, as well as many
other potential applications.

different strategies have been developed. For instance, the use
of water-soluble ROMP catalysts has facilitated the synthesis of

Bottle-brush polymers (BBPs) are macromolecules with complex
topologies, in which flexible or rigid polymeric side-chains are
attached to a linear backbone with promising properties for
diverse applications, e.g. in lubrication, optoelectronic mate-
rials, super-soft elastomers, or drug delivery."® With the well-
known ruthenium-based metathesis, ring-opening metathesis
polymerization (ROMP) operates with fast initiation and prop-
agation, with controlled distributions and architectural control.
These highly active catalysts tolerate a myriad of substrates and
a range of reaction conditions, including air and moisture.'***

Over the last decade, significant efforts to perform ROMP
under aqueous conditions™*® have been successful and
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complex macromolecular architectures in aqueous conditions;
however, this requires the modification of the catalyst."”° Very
recently, a monomer oil-in-water emulsified aqueous ROMP was
developed with quantitative initiation and a high degree of
polymerization, but with the use of chlorinated solvents as the
oil phase.”® In contrast, the O'Reilly group reported aqueous
ROMP using a mixed solvent system H,O/THF (v/v = 9/1) using
Grubbs' third generation catalysts (Ru-G3).*>** Aqueous ROMP
might be applied to other water-soluble monomers,* in the
modification of biomacromolecules,*®>*2¢ or the formation of
controlled nanoparticles through ROMP with a more sustain-
able approach.*>*”

PPEs are well-defined, water-soluble polymers and potential
alternatives to poly(ethylene glycol) (PEG) but with a controlled
degradation pattern.”® The chemistry of PPEs is versatile,
allowing hydrophilicity, thermo-responsiveness, and (bio)
degradation rates to be tuned.***° PPEs are appealing for bio-
logical and biomedical applications due to their nucleic acid
analogue structure, water-solubility, anti-biofouling properties,
cytocompatibility, and the so-called ‘stealth effect’.*** Specifi-
cally, PPE-containing nanomaterials have been employed in
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surface protein adsorption,* as drug or gene delivery
nanocarriers,*” due to their antifouling properties and anti-
microbial nanoparticles.*® Our efforts in the synthesis of PPEs
have been focused on one subclass, ie., polyphosphonates [-
P(O)R-OCH,CH,0-],,, which can be obtained with high control
over molar mass (M,) and narrow distributions (P < 1.2) from
the anionic ring-opening polymerization (AROP) of cyclic
phosphonates (CH,0),P(O)R.*** Especially, polyphosphonates
(R = Me, Et, iPr, allyl) are water-soluble and are recognized as
degradable PEG alternatives.”®*?
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So far, only scarce reports on PPE-based graft polymers via
atom transfer radical polymerization (ATRP)** (Scheme 1A) or
free radical polymerization" (Scheme 1B) have been reported;
however, materials with narrow molar mass dispersity remain
challenging. The application of olefin metathesis polymeriza-
tion of phosphate-based materials has been limited to post-
functionalization of ROMP polymers with phosphonates® or
by acyclic diene metathesis (ADMET)** or ROMP of 7-
membered cyclic phosphoesters***® or phosphoramidates®”
(Scheme 1C), generally resulting in low molar mass PPEs with

A) Previous work - graft-copolymers with PPE backbone (Ref. 40):
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B) Previous work - graft copolymers with PPE side chains (Ref. 41):
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C) Previous work - synthesis of polyphosphoesters by olefin metathesis by

ADMET (Ref. 43-45) or ROMP (Ref. 45-47):
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Scheme 1

(A and B) Synthesis of graft-polyphosphoesters by (A) ATRP or (B) free-radical polymerization. (C) Synthesis of polyphosphoesters by

ADMET or ROMP. (D) Preparation of norbornene-based polyphosphonate macromonomers and subsequent ROMP to bottlebrush polymers.
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uncontrolled distributions. Other phosphoester-based norbor-
nene oligomers have been synthesized via ROMP and used as
either benzylating*® or triazolating reagents.*

Concerns about PEG as a non-biodegradable polyether,
which can accumulate in the body and lead to the formation of
antiPEG-antibodies,”***> have motivated the search for other
bottlebrush type materials for biomedical applications derived
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from other functional hydrophilic polymers as PEG alternatives,
e.g. norbornene-based polyoxazolines® or N-carboxyanhy-
drides,**** but the application of ROMP of such macro-
monomers is neither under biorelevant conditions nor are the
side chains prone to degrade.

In detail, we present PPE-based bottlebrush (co)polymers as
a novel class of materials with high molar masses prepared by
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Fig.1 (a) Synthetic scheme for the AROP of PEEP (1) by N-(hydroxyethyl)
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-cis-5-norbornene-exo-2,3-dicarboximide (2) as the initiator. (b) Plot of

M, and B vs. monomer conversion, obtained by a combination of SEC and 51p NMR spectroscopy. (c) Kinetic studies of AROP of 1 via the plot of
In(IMlo/IM]y) vs. time. (d) SEC elugrams (2 mg mL™Y) (normalized RI) at different reaction times for the polymerization of 1 to the PEtPn mac-
romonomer (measured in DMF (0.1 M LiCl) at 60 °C vs. polystyrene standards using an Rl detector by SEC). (e) SEC elugrams (2 mg mL™})
(normalized RI) of isolated PEtPn macromonomers with different degrees of polymerization DP, = 25 (blue, © = 1.10), DP, = 56 (green, © =1.06),
DP, =148 (green, © =1.03) and DP, = 263 (red, © = 1.03) (measured in DMF (0.1 M LiCl) at 60 °C vs. polystyrene standards using the RI detector
by SEC).

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 11273-11282 | 11275


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc02649c

Open Access Article. Published on 26 Waysu 2023. Downloaded on 31/01/2026 3:01:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

aqueous ROMP (Scheme 1D). We used the AROP of 2-ethyl-2-
oxo-1,3,2-dioxaphospholane (i.e., ethyl ethylene phosphonate,
EtPn) initiated by N-(hydroxyethyl)-cis-5-norbornene-exo-2,3-
dicarboximide to prepare a library of well-defined and water-
soluble  poly(ethyl  ethylene  phosphonate  (PEEP)-
macromonomers for ROMP with DP,, between ca. 20 and 300.
These macromonomers were applied in a ‘grafting through’
ROMP to well-defined BBPs bearing polyphosphonates as the
side chains. The ROMP of the PPE-macromonomers was per-
formed in dioxane or in aqueous conditions without the need
for catalyst modifications relying solely on the Grubbs 3™-
generation catalyst (Scheme 1D). Control over the length of the
side-chains and the BBP backbone was independently achieved
using polyphosphonate macromonomers with different DP,
and changing the macromonomer to catalyst ratio, respectively.
In addition, a two-step approach was used to prepare double
hydrophilic diblock copolymers using sequential ROMP: first by
polymerization of a hydrophilic monomer in a water-soluble
organic solvent (THF) and then by using the living chain as
a macroinitiator in neutral aqueous media to chain-extend with
the PPE-macromonomers.

Results and discussion

Norbornene-functionalized polyphosphonate macromonomers
(NB-PEtPn) were synthesized via organocatalytic AROP of 2-
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ethyl-2-oxo-1,3,2-dioxaphospholane (1, EtPn) using N-(hydrox-
yethyl)-cis-5-norbornene-exo-2,3-dicarboximide (2) as the initi-
ator. The AROP was conducted in dichloromethane at room
temperature with 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU) as
the catalyst (Scheme 1A).

The kinetics of the AROP of 1 with the initiator 2 was
assessed (Table S21). Similar to earlier reports using other
functional initiators,***® high control over the molar mass and
molar mass dispersity (P < 1.10) was achieved under the
experimental conditions, reaching 92% conversion after ca.
105 min (Fig. 1b). The linear relationship between the increase
of the molar mass M,, and the monomer conversion as well as
a linear relation of In([M]y/[M],) versus time indicated a living
polymerization using the norbornene imide-based initiator
(Fig. 1c and d). A library of well-defined PPE-macromonomers
with degrees of polymerization (DP,,) between 20 and 300 was
prepared (Fig. 1e and Table S17). The polymers were obtained as
colorless and viscous materials at room temperature, typical for
PEEP. The presence of the initiator and the absolute molar mass
were also retrieved by "H NMR (Fig. S17).

The grafting through polymerization of the NB-PEtPn mac-
romonomers was investigated in dioxane first (Fig. 2a). NB-
PEtPn,; was dissolved in dioxane (0.05 M) followed by addition
of the Ru-G3 catalyst ([NB-PEtPn,s]:[Ru-G3] ratio; i.e. DP, =
10: 1) at 22 °C. To monitor the reaction progress, samples of the
reaction were taken at different time points (10, 15, 30, and 60
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Fig. 2 (a) Synthetic scheme of the graft-through ROMP of 3 using the Grubbs 3"-generation complex (Ru-G3). (b) SEC elugrams (2 mg mL™?)
(normalized RI) at different reaction times for the polymerization of ROMP of norbornene-based PEtPn,s using the Ru-G3 catalyst with varying
PEtPn,s : Ru-G3 ratios of 10 : 1 (measured in DMF (0.1 M LiCl) at 60 °C vs. polystyrene standards using the Rl detector by SEC). (c) SEC elugrams

(2mgmL™

1) (normalized RI) of polymers from ROMP of norbornene-based PEtPn,s using the Ru-G3 catalyst with varying PEtPn,s : Ru-G3 ratios

(10, 25, 50 and 100) (measured in DMF (0.1 M LiCl) at 60 °C vs. polystyrene standards using the Rl detector by SEC).
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min) and terminated by the addition of excess ethyl vinyl ether
(EVE). SEC analysis of these samples revealed that full conver-
sion was achieved to form a polyphosphonate BBP P(NB-g-
PEtPn,5);0 in only 10 min under these conditions (Fig. 2b). After
the successful preparation of the first BBP, different ratios of
[NB-PEtPn,s] : [Ru-G3] between 10, 25, 50 and 100 equivalents
were reacted under the same conditions (Fig. 2¢ and S67). SEC
analyses showed high conversion (ca. 90%) in all cases with
a narrow molar mass dispersity of < 1.11, except for the largest
[NB-PEtPn,;] : [Ru-G3] ratio (Table S31). The "H NMR spectra of
the resulting BBPs showed the characteristic resonances for the
polyphosphonate at 4.25, 1.84 and 1.21 ppm and the typical
resonances of the polynorbornene imide backbone at 5.75 and
5.53 ppm, while the resonance of the initial norbornene alkene
of the NB-PEtPn macromonomer at 6.29 ppm was no longer
visible (Fig. S41). The *'P NMR spectra show the same reso-
nance for the polyphosphonate macromonomer and the BBP at
ca. 35.2 ppm (Fig. S51).

Besides changing the DP,, of the polymer backbone, the DP,,
of the side chains was also varied by grafting through ROMP of
the other NB-PEtPn macromonomers between 20 and 300
repeating units (Table S4t1). We used a [NB-PEtPn,]: [Ru-G3]
ratio of 25:1 at 22 °C in dioxane (0.05 M). The reactions were
terminated after 24 h by addition of EVE. SEC analyses revealed
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that the NB-PEtPn conversion to P(NB-g-PEtPn,s), decreased
with an increase in the macromonomer DP,,. For example, the
conversion decreased from ca. 90% to 75% and ca. 60% when
macromonomers with 25, 75 and 148 repeating units were used,
respectively (Fig. S71). For the highest DP,, mainly unreacted
macromonomers and low molar mass bottlebrush polymers
were observed even after 6 days of reaction (Fig. S8t). The latter
observation is in agreement when increasing the macro-
monomers' degree of polymerization the conversion decreased,
as a consequence of the low concentration of the chain-end
polymerizable moiety and the additional steric hindrance of
side chains of macromonomers.” Another explanation might
be the decreased initiation efficiency due to catalyst decompo-
sition caused by water at a low concentration of the catalyst.”
As PEEP is a water-soluble polymer with a similar partition
coefficient (log P) value to PEG,* the grafting through the
ROMP process of NB-PEtPn was investigated in aqueous
conditions. The O'Reilly group had successfully reported
ROMP in water under different aqueous conditions using Ru-
G3 as a catalyst®® and demonstrated the influence of solution
pH and the presence of salt additives on the catalytic activity
and stability during polymerization. In this work, we explored
those reaction conditions for the formation of BBPs using our
macromonomers NB-PEtPn in water (Fig. 3a and Table 1).

. N
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(a) Synthetic scheme for the graft-through ROMP of norbornene-based PEtPns3 using the Ru-G3 catalyst under agueous conditions (9: 1

v/v H,O/THF). (b) Overlay of SEC elugrams (normalized RI) of the polymerization of norbornene-based PEtPnsz using the Ru-G3 catalyst under
different aqueous reaction conditions at a concentration of 10 mg mL~* after 2 h and (c) at a concentration of 20 mg mL™* after 2 h (measured in
DMF (0.1 M LiCl) at 60 °C vs. polystyrene standards using the Rl detector by SEC).
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Table 1 ROMP of NB-PEtPnz3z with Ru-G3 (50 : 1 molar ratio) in different aqueous conditions
Concentration of Reaction

Entry Aqueous conditions NB-PEtPn;; time Conversion® (%) M, sgc” (kDa) B’
1 100 mM Na,HPO,; pH = 2 (HCl) 10 mg mL ! 18 h 75 97.3 1.07
2 pH = 2 (HCI) 10 mg mL™* 18 h 74 89.2 1.10
3 100 mM NaCl 10 mg mL ! 18 h 71 93.7 1.09
4 100 mM Na,HPO,; pH = 2 (HCI) 20 mg mL™* 2h 85 94.8 1.07
5 pH = 2 (HC]) 20 mg mL " 2h 88 91.7 1.07
6 100 mM NaCl 20 mg mL " 2h 90 88.9 1.09

“ Conversion of NB-PEtPn;; to brush polymers is determined by integration of the peak areas of the brush polymer and residual NB-PEtPn;; from
SEC measurement of the crude product. > Determined from integration of the SEC signals of the high molar mass fraction (measured in DMF (0.1 M
LiCl) at 60 °C vs. polystyrene standards using the RI detector by conventional SEC).

First, acidic conditions (9 : 1 v/v H,O/THF, 100 mM Na,HPO,)
were adjusted to a final pH = 2 using HCl and a concentration
of 10 mg mL ™" was explored. Under these conditions, our
initial attempts started with a NB-PEtPn;; and Ru-G3 catalyst
at a [NB-PEtPn3;3]: [Ru-G3] ratio of 50: 1. The polymerization
was terminated after 2 h by the addition of one drop of
diethylene glycol vinyl ether (DGVE), a water-soluble vinyl
ether capable of deactivating the carbene propagating
species. SEC analysis revealed a conversion of ca. 75% to
P(NB-g-PEtPn,s), (Fig. 3b). In order to simplify the reaction
media, the sole use of HCI as a Brensted acid additive was
explored. The source of H' and Cl~ as primary determinants
for the metathetical activity in aqueous conditions has been
proven to promote ligand dissociation and add further
protection to the Ru-G3 catalyst from decomposition.”® We
attempt the polymerization of NB-PEtPns;; and Ru-G3 at a [NB-
PEtPn3;]: [Ru-G3] ratio of 50:1 in a mixed solution (9:1 v/v
H,O/THF) with pH = 2 (final concentration 10 mg mL™"),
using only HCI as the acidifier additive. In the same manner,
the reaction was terminated after 2 h of polymerization by
DGVE and SEC analysis revealed a similar conversion (ca.
73%) to P(NB-g-PEtPnj33), to the previous experiment (Fig. 3b).
It is important to note that polyphosphoesters are stable at
acidic pH for at least several hours as reported earlier.”® The
role of the Cl™ anion has been determined, which avoids the
formation of inactive Ru-(OH),, species by ligand exchange by
simply adding NaCl to the aqueous media.”® Finally, we
attempted the ROMP at neutral pH, and the polymerization at
a [NB-PEtPnj;]: [Ru-G3] ratio of 50:1 was attempted in an
aqueous solution (9:1 v/v H,O/THF, 100 mM of NaCl) with
a final concentration of 10 mg mL~'. After 2 h of polymeri-
zation, the reaction was terminated by DGVE and the SEC
analyses also revealed a similar conversion (72%) to the
molecular brush P(NB-g-PEtPn;;), (Fig. 3b). In general, the
dispersity of the resultant BBPs was low (P < 1.1), which
demonstrates control over ROMP under these aqueous
conditions.

The three previous aqueous reaction conditions were
successful in polymerizing the macroinitiator; however, they
did not achieve complete conversion after 2 h at a concentra-
tion of 10 mg mL™'. To improve conversion to P(NB-g-
PEtPnj3;),, the reaction was monitored after 3 h and 18 h at
10 mg mL ™', by which the conversion increased from ca. 75%

1278 | Chem. Sci, 2023, 14, 11273-11282

to ca. 85%, respectively, as observed by SEC analysis (Fig. S97).
We further attempted to improve the conversion to P(NB-g-
PEtPn;;), by increasing the initial concentration of the mac-
romonomer to 20 mg mL~'. In this case, we achieved high
conversion (ca. 90%) after only 2 h, as observed by SEC
analysis (Fig. 3c).

We have successfully proved that the formation of molecular
brush P(NB-g-PEtPn), at neutral aqueous conditions is possible.
Encouraged by this, we explored the synthesis of diblock
bottlebrush copolymers by a two-step approach in aqueous
solution using Ru-G3 as a catalyst. First, polymerization of a few
units of a hydrophilic monomer, ie exo-norbornene-2-
(dimethylamino)ethyl imide (NB-NMe,), in a water-miscible
organic solvent is prepared using Ru-G3. Then, the resulting
corresponding macroinitiator can subsequently propagate in
solvent mixtures containing high concentrations of H,O (e.g.,
=90 v/v%) for chain-extension of a second monomer dissolved
in water (Fig. 4a).

As the initial monomer to form the hydrophilic macro-
initiator, the polymerization of NB-NMe, at a [NB-NMe,] : [Ru-
G3] ratio of 10:1 was first conducted in THF. Then, different
amounts of the as-prepared macroinitiator were added to NB-
PEtPn;; solutions (100 mM NaCl, neutral pH) to achieve
different chain lengths of this second forming block (DP,, = 45
or 90) to evaluate the control over the polymerization. In this
manner, the synthesis of two double hydrophilic P[(NB-NMe,),-
b-(NB-g-PEtPn),| diblock copolymers was achieved with low
dispersities (P < 1.12). High conversion (ca. 85%) was observed
for P[(NB-NMe,),-b-(NB-g-PEtP33),5], and high conversion (ca.
95%) was achieved for P[(NB-NMe,);o-b-(NB-g-PEtP33)q], as
analyzed by SEC (Fig. 4b).

By atomic force microscopy (AFM), polymeric nano-objects
with a rod-like morphology were observed after spin-coating
aqueous solutions of the BBPs (10 mg mL™"). P[(NB-
NMe,),0-b-(NB-g-PEtP;33),5] exhibited anisotropic particles
with an aspect ratio of approximately 2:1, while P[(NB-
NMe,);0-b-(NB-g-PEtP33)o0] showed objects with an aspect
ratio of approximately 4 : 1 (the aqueous dispersion was spin-
coated onto silicon wafers) (Fig. 5a and c). Anisotropic
nanoparticles were in a similar size regime to other reports on
BBPs.**** The anisotropy of the two BBP samples was also
confirmed by SEM measurements. [(NB-NMe,);o-b-(NB-g-
PEtPs3),45] shows a roundish shape, whereby P[(NB-NMe,); o-b-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Synthetic scheme for the sequential ROMP for the formation of block copolymers using the Ru-G3 catalyst. (b) SEC elugrams

(normalized RI) of the polymerization of the sequential polymerization of [NB-NMe,] (DP,, = 10) and target of the second forming block (DP,, = 45

or 90) NB-PEtPnz3 at a concentration of 20 mg mL™

! using the Ru-G3 catalyst under neutral aqueous conditions (9 : 1 v/v H,O/THF) 100 mM

NaCl after 2 h (measured in DMF (0.1 M LiCl) at 60 °C vs. polystyrene standards using the Rl detector by SEC).

(NB-g-PEtP33)9] clearly differs from this and is displayed as
rods (Fig. S10a and b¥). A size distribution of the particles was
also determined which confirmed that the BBPs with DP,, = 45
have a length of 149 nm, and those with DP,, = 90 are slightly
longer with 185 nm (Fig. 5b, d, S11a and bt). The height of
15 nm, determined by AFM, supports the assumption of
densely grafted arms that prevent flattening due to steric
hindrance (Fig. 5a and c). This observation highlights that the
domains in the densely grafted BBPs exhibit significantly
larger sizes and volumes compared to those of traditional
block copolymers. This distinction holds considerable rele-
vance for future self-assembly studies, as the increased
volume and stiffness of BBPs, as opposed to BCPs, exert

© 2023 The Author(s). Published by the Royal Society of Chemistry

notable influence on self-assembly behavior. Consequently,
the domain spacing in BBPs can be more readily adjusted,
offering potential advantages for fine-tuning self-assembly
processes. The correlated with the DLS measurements:
measurements were conducted in DMF, indicating a hydro-
dynamic radius of 233 £ 4 nm for [(NB-NMe,);,-b-(NB-g-
PEtPs3),5] (Fig. S121) and 312 £+ 9 nm for P[(NB-NMe,);o-b-
(NB-g-PEtP;3)00] (Fig. S127). It's worth noting that the diam-
eters derived from DLS in DMF tend to be larger relative to
those obtained via SEM and AFM due to swelling in
dispersion.

In contrast to previously reported water-soluble BBPs,
which have been studied in biomaterials, drug delivery, and

Chem. Sci., 2023, 14, 11273-11282 | 11279
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Fig. 5 AFM height (left) and peakforce error (right) images of bottle brush block copolymers, (a) P[(NB-NMe)1o-b-(NB-g-PEtP33)45] and (b) P
[(NB-NMey)10-b-(NB-g-PEtP33)90], spin-cast at room temperature from an aqueous solution (10 mg mL™?), are shown. The cross-sections of the
bottle brushes are plotted along the black lines. Additionally, SEM zoom-ins of (c) P[(NB-NMej)1o-b-(NB-g-PEtP33)45] and (d) PI(NB-NMey)10-b-

(NB-g-PEtP33)g0] are presented, indicating the average length.

encapsulation, the herein reported polyphosphoester-bearing
BBPs carry degradable side chains.®*"*® As proof of concept, P
[(NB-NMe,),o-b-(NB-g-PEtP;33),5] was stirred in a borate buffer
solution (pH = 11) at 25 °C (5 mg mL ') for a period of 24 h
and the degradation product was analyzed by '"H NMR spec-
troscopy. The "H NMR spectrum showed complete degrada-
tion of the polyphosphoester side chains as evidenced by the
absence of resonances at 4.25, 1.84 and 1.21 ppm, which
correspond to the main chain and side chain signals of the
polyphosphoesters, respectively. Also in *'P NMR spectros-
copy spectra, the absence of the PPE-backbone resonance at
35 ppm further evidenced the degradation of the side chains
(Fig. S13t). SEC analysis showed the hydrolytic process of the
polymeric side chain in the BBP by decreasing the M,, from ca.
71 kg mol ™" to less than 1 kg mol™" (Fig. S1471). The degra-
dation pathway of the side chain polyphosphoesters likely
follows the backbiting mechanism as previously demon-
strated for other polyphosphonates.®” As the backbone of the
herein prepared BBPs cannot further degrade, in future
studies additional labile bonds can also be installed, similar
to previously reported studies for linear ROMP-based

polymers.*7:6%6°

1280 | Chem. Sci, 2023, 14, 11273-11282

Conclusion

Water-soluble PEtPn macromonomers (P1) carrying a poly-
merizable norbornene group were synthesized using AROP of
1 initiated by 2. These macromonomers were successfully
used in ROMP to produce BBPs with precise two-dimensional
control on the side-chain and in the main-chain backbone.
The Grubbs 3"-generation Ru-based catalyst was used in
polar media to achieve high conversions and narrow molar
mass distributions. The hydrophilicity of the macro-
monomers allowed for the synthesis of well-defined bottle-
brushes under aqueous conditions, both under acidic and
neutral aqueous conditions, via ROMP. A two-step approach
enabled the formation of well-defined double hydrophilic
block copolymers. Future work is directed towards a PISA
approach for the synthesis of degradable nanoparticles. This
protocol provides an efficient and green alternative for
producing bottlebrushes with degradable materials in
aqueous media, using commercially available Ru-based
metathesis catalysts. The results of this study set the foun-
dation for future research using PPEs as biodegradable
substitutes for PEG-based polymer bottlebrushes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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With the growing need for sustainable and biodegradable
polymers, the development of PPE-based bottlebrushes using
ROMP might have the potential to pave the way for the design of
innovative materials with tunable properties, offering exciting
possibilities for applications in fields ranging from biomedicine
to nanotechnology.

Author contributions

D. A. R.-L. carried out the polymer synthesis and analyzed the
experimental results. S. A. performed SEM and DLS measure-
ments and analysis and edited the manuscript. H. G. performed
surface characterization and analysis and edited the manuscript.
The manuscript was written and edited by D. A. R.-L., A. H. G., and
F. R. W. The financial support acquired for the project leading to
this publication was secured by F. R. W. and A. H. G.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge the University of Twente (UT)-West-
fialische Wilhelms-Universitit Miinster (WWU) Strategic
Collaboration Grant 2021-2022 for financial support. The
authors also acknowledge Ramon ten Elshof (UT) and Clemens
J. Padberg (UT) for synthetic support and SEC experiments.

References

1 R. Verduzco, X. Li, S. L. Pesek and G. E. Stein, Chem. Soc. Rev.,
2015, 44, 2405-2420.

2 Z. Li, M. Tang, S. Liang, M. Zhang, G. M. Biesold, Y. He,
S.-M. Hao, W. Choi, Y. Liu, J. Peng and Z. Lin, Prog. Polym.
Sci., 2021, 116, 101387.

3 T. Pelras, C. S. Mahon and M. Miillner, Angew. Chem., Int.
Ed., 2018, 57, 6982-6994.

4 M. Miillner, Chem. Commun., 2022, 58, 5683-5716.

5 M. Miillner and A. H. E. Miiller, Polymer, 2016, 98, 389-401.

6 S. E. Blosch, S. J. Scannelli, M. Alaboalirat and J. B. Matson,
Macromolecules, 2022, 55, 4200-4227.

7W. F. M. Daniel, ]J. Burdynska, M. Vatankhah-
Varnoosfaderani, K. Matyjaszewski, J. Paturej,
M. Rubinstein, A. V. Dobrynin and S. S. Sheiko, Nat.
Mater., 2016, 15, 183-189.

8 C. M. Tonge, E. R. Sauvé, S. Cheng, T. A. Howard and
Z. M. Hudson, J. Am. Chem. Soc., 2018, 140, 11599-11603.

9 J. McQuade, M. 1. Serrano and F. Jikle, Polymer, 2022, 246,
124739.

10 O. M. Ogba, N. C. Warner, D. J. O'Leary and R. H. Grubbs,
Chem. Soc. Rev., 2018, 47, 4510-4544.

11 N. D. Ogbonna, M. Dearman, C.-T. Cho, B. Bharti, A. J. Peters
and J. Lawrence, JACS Au, 2022, 2, 898-905.

12 S. E. Blosch, S. J. Scannelli, M. Alaboalirat and J. B. Matson,
Macromolecules, 2022, 55(11), 4200-4277.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

13 T.-P. Lin, A. B. Chang, H.-Y. Chen, A. L. Liberman-Martin,
C. M. Bates, M. J. Voegtle, C. A. Bauer and R. H. Grubbs, J.
Am. Chem. Soc., 2017, 139, 3896-3903.

14 Y. Yamauchi, N. N. Horimoto, K. Yamada, Y. Matsushita,
M. Takeuchi and Y. Ishida, Angew. Chem., Int. Ed., 2021,
60, 1528-1534.

15 J. Tomasek and J. Schatz, Green Chem., 2013, 15, 2317-2338.

16 D. C. Church, L. Takiguchi and J. K. Pokorski, Polym. Chem.,
2020, 11, 4492-4499.

17 S. Mecking, A. Held and F. M. Bauers, Angew. Chem., Int. Ed.,
2002, 41, 544-561.

18 S. A. Isarov and ]. K. Pokorski, ACS Macro Lett., 2015, 4, 969—
973.

19 S. Masuda, S. Tsuda and T. Yoshiya, Org. Biomol. Chem.,
2018, 16, 9364-9367.

20 D. B. Wright, M. A. Touve, M. P. Thompson and
N. C. Gianneschi, ACS Macro Lett., 2018, 7, 401-405.

21 W. Hou, X. Yin, Y. Chen, J. Du, Y. Chen and Y. Shi, ACS Macro
Lett., 2023, 12, 794-800.

22 J. C. Foster, S. Varlas, L. D. Blackman, L. A. Arkinstall and
R. K. O'Reilly, Angew. Chem., Int. Ed., 2018, 57, 10672-10676.

23 J. C. Foster, M. C. Grocott, L. A. Arkinstall, S. Varlas,
M. J. Redding, S. M. Grayson and R. K. O'Reilly, J. Am.
Chem. Soc., 2020, 142, 13878-13885.

24 S. Varlas, J. C. Foster, L. A. Arkinstall, J. R. Jones, R. Keogh,
R. T. Mathers and R. K. O'Reilly, ACS Macro Lett., 2019, 8,
466-472.

25 L. A. Arkinstall, J. T. Husband, T. R. Wilks, J. C. Foster and
R. K. O'Reilly, Chem. Commun., 2021, 57, 5466-5469.

26 P. W. Lee, S. A. Isarov, J. D. Wallat, S. K. Molugu, S. Shukla,
J. E. P. Sun, ]J. Zhang, Y. Zheng, M. L. Dougherty,
D. Konkolewicz, P. L. Stewart, N. F. Steinmetz,
M. ]J. A. Hore and ]. K. Pokorski, J. Am. Chem. Soc., 2017,
139, 3312-3315.

27 S. Varlas, J. C. Foster and R. K. O'Reilly, Chem. Commun.,
2019, 55, 9066-9071.

28 C. Pelosi, M. R. Tiné and F. R. Wurm, Eur. Polym. J., 2020,
141, 110079.

29 K. N. Bauer, H. T. Tee, M. M. Velencoso and F. R. Wurm,
Prog. Polym. Sci., 2017, 73, 61-122.

30 T. Steinbach and F. R. Wurm, Angew. Chem., Int. Ed., 2015,
54, 6098-6108.

31 T. Wolf, T. Steinbach and F. R. Wurm, Macromolecules, 2015,
48, 3853-3863.

32 S. Schottler, G. Becker, S. Winzen, T. Steinbach, K. Mohr,
K. Landfester, V. Mailinder and F. R. Wurm, Nat.
Nanotechnol., 2016, 11, 372-377.

33 J. Simon, T. Wolf, K. Klein, K. Landfester, F. R. Wurm and
V. Mailander, Angew. Chem., Int. Ed., 2018, 57, 5548-5553.

34 M. Elsabahy, S. Zhang, F. Zhang, Z. J. Deng, Y. H. Lim,
H. Wang, P. Parsamian, P. T. Hammond and K. L. Wooley,
Sci. Rep., 2013, 3, 3313.

35 C.-Q. Mao, J.-Z. Du, T.-M. Sun, Y.-D. Yao, P.-Z. Zhang,
E.-W. Song and J. Wang, Biomaterials, 2011, 32, 3124-3133.

36 J. Wen, G. J. A. Kim and K. W. Leong, J. Controlled Release,
2003, 92, 39-48.

Chem. Sci., 2023, 14, 11273-11282 | 11281


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc02649c

Open Access Article. Published on 26 Waysu 2023. Downloaded on 31/01/2026 3:01:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

37 T.-M. Sun, J.-Z. Du, Y.-D. Yao, C.-Q. Mao, S. Dou, S.-Y. Huang,
P.-Z. Zhang, K. W. Leong, E.-W. Song and J. Wang, ACS Nano,
2011, 5, 1483-1494.

38 R.Li, H. Wang, Y. Song, Y.-N. Lin, M. Dong, Y. Shen, S. Khan,
S. Zhang, J. Fan, F. Zhang, L. Su and K. L. Wooley, J. Am.
Chem. Soc., 2019, 141, 19542-19545.

39 T. Steinbach, S. Ritz and F. R. Wurm, ACS Macro Lett., 2014,
3, 244-248.

40 Y. Iwasaki and K. Akiyoshi, Macromolecules, 2004, 37, 7637-
7642.

41 E. Guazzelli, N. Lusiani, G. Monni, M. Oliva, C. Pelosi,
F. R. Wurm, C. Pretti and E. Martinelli, Polymers, 2021, 13,
3414.

42 J. Grubb, F. Carosio, M. Vasireddy, S. Moncho, E. N. Brothers
and C. E. Hobbs, J. Polym. Sci., Part A: Polym. Chem., 2018, 56,
645-652.

43 F. Marsico, M. Wagner, K. Landfester and F. R. Wurm,
Macromolecules, 2012, 45, 8511-8518.

44 T. P. Haider, O. Suraeva, I. Lieberwirth, P. Paneth and
F. R. Wurm, Chem. Sci., 2021, 12, 16054-16064.

45 T. Steinbach, E. M. Alexandrino, C. Wahlen, K. Landfester
and F. R. Wurm, Macromolecules, 2014, 47, 4884—-4893.

46 T. Steinbach, E. M. Alexandrino and F. R. Wurm, Polym.
Chem., 2013, 4, 3800-3806.

47 Y. Liang, H. Sun, W. Cao, M. P. Thompson and
N. C. Gianneschi, ACS Macro Lett., 2020, 9, 1417-1422.

48 T. R. Long, P. K. Maity, T. B. Samarakoon and P. R. Hanson,
Org. Lett., 2010, 12, 2904-2907.

49 T. R. Long, S. Faisal, P. K. Maity, A. Rolfe, R. Kurtz,
S. V. Klimberg, M.-R. Najjar, F. Z. Basha and P. R. Hanson,
Org. Lett., 2011, 13, 2038-2041.

50 H. Schellekens, W. E. Hennink and V. Brinks, Pharm. Res.,
2013, 30, 1729-1734.

51 E. M. Pelegri-O’Day, E.-W. Lin and H. D. Maynard, J. Am.
Chem. Soc., 2014, 136, 14323-14332.

52 T. Ishida and H. Kiwada, Biol. Pharm. Bull., 2013, 36, 889—
891.

53 G. G. Alvaradejo, H. V. T. Nguyen, P. Harvey, N. M. Gallagher,
D. Le, M. F. Ottaviani, A. Jasanoff, G. Delaittre and
J. A. Johnson, ACS Macro Lett., 2019, 8, 473-478.

1282 | Chem. Sci, 2023, 14, 11273-11282

View Article Online

Edge Article

54 J. Fan, Y. P. Borguet, L. Su, T. P. Nguyen, H. Wang, X. He,
J. Zou and K. L. Wooley, ACS Macro Lett., 2017, 6, 1031-1035.

55 R. Baumgartner, H. Fu, Z. Song, Y. Lin and J. Cheng, Nat.
Chem., 2017, 9, 614-622.

56 D. A. Resendiz-Lara and F. R. Wurm, ACS Macro Lett., 2021,
10, 1273-1279.

57 Y. Xia, J. A. Kornfield and R. H. Grubbs, Macromolecules,
2009, 42, 3761-3766.

58 K. N. Bauer, L. Liu, M. Wagner, D. Andrienko and
F. R. Wurm, Eur. Polym. J., 2018, 108, 286-294.

59 C. Li, N. Gunari, K. Fischer, A. Janshoff and M. Schmidt,
Angew. Chem., Int. Ed., 2004, 43, 1101-1104.

60 D. M. Henn, C. M. Lau, C. Y. Li and B. Zhao, Polym. Chem.,
2017, 8, 2702-2712.

61 M. T. Kelly, E. W. Kent and B. Zhao, Macromolecules, 2022,
55, 1629-1641.

62 A. Steinhaus, T. Pelras, R. Chakroun, A. H. Groschel and
M. Miillner, Macromol. Rapid Commun., 2018, 39, 1800177.

63 S.Barua, J.-W. Yoo, P. Kolhar, A. Wakankar, Y. R. Gokarn and
S. Mitragotri, Proc. Natl. Acad. Sci. U. S. A., 2013, 110, 3270-
3275.

64 M. L. Ohnsorg, P. C. Prendergast, L. L. Robinson,
M. R. Bockman, F. S. Bates and T. M. Reineke, ACS Macro
Lett., 2021, 10, 375-381.

65 H. V. T. Nguyen, Y. Jiang, S. Mohapatra, W. Wang,
J. C. Barnes, N. ]J. Oldenhuis, K. K. Chen, S. Axelrod,
Z. Huang, Q. Chen, M. R. Golder, K. Young, D. Suvly,
Y. Shen, A. P. Willard, M. J. A. Hore, R. GOmez-Bombarelli
and J. A. Johnson, Nat. Chem., 2022, 14, 85-93.

66 J. Zhu, H. Sun, C. E. Callmann, M. P. Thompson,
C. Battistella, M. T. Proetto, A. S. Carlini and
N. C. Gianneschi, Chem. Commun., 2020, 56, 6778-6781.

67 T. Rheinberger, M. Deuker and F. R. Wurm, Eur. Polym. J.,
2023, 190, 111999.

68 A. Mandal, I. Mandal and A. F. M. Kilbinger, Macromolecules,
2022, 55, 7827-7833.

69 D. Moatsou, A. Nagarkar, A. F. M. Kilbinger and
R. K. O'Reilly, J. Polym. Sci., Part A: Polym. Chem., 2016, 54,
1236-1242.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc02649c

	Water-soluble polyphosphonate-based bottlebrush copolymers via aqueous ring-opening metathesis polymerizationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc02649c
	Water-soluble polyphosphonate-based bottlebrush copolymers via aqueous ring-opening metathesis polymerizationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc02649c
	Water-soluble polyphosphonate-based bottlebrush copolymers via aqueous ring-opening metathesis polymerizationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc02649c
	Water-soluble polyphosphonate-based bottlebrush copolymers via aqueous ring-opening metathesis polymerizationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc02649c
	Water-soluble polyphosphonate-based bottlebrush copolymers via aqueous ring-opening metathesis polymerizationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc02649c
	Water-soluble polyphosphonate-based bottlebrush copolymers via aqueous ring-opening metathesis polymerizationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc02649c
	Water-soluble polyphosphonate-based bottlebrush copolymers via aqueous ring-opening metathesis polymerizationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc02649c


