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Polyether-Based Diblock Terpolymer Micelles with Pendant
Anthracene Units—Light-Induced Crosslinking and

Limitations Regarding Reversibility

Johanna K. Elter, Jonas Eichhorn, and Felix H. Schacher*

The synthesis of 9-methylanthracenyl glycidyl ether (AnthGE) as a
crosslinkable monomer that can be applied in anionic ring opening
polymerization is reported. Diblock terpolymers of the composition
methoxy-poly(ethylene oxide)-block-poly(2-ethylhexyl glycidyl
ether-co-9-methylanthracenyl glycidyl ether) (mPEO-b-P(EHGE-co-AnthGE)
with 10 to 24 wt% of AnthGE are synthesized and characterized. Their
micellization behavior, as well as their light-induced core-crosslinking via
irradiation with UV light (A = 365 nm) is studied. The results are compared
with studies on the dimerization, and the dimer cleavage via irradiation with
UV-C light (4 = 254 nm), of the same diblock terpolymer in organic solution,
and the small-molecule model compound 9-methoxymethylanthracene.
Differences in "H NMR spectra of the crosslinked or dimerized compounds
and reaction kinetics of the dimerization reactions under different conditions
suggest possible side reactions for the case of the core-crosslinking of
micelles in aqueous solution. These side reactions limit the reversibility of the
anthracene dimerization reaction in aqueous solutions, even if the anthracene
molecule is encapsulated within the hydrophobic core of a polymeric micelle.

and can also be desired in catalysis to re-
duce the application of potentially toxic or-
ganic solvents.l’ As block copolymers are
versatile structures, micelles can be tailor-
made to suit the specific purpose of their
application. By choosing suitable monomer
combinations and architectures!®! and con-
trolling molecular weight (M,) and disper-
sity (D),[>1% the self-assembly of polymeric
materials can be controlled and additional
functionalities can be introduced into the
micelle.[1112]

Nevertheless, for many applications, mi-
celles have to exhibit a certain degree of sta-
bility to prevent disassembly of the struc-
tures at an undesired time point.!"3] Disas-
sembly could happen due to dilution below
the critical micellization concentration,!'!
changes in pH value of the surrounding
solvent™! or small molecules present in
the micellar environment.['®) Further, dis-

1. Introduction

In recent years, micellar systems generated from block copoly-
mers gained increasing attention as they can be applied for a va-
riety of purposes, including drug delivery,['?] waste water treat-
ment via encapsulation of metal ions,[>*! or nanocontainers for
catalysis under confinement.l>®! Especially micelles formed from
amphiphilic block copolymers in aqueous solutions are of in-
terest, as water solubility is required for biological applications
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assembly during purification or recircula-

tion processes is possible. To avoid these

problems, core or shell crosslinking is a
suitable approach to stabilize micellar systems. Up to date, a
large amount of different crosslinking strategies is described
in literature.['>'7!8] One of the simplest approaches probably
is the photopolymerization of alkene units present in the poly-
mer side chain, yet this method has several drawbacks: The de-
gree of crosslinking is not easily trackable, and the crosslink-
ing reaction is not reversible.[1>2%] Reversibility and adjustability
can be achieved by, for example, using furan units as crosslink-
able moieties and encapsulating a bismaleimide crosslinker
beforehand.?'?2 Furan and maleimide units undergo Diels—
Alder reactions at low to moderate temperatures which are ther-
mally reversible.’] In other systems, the formation of imines
from amines and aldehydes!?*] or hydrazones from hydrazines
and aldehydes!?] present two types of linkages which can be cre-
ated and cleaved upon changes in pH. However, small molecule
crosslinkers may suffer from inefficient encapsulation and unre-
acted crosslinker molecules may be a problem in some applica-
tions. Therefore, a combination of the advantages of both meth-
ods is desirable.

The incorporation of light-responsive units into block copoly-
mer micelles was first reported by Wang et al. in 2004. In
that case, azobenzene units were incorporated into the core-
forming block to change its hydrophilicity via light-induced
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E/Z-isomerization.?®] Similar effects can be achieved via the
incorporation of spiropyranes.?”28] This concept of reversibly
tuning micellar properties via irradiation with light can further
be applied to covalent crosslinking, for example by incorporation
of coumarin side groups into the core or the shell of a poly-
meric micelle.?”) UV-irradiation at A > 310 nm allows for the
dimerization ([2+2]-cycloaddition) of two coumarin units, while
irradiation at 4 < 260 nm reverses this process.*®) Cinnamate
and its derivatives can be applied in a similar way.?!) Further,
stilbene moieties can be dimerized via irradiation with UV-light,
for example for the generation of polymeric nanowires.3233
Another well-investigated reaction is the UV-induced dimeriza-
tion ([4+4]-cycloaddition) of anthracene at 4 > 350 nm, and the
subsequent dimer cleavage at 4 < 250 nm.3*3¢l This reaction
was already applied for crosslinking or self-healing of polymer
films,[3738] the connection of two homopolymers for block copoly-
mer formation,®?! or the generation of crosslinked particles in
organic solution.*”] Depending on the system and the light
source used for irradiation, this dimerization is reversible.l*041]
Another benefit of using this reaction for polymer crosslinking is
the possibility to determine the degree of crosslinking easily via
UV-vis spectroscopy. Nevertheless, complete dimer cleavage is
not possible in many cases, a fact that can be attributed to several
side reactions, depending on the chemical environment,!*>*I ag
well as to an overlap of wavelengths that can cause dimerization,
or dimer cleavage. While this does not hamper possible appli-
cations such as the generation of shape-memory polymers, 38441
it can be problematic for polymeric micelles that should be
crosslinked, and afterwards de-crosslinked completely to trigger
disassembly—most studies focusing on micelles in aqueous
systems that can be crosslinked via anthracene dimerization do
not focus on the reversibility of this reaction.[*’! An alternative to
the dimer cleavage via UV-C light is the thermal cleavage of the
anthracene dimer, which was reported for several small-molecule
compounds as well as for anthracene moieties incorporated into
polymers.[“#7] Yet, also the thermal cleavage reaction suffers
from limitations, as the required temperatures depend on the
substituents and the stereochemistry of the cycloadduct, but are
often rather high (>130 °C).[*64648] Therefore, thermally labile
or reactive groups must not be present in the polymer. Further,
the application of water as a solvent, for example for crosslinked
micellar systems, is in such cases only possible if the reaction is
carried out under pressure.

In this study, we present the synthesis of 9-methylanthracenyl
glycidyl ether as a novel monomer suitable for anionic ring
opening polymerization (AROP), which can be incorporated into
polyether-based amphiphilic diblock terpolymers. These diblock
terpolymers can be purified easily via dialysis, resulting in fi-
nal products of the structure methyl-poly(ethylene oxide)-block-
poly(2-ethylhexyl glycidyl ether-co-9-methyl-anthracenyl glycidyl
ether) (mPEO-b-P(EHGE-co-AnthGE)) that contain up to 24 wt%
of AnthGE. Polyether-based block copolymers are versatile struc-
tures that open up the possibility to incorporate a variety of side
groups and functionalities into a flexible polymer chain. We aim
to introduce anthracene as light-responsive side group for this
class of polymers and evaluate the scope as well as the limitations
of the UV-induced [4+4]-cycloaddition of two anthracene units
at A = 365 nm for crosslinking before and after self-assembly
in aqueous solution. While this crosslinking process is shown
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to be partially reversible upon irradiation with UV-C light (4
= 254 nm) for the unimolecularly dissolved diblock terpolymer
in degassed, water-free environment (dichloromethane, DCM),
crosslinking of the polymeric micelles is permanent to a large
extent. Thermal cleavage of the anthracene dimer was not in-
vestigated, as the PEO-stabilized micelles precipitate from aque-
ous solutions at temperatures >120 °C due to the LCST behavior
of PEO and PEO-based polymers.[*} Analysis of the crosslink-
ing reaction via UV-vis and 'H NMR spectroscopy suggests that
side reactions cannot be excluded even in degassed aqueous en-
vironments. As one example, the formation of anthraquinone
as a side product of the crosslinking reaction can be observed.
Further, irreversible core-crosslinking of the micelles may be at-
tributed to photo-oxidation of the anthracene units, which allows
for the dimerization of two anthracene molecules upon addition
of water.[*?]

2. Results and Discussion

2.1. Diblock Terpolymer Synthesis

The synthesis of the diblock terpolymers was carried out using
commercially available poly(ethylene oxide) monomethyl ether
(mPEO) as macroinitiator for AROP. To attach the second, hy-
drophobic block, mPEO was dissolved in dry benzene, the free
hydroxyl group was deprotonated using NaH for 2 h at 110 °C,
and the glycidyl ether monomers were added subsequently. We
used a mixture of the commercially available 2-ethyl hexyl glycidyl
ether (EHGE) and 9-methylanthracenyl glycidyl ether (AnthGE),
which was synthesized from 9-anthracenecarboxylic acid as de-
scribed in the Experimental Section. The polymerizations were
allowed to proceed for 48 h at 110 °C before they were quenched
by addition of ethanol (EtOH, Scheme 1). Polymerization using
potassium as a counter ion, which would allow for lowering the
reaction temperature, was not possible, presumably due to unfa-
vorable interactions between the metal cation and the anthracene
moieties.[’) The latter interactions as well as a low reactivity of
AnthGE may also be a reason for incomplete monomer conver-
sion. As precipitation of the diblock terpolymer was not suitable
as purification procedure, residual monomer and low molecular
weight side products®! were removed via dialysis against tetrahy-
drofuran (THF) using regenerated cellulose (RC) dialysis tubes
(molecular weight cut-off (MWCO) = 6000-8000 kDa) after poly-
merization. The molar masses, dispersities, and compositions of
the diblock terpolymers are given in Table 1. Size exclusion chro-
matography (SEC) traces and 'H NMR spectra are shown in Fig-
ure 1. The assignment of the '"H NMR signals can be found in
Figure S1, Supporting Information.

2.2. Dimerization of the Anthracene Side Group

Despite the fact that the light-induced [4+4]-cycloaddition of
two anthracene units as well as the cleavage of the resulting an-
thracene dimer (Scheme 2) is well-studied, numerous variables
can influence the dimerization reaction. The chosen light source
and irradiation wavelength, the concentration of anthracene
units and the chemical environment (substituents as well as sol-
vents or matrix) are important parameters. While substituents at-
tached to the anthracene rings can influence their reactivity, small
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Scheme 1. Synthesis of the diblock terpolymers via re-initiation of a PEO macroinitiator and subsequent AROP of glycidyl ethers from the latter.

Table 1. Molar mass (M,,), dispersity (D), and composition (degree of polymerization, DP, and weight fraction, wt%) of the macroinitiator mPEO-OH
and the three different diblock terpolymers. The DP is highlighted in red in the table presenting the diblock terpolymer compositions.

Polymer M, ("H NMR) M, (SEC?) Composition (DP) / [wt%]
[g mol~1] [g mol™] [SECa)]
EO EHGE AnthGE
mPEO-OH n.d. 5000 1.08 114 100 0 0 0 0
mPEO-b-P(EHGE-co-AnthGE) 13300 7200 1.17 114 38 27 38 12 24
11800 6800 1.19 114 43 23 36 9 21
8100 6100 1.17 114 64 11 26 3 10

2 CHCl; /NEt; /iPrOH 94:4:2, PEO-Calibration

molecules like oxygen or water in the reaction mixture can cause
side reactions that are competing with the dimerization reaction.
Therefore, it is recommendable to investigate the reactivity of
the investigated system instead of exclusively relying on existing
kinetic studies of similar systems. We investigated the dimeriza-
tion and cleavage of the anthracene units present in our diblock
terpolymers in solution via UV-vis and 'H NMR spectroscopy.

A ***** mPEO,, -OH
£ —— mPEO, -b-P(EHGE, -co-AnthGE ,)
\ —— mPEO, -b-P(EHGE,,-co-AnthGE,)
—— mPEO, -b-P(EHGE, -co-AnthGE,)

To generate a better understanding for the influence of the
polymeric backbone on the dimerization process, we compared
the data with results obtained for the anthracene-containing gly-
cidyl ether monomer as well as for 9-methoxymethylanthracene.
The latter was chosen as a model substance for irradiation
experiments due to the limited stability of the epoxide group
during irradiation experiments with UV-C light (1 = 254 nm).

[ — T 7 T T T 7 T T T
6.5 7.0 7.5 8.0 85 9.0 9.5 10.0

Elution Volume [mL]

5 [ppm]

Figure 1. A) SEC traces and B) 'H NMR spectra of the diblock terpolymers presented in Table 1. The shoulder that is visible in the SEC traces (black
arrow) corresponds to species with twice the molar mass of the product and presumably originated from intermolecular anthracene dimerization during
polymerization, as visible also in "H NMR spectra, as well as from PEO species containing two hydroxyl groups that are present in the PEO macroinitiator
that are able to initiate block extension on both chain ends.

Macromol. Rapid Commun. 2021, 42,2100485 2100485 (3 of 10)  © 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

{M}glgc%br

Rapid Communications

www.advancedsciencenews.com

R

A )

(@]
R
(0]
365 nm
Coo =

o ?
[>— : --Me: ---Polymer R

\

www.mrc-journal.de

B

365 nm

A 1A+A A,
/ H 254 nm
2A 1A,

Scheme 2. A) UV-induced dimerization, or [4+4]-cycloaddition, of two anthracene units with different substituents at A =365 nm, and subsequent dimer
cleavage at 4 = 254 nm. B) Kinetic description of the reaction under the assumption that no side reactions are taking place.l*?] A = anthracene unit, A,
= anthracene dimer, 'A/'A, = excited (singlet state) anthracene unit or anthracene dimer.
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Figure 2. A) Time-dependent UV-vis spectra of MPEO;4-b-P(EHGE,;-co-AnthGEg) during the irradiation at A =365 nm, and B) "H NMR spectra before
(grey) and after (blue) irradiation. The increase of the absorption marked with the black arrows in picture (A), as well as the TH NMR signals at 8.34
and 7.83 ppm, indicate the formation of anthraquinone as a side product of the reaction. C (reaction solution, DCM) = 3 mg mL™"; ¢ (UV-vis, DCM) =

0.25 mgmL~".

Cycloaddition reactions of the monomer and the model com-
pound were carried out in DCM solution at a concentration of
3 mg mL~!. All solutions were degassed with argon for 10 min
prior to irradiation at A = 365 nm, as the presence of oxygen led
to 9,10-addition of the latter (Figure S2, Supporting Information).
The reactions were monitored via UV-vis spectroscopy and fol-
lowed a first order rate law, as shown in Figure S3, Supporting
Information, for 9-methoxymethylanthracene. After 180 min, the
absorption at 365 nm decreased to ~20% of the starting value
(80% conversion) for both 9-methoxymethylanthracene and An-
thGE, while "H NMR spectra suggested a lower conversion of
65% for 9-methoxymethylanthracene, and 71% for AnthGE (Fig-
ure S4, Supporting Information).

As the reversibility of the dimerization was of special interest
for the later formation of reversibly crosslinkable block copoly-
mers and block copolymer micelles, the cleavage of the dimer,
which is reported to occur under irradiation at 254 nm, was inves-
tigated. UV—vis studies as well as 'H NMR experiments showed
that roughly 60% of 9-methoxymethylanthracene was recovered,
while the other 40% were still present in the solution as dimers
(Figure S5, Supporting Information). Longer reaction times did
not lead to increased dimer cleavage, but to decomposition reac-
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tions. As long as dimer cleavage was observed as the dominant
process, the reaction followed a first order rate law. Further, it has
to be mentioned that dimerization at 254 nm cannot be excluded
completely, as 9-methoxymethylanthracene also shows UV-vis
absorption in this region.33] The investigation of the cleavage
of AnthGE dimers was not possible due to side reactions of the
epoxide group upon irradiation at A = 254 nm.

Even if the light response of anthracene units, and therefore
also of anthracene-containing polymers, may be limited under
the given conditions, literature suggests that it is not compulsory
to achieve full conversion in crosslinking and decrosslinking re-
actions for every possible application of a crosslinked material.[*4]
Therefore, investigation of the cycloaddition reaction and dimer
cleavage of anthracene units incorporated in a diblock copolymer
may still yield interesting results.

To investigate dimerization of the diblock terpolymers,
mPEO,,,-b-P(EHGE,;-co-AnthGE,) was used as model com-
pound. The diblock terpolymer was dissolved in DCM at a
concentration of 3 mg mL™! and the solution was degassed
before irradiation was started. Within 80 min, 65% of the an-
thracene units were consumed according to UV-vis spectroscopy
(Figure 2A). '"H NMR spectroscopy suggested a higher value

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 3. A) Plots of In(A,) and 1/A, versus time for the dimerization of anthracene units incorporated into mPEO;4-b-P(EHGE,;3-co-AnthGEy) via
irradiation at A = 365 nm in DCM solution. In both cases, no linear fit describing a rate law of either first order (In(A)) or second order (1/A) is

possible. B) In contrast, the dimer cleavage can be described with a first order reaction law for this case. A ¢ =

of x»75% (Figure 2B). Nevertheless, it has to be mentioned that
this was not completely due to dimerization. Despite the fact
that dry solvents were used, and the solution was degassed
prior to irradiation, the formation of anthraquinone as a side
product was detectable (Figure 2, black arrows). This may also
cause the discrepancy between the detected consumption of
anthracene units in UV-vis and 'H NMR, as anthraquinone
shows absorption in a similar region as anthracene.>*! Tt is
possible that traces of water, which were not possible to remove
from the diblock terpolymer while drying under high vacuum,
caused the side reaction. In non-dried, protic solvents, for ex-
ample methanol (MeOH), anthraquinone formation becomes
prominent compared to the anthracene dimerization reaction
(Figure S6, Supporting Information).

Surprisingly, no changes were detected in SEC traces after
the dimerization process (Figure S7, Supporting Information). A
possible explanation for this is that only intramolecular dimer-
ization took place, as anthracene units connected to the same
polymer chain are already in close proximity to each other, which
is required for the cyclization reaction. A strong broadening of
the fluorescence spectrum compared to the small-molecule an-
thracene derivatives supports this finding (Figure S8, Supporting
Information).>! At this point it should be mentioned that dimer-
ization and dimer cleavage reactions can also be followed via fluo-
rescence spectroscopy; the results were in agreement with the re-
sults obtained via UV-vis and 'H NMR spectroscopy. Exemplary
fluorescence spectra obtained during irradiation experiments are
presented in Figure S9, Supporting Information. Concentration-
time-profiles further show that in contrast to the cyclization of
small-molecule anthracene compounds, no first order rate law
can be applied. A possible reason for this is that only anthracene
units that are already pre-ordered within one polymer chain can
react freely. For other anthracene units, the rate determining fac-
tor may be diffusion and arrangement, as perfect mixing of the
anthracene units cannot be assumed when they are connected to
a polymeric backbone (Figure 3A).[5¢!

In contrast, the dimer cleavage should not directly be ham-
pered by attachment of the anthracene units to a polymer

Macromol. Rapid Commun. 2021, 42,2100485 2100485 (5 of 10)

A/Ag, 4 =367 nm.

backbone. Here, UV-vis spectra suggest the recovery of 70%
of the anthracene units (Figure 4A). The reaction follows a
first order rate law, equally to the behavior found for small
molecule anthracene dimers (Figure 3B). In contrast, 'H NMR
investigations do not only show the decrease of the intensity
of the proton signals corresponding to the anthracene dimers,
but also the appearance of a shoulder in the range between 7.4
and 7.0 ppm, which hampers exact detection of the amount of
recovered anthracene units (Figure 4B).

Hence, it has to be assumed that side reactions occurred. Ir-
radiation times longer than 120 min led to the decrease of the
anthracene peaks in UV-vis spectra, again suggesting that side
and decomposition reactions become more prominent.

2.3. Application of Anthracene Dimerization for Micellar
Crosslinking

In the next step, we investigated whether the light-induced
dimerization of anthracene and the dimer cleavage are suitable
to generate reversibly core-crosslinked micelles from the pre-
sented diblock terpolymers. All diblock terpolymers listed in
Table 1 formed micelles via self-assembly in aqueous solution.
The micelles were prepared via generation of a thin polymer film
by drying a solution of the respective diblock terpolymer in THF,
and subsequent rehydration of the latter. The final concentration
of the diblock terpolymers in water was 1 mg mL~!. As dynamic
light scattering (DLS) investigations indicated the formation
of non-spherical aggregates from mPEO,,,-b-P(EHGE,;-co-
AnthGE,) and mPEO,,-b-P(EHGE,,;-co-AnthGE,,), additional
cryogenic transmission electron microscopy (cryo-TEM) mea-
surements were performed to determine morphology and size
of the solution structures (Figure 5 and Table 2).

For mPEO,,,-b-P(EHGE,;-co-AnthGE;) and mPEO,,,-b-
P(EHGE,,-co-AnthGE,,), mixed phases of spherical micelles and
vesicles were found. For mPEO,,,-b-P(EHGE,,-co-AnthGE,,),
also worm-like micelles were detected. Besides the fact that
traces of polymeric dimer are present during self-assembly, as

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. A) Time-dependent UV-vis spectra of mPEO+,-b-P(EHGE,;-co-AnthGEg) during the irradiation at A = 254 nm and B) "H NMR spectra before
(grey) and after (red) irradiation at that wavelength. UV-vis spectra indicate the incomplete cleavage of the anthracene cycloadducts. In "TH NMR spectra,
the signal at 6.8 ppm corresponding to the aromatic ring protons of the dimer decreased (black arrow).

Figure 5. Cryo-TEM micrographs of A) mPEO,-b-P
AnthGE;), c=1mgmL™".

it can be seen in SEC traces in Figure 1, the chosen prepara-
tion technique may also influence the obtained morphologies,
as the film rehydration technique can favor the formation of
vesicles. Further, the ability of anthracene to form z—z-stacks
may influence the arrangement of polymer chains in the film
as well as their behavior during micelle formation. For low
AnthGE contents, these effects were less prominent. Due to
that, and due to the overall lower DP of the hydrophobic block,
mPEO,,,-b-P(EHGE,;-co-AnthGE,) formed exclusively spherical
micelles, as suggested by DLS measurements resulting in a

(EHGE,;-co-AnthGE;,), B) mPEO4-b-P(EHGE,;-co-AnthGEg), and C) mPEQO;4-b-P(EHGE;-co-

hydrodynamic radius of 15 nm as the main population (Table 2
and Figure S10, Supporting Information).

For micellar crosslinking, the solutions were degassed with
argon and subsequently irradiated at 4 = 365 nm. Despite
the lower overall concentration of anthracene units, the de-
crease of the respective peaks in the UV-vis spectrum of the
micelles occurred faster, which was attributed to the fact that
the anthracene units are already pre-arranged within the col-
lapsed, hydrophobic core of the micelles (Figure 6A,B). DLS and
cryo-TEM investigations showed no significant changes in the

Table 2. Hydrodynamic radii, core radii, and morphologies of the aggregates formed from the anthracene-containing diblock terpolymers.

Polymer <Ry >Zyappa) [nm] rm,eb) [nm] Morphologyb)
mMPEO,4-b-P(EHGE,;-co-AnthGE;,) 51 n.d. Filomicelles, vesicles
MPEO;14-b-P(EHGE,;-co-AnthGE,) 14 31+7 Spheres, vesicles
MPEO,14-b-P(EHGE,,-co-AnthGE;) 15 13 +£3/63 + 14 Spheres

? determined via intensity-weighted DLS CONTIN plots; ®) determined for the partition of spherical micelles via cryo-TEM by measuring at least 40 individual aggregates.

Macromol. Rapid Commun. 2021, 42,2100485 2100485 (6 of 10)
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Figure 6. A,B) Time-dependent UV-vis spectra of micelles formed from mPEQ;14-b-P(EHGE,;3-co-AnthGEg) during the irradiation at A =365 nm. C) In
contrast to the dimerization of 9-methoxymethylanthracene, or mPEO4-b-P(EHGE3-co-AnthGEg4) in DCM solution, the dimerization can be described
best by a second order rate law (A,oj = A/A,, 4 = 369 nm). D) Comparison of "H NMR spectra of the diblock terpolymer after irradiation (4 = 365 nm)
in DCM solution (c =3 mg mL~", dark blue), and after irradiation of micelles in aqueous solution (1 mg mL™"), indicate that the two processes do not

lead to the same product.

solution structure upon crosslinking (Figure S11, Supporting
Information). Nevertheless, analysis of the reaction kinetics re-
vealed that a second order rate law was more suitable to describe
the micellar crosslinking reaction than a first order rate law
(Figure 6C). As discussed subsequently, this may hint towards a
different reaction mechanism, or an overall different reaction oc-
curring in this case. Despite that, successful crosslinking of the
micelles was proven via DLS. The surrounding solvent (water)
was gradually replaced with THF, which led to disassembly of
micelles that were not crosslinked via irradiation at 4 = 365 nm.
After crosslinking, no significant changes were detectable upon
replacement of the solvent with THF (Figure S12, Support-
ing Information) for mPEO,,,-b-P(EHGE,,-co-AnthGE,,) and
mPEO,,,-b-P(EHGE,;-co-AnthGE,). Yet, it was not possible
to stabilize mPEO,,,-b-P(EHGE,;-co-AnthGE;) micelles via
crosslinking, presumably due to the low DP of AnthGE.

To investigate reversibility of the crosslinking process and in-
duce anthracene dimer cleavage, the degassed solutions were ir-
radiated at A = 254 nm. Nevertheless, UV-vis spectra indicated
only slight increase of the anthracene signals (Figure S13, Sup-
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porting Information). Disassembly of the core-crosslinked mi-
celles upon addition of THF after irradiation at A = 254 nm
was not observable in DLS analysis. Therefore, it was assumed
that the expected [4+4]-anthracene dimer was not the main prod-
uct formed during the crosslinking reaction. '"H NMR spectra
of core-crosslinked, freeze-dried micelles that were subsequently
swollen in CDCl, supported this assumption: The signals at 8.34
and 7.83 ppm (signal a, Figure 6D) indicate formation of an-
thraquinone, despite degassing of the solution prior to irradi-
ation. Further, the signal of the aromatic ring protons of the
polymeric [4+4]-cycloadduct was located at 6.80 ppm (signal b,
Figure 6D). In contrast, the core-crosslinked, freeze-dried mi-
celles exhibited aromatic ring proton signals in between 7.65 and
7.14 ppm (Signal ¢, Figure 6D), which may be attributed to a dif-
ferent product of the crosslinking reaction.

As polyether structures are flexible and exhibit a higher
tendency to allow water molecules to enter and exit the core,
it seemed possible that instead of the [4+4]-cycloadduct, the
anthracene units were crosslinked forming dihydroxytetrahy-
drobianthryl compounds upon addition of two water molecules.

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Scheme 3. A) Photolysis, or photochemical dimerization, of anthracene in argon-purged, aqueous solutions, as proposed by Sigman et al.l[*?] The same
reaction type may lead to irreversible crosslinking of polymer-bound anthracene moieties in contact with water.

These species were found as the main products of the irradiation
of aqueous, degassed anthracene solutions at A = 350 nm by
Sigman et al. (Scheme 3A).1*?] As this crosslinking process, as
well as the formation of anthraquinone, is not reversible via
irradiation at 4 = 254 nm, no regeneration of the anthracene
units and the corresponding UV-vis signal was possible.

The limited mobility and availability of both anthracene units
and water molecules is a possible explanation for the reaction
order determined for the crosslinking process, though it has to
be mentioned that the reaction order of the anthracene [4+4]-
cycloaddition can also vary between zero and two, depending on
the reaction conditions.**]

3. Conclusion

In conclusion, we successfully incorporated 9-methylanthracenyl
glycidyl ether (AnthGE) into polyether-based diblock terpolymers
via AROP. The diblock terpolymers of the structure mPEO-b-
P(EHGE-co-AnthGE) self-assembled into micelles of different
morphologies upon rehydration of thin diblock terpolymer films,
which were successfully crosslinked via irradiation with UV light
at A = 365 nm. While the formed dimers can be partially cleaved
via irradiation at 4 = 254 nm if the crosslinking reaction was
carried out in degassed, organic solution, only small amounts
of the anthracene units can be recovered in the case of core-
crosslinked micelles in aqueous solutions. 'H NMR and kinetic
studies supported the assumption that irreversible dimerization
via photo-oxidation and subsequent dimerization upon water ad-
dition was instead responsible for micellar crosslinking. Further,
the cleavage of the anthracene units from the polymer backbone
and the formation of anthraquinone as a side reaction contribute
to the rapid decrease of the intensity of the UV-vis signals of an-
thracene during irradiation of the micelles with UV light (4 =
365 nm).

4. Experimental Section

Materials: ~ All starting materials were purchased in analytical grade
from Sigma-Aldrich (tetrabutyl ammonium bromide (TBABr), tetrabutyl
ammonium iodide (TBAI), 9-anthracenecarboxylic acid, epichlorohydrin,
NaH, methyl iodide (Mel)), VWR Chemicals (EtOH, MeOH, THF, ethyl ac-
etate (EtOAc), hexane) J&K Scientific Ltd. (LiAIH, solution, EHGE), Merck
(benzene), or JenKem (MPEO) and were used as received if not men-
tioned otherwise. The solvent used for anionic polymerization (benzene)
was stirred with sodium and benzophenone at room temperature until
the blue color of the benzophenone ketyl radical indicated the absence of
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traces of water. Subsequently, it was distilled from sodium in a still ap-
paratus and stored at room temperature over 3 A molecular sieves under
argon in a glovebox. EHGE was stirred over CaH, for at least 24 h, subse-
quently distilled and stored at —21 °C under argon in a glovebox. AnthGE
and the synthesized diblock terpolymers were dried under high vacuum
and stored at room temperature under argon in the dark. TBABr was re-
crystallized from EtOAc and stored dry. Any glassware was cleaned in a
KOH /isopropanol bath and dried at 100 °C. All deuterated solvents were
obtained from Eurisotop and ABCR.

Methods: SEC was measured on a Shimadzu system equipped with a
SCL-10A system controller, a LC-10AD pump, and a RID-10A refractive in-
dex detector using a solvent mixture containing chloroform, triethylamine,
and isopropanol (94:4:2) at a flow rate of 1 mL min~" on a PSS-SDV-linear
M 5 um column at room temperature. The system was calibrated with PEO
(440-44 700 Da) standards.

TH NMR measurements were performed on a 300 MHz Bruker spec-
trometer using CDCl; or acetone-dg as deuterated solvent. For calibration,
the specific signals of the non-deuterated species were used. To calculate
the conversion of the dimerization and the dimer cleavage process from
"H NMR spectra, the ratio of dimerized anthracene units to the complete
amount of anthracene units (reacted and unreacted) was calculated as fol-
lows:

16 +¢'))/8
(la+b+c)/9) + (I(b) +¢1)/8)

Conversion (mol%) =

M

The letters represent the assigned signals as shown in Figure S4, Sup-
porting Information, for the small molecule compounds, or in Figure 2 for
the diblock terpolymer.

DLS measurements were performed on an ALV DLS/SLS equipment
consisting of an ALV Laser CGS3 goniometer with an ALV Avalanche cor-
relator and a He—Ne laser (4 = 632.8 nm). Solvent viscosity and refractive
index were automatically adjusted to the temperature of the thermostat.
For samples in THF /water mixtures, solvent viscosity and refractive index
were calculated from literature values for 298 K. The CONTIN algorithm
was applied to analyze the obtained correlation functions. Apparent hydro-
dynamic radii were calculated according to the Stokes—Einstein equation.

Cryo-transmission electron microscopy (TEM) measurements were
performed on a FE| Tecnai G? 20 cryo-transmission electron microscope.
Acceleration voltage was set to 200 kV. Samples were prepared on Quan-
tifoil grids (3.5/1) after cleaning by argon plasma treatment for 120's. 10 uL
of the solutions were blotted by using a Vitrobot Mark IV. The aqueous
samples (1 mg mL™') were plunge-frozen in liquid ethane and stored un-
der nitrogen before being transferred to the microscope utilizing a Gatan
transfer stage. TEM images were acquired with a 200 kV FEI Tecnai G% 20
equipped with a 4k x 4k Eagle HS CCD and a Tk X Tk Olympus MegaView
camera. Micrographs were adapted in terms of brightness and contrast
using the software Image] 1.47v.

UV-Vis measurements were performed on an Agilent (Santa Clara, CA,
USA) Cary 60 UV-Vis spectrophotometer with a peltier single cell holder.
The measurements in solution were performed in a cuvette (Hellma Op-
tics, Jena, Germany) with a path length of 1 cm.

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Fluorescence spectra were recorded on a Jasco FP-8300 spectrofluo-
rometer using glass cuvettes (Hellma Optics, Jena, Germany) with a path
length of Tcm.

Irradiation of the samples was carried out using a 200 W Hg(Xe) lamp
from LOT-QuantumDesign (Darmstadt, Germany). UV bandpass filters
(Hoya U-360 for irradiation at 365 nm and a traditional-coated UV inter-
ference bandpass filter with a CWL of 254 nm for irradiation at 254 nm,
Edmund Optics, Karlsruhe, Germany) were used to generate the desired
wavelengths.

Linearized fits of the UV-Vis absorption at a specified wavelength for
the determination of the reaction order were carried out using the software
OriginPro 9.0. Fits were carried out for the reaction orders 0 (A= Ay + vpkt,
linearized rate law: A vs t), 1 (A = Age’(vakt), linearized rate law: In(A) vs
t),2 (A=1/(1/Ay — vakt, linearized rate law: 1/Avs t), and 3 (1/A? = 1/A,?
— 2vpkt, linearized rate law: 1/A% v t). Pearson’s r? was maximized. A =
Absorption; Ay = initial absorption; v, = stoichiometric number of A; k =
rate constant; t = time.

Synthesis of 9-methylanthracenyl Glycidyl Ether (AnthGE, 2-((anthracen-9-
ylmethoxy) methyl)oxirane): A suspension of LiAIH, (2.4 mol L™! in THF,
6 mL, 14.4 mmol) was added to 50 mL of dry THF stirred under argon in a
Schlenk flask at 0 °C. Then, 9-anthracenecarboxylic acid (1 g, 2.25 mmol),
dissolved in 30 mL of dry THF, was added dropwise to the solution. The
ice-bath used for cooling was removed after addition and the reaction mix-
ture was stirred for 24 h while warming to room temperature. Then, the
reaction mixture is again cooled to 0 °C and excess LiAlH, is quenched by
dropwise addition of 10 mL of 1 N aqueous KOH. Subsequently, THF was
removed under reduced pressure and the resulting mixture was extracted
with diethyl ether (3 x 30 mL). The combined organic phases were washed
with 1 N HCI (1%, 40 mL) and brine (1x, 40 mL), dried over Na,SOy,,
filtered and the solvent was removed under reduced pressure to yield 9-
anthracenemethanol (910 mg, 4.36 mmol, 97%) as light yellow solid. The
product was used in the next step without further purification.[>’]

TH NMR (300 MHz, Acetone-dg, 6): 8.55 (d, J = 4.2 Hz, 2H, C—C—CH
(Aryl)), 8.51 (s, TH, C—=CH—C (Aryl)), 8.14-8.06 (m, 2H, C—CH (Aryl)),
7.63-7.48 (m, 4H, CH—CH (Aryl)), 5.63 (s, 2H, CH,—OH).

In the next step, a 20 mL microwave vial was charged with 9-
anthracenemethanol (800 mg, 3.84 mmol), KOH (430 mg, 7.68 mmol),
a catalytic amount of TBABr and 6 mL of dry THF. The vessel was sealed
and degassed with argon for 10 min before epichlorohydrin (1.5 mL,
19.2 mmol) was added via syringe. The vial was then heated to 75 °C for
24 h under stirring. After cooling to room temperature, the solution was
filtered and the residue was washed with THF. The solvent was then re-
moved under reduced pressure and the crude product was adsorbed onto
silica gel and purified via column chromatography (CHCl; /EtOAc 98:2).
The product fraction was dried under reduced pressure and subsequently
recrystallized from Toluene/EtOH to yield the pure product (520 mg,
1.96 mmol, 51%) as light yellow crystals.[5859]

TH NMR (300 MHz, CDCls, 6): 8.50 (s, 1H, C—CH—C (Anyl)), 8.47—
8.40 (m, 2H, C—C—CH (Aryl)), 8.04 (d, J = 8.3 Hz, 2H, C—CH (Anyl)), 7.54
(dddd, J = 9.4, 7.7, 6.5, 1.2 Hz, 4H, CH—CH (Aryl)), 5.60 (q, ) = 11.5 Hz,
2H, C—CH,—0), 3.95 (dd, J = 11.6, 3.0 Hz, TH, O—CH,—CH), 3.64 (dd, J
=11.6, 5.7 Hz, 1H, O—CH,—CH), 3.25 (ddt, J = 5.7, 4.1, 2.8 Hz, 1H, CH
(Epoxide)), 2.87-2.76 (m, 1H, CH, (Epoxide)), 2.66 (dd, J = 5.0, 2.7 Hz,
1H, CH, (Epoxide)).

Synthesis  of  9-Methoxymethylanthracene: 9-Anthracenemethanol
(500 mg, 2.3 mmol) was dissolved in 8 mL of dry THF under argon. Then,
the solution was cooled to 0 °C and NaH (60% in mineral oil, 185 mg,
4.6 mmol) was added. Stirring was continued for 30 min before Mel
(290 uL, 4.6 mmol) and TBAI (86 mg, 0.23 mmol) were added. Stirring
was continued for 18 h while the reaction was allowed to warm to room
temperature. Subsequently, the reaction was quenched by adding 2 mL
of MeOH. The reaction mixture was diluted with ethyl acetate (50 mL),
and the organic phase was washed with water (50 mL, 1x), and brine
(50 mL, 2x). Afterward, the organic phase was dried over Na,SO,, the
solvent was evaporated under reduced pressure, and the crude product
was recrystallized from a mixture of hexane and EtOH (4:1) to yield
331 mg (1.5 mmol, 65%) of pure 9-methoxymethylanthracene as yellow
crystals.[60]
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TH NMR (300 MHz, CDCls, 6): 8.49 (s, 1H, C—CH—C (Aryl)), 8.41 (d,
J =8.1Hz, 2H, C—C—CH (Anyl)) 8.04 (d, J = 8.1 Hz, 2H, C—CH (Aryl)),
7.54 (dddd, j=9.4,7.7,6.5, 1.2 Hz, 4H, CH—CH (Aryl)), 5.47 (s, 2H, CH,),
3.57 (s, 3H, CH;).

Synthesis of the Diblock Terpolymers:  For block extension of commer-
cially available mPEO-OH, the macroinitiator was dissolved in dry ben-
zene at a concentration of 30 mg mL™1 in a microwave vial under argon
in a glove box. A catalytic amount of NaH was added, the reaction ves-
sel was sealed and the mixture was heated at 110 °C under stirring for
2 h. Then, the desired amount of monomer (EHGE and AnthGE) was dis-
solved in a small amount of dry benzene and added to the reaction mix-
ture. For mPEO1,-b-P(EHGE,;-co-AnthGE 1) and mPEO ,4-b-P(EHGE -
co-AnthGEg), 225 pL of EHGE and 100 mg of AnthGE were used for the
block extension of 100 mg of mMPEO-OH. For mPEO,4-b-P(EHGE;-co-
AnthGE;), 150 uL of EHGE and 65 mg of AnthGE were used per 100 mg
of mPEO-OH. Stirring at 110 °C was continued for 48 h before the re-
action was quenched by addition of 1 mL of EtOH. The solution was fil-
tered through a glass fiber filter (1 um pore size) after cooling to remove
NaOH, and the solvent was removed under reduced pressure. The yield of
crude product was between 90% and 95%, calculated by weight. Residual
monomer that was left in the reaction solution due to incomplete conver-
sion as well as low molecular weight byproducts were removed via dialysis
against THF using RC membranes (MWCO = 6000-8000 kDa). The yield
of the purified polymers was 75% calculated by weight and varied slightly
with the reaction batch. The polymers were stored in the dark until use.[2]

Please note that the authors only used benzene, as common substitutes
such as toluene resulted in significantly lower degrees of polymerization.
As benzene is carcinogenic, it has to be ensured that emission of benzene
to the laboratory atmosphere is prevented.

TH NMR (300 MHz, CDCls, §): 8.31 (s, br, 3H, anthracene), 7.89 (s, br,
2H, anthracene), 7.39 (s, br, 4H, anthracene), 5.35 (s, br, 2H, anthracene-
CH,), 4.03-2.91 (m, polymer backbone), 1.44 (s, TH, 2-ethylhexyl-CH),
1.27 (m, 8H, 2-ethylhexyl-CH,), 0.87 (m, 6H, 2-ethylhexyl-CH;).

Micellization:  For micellization, the polymers were dissolved in THF
(10 mg mL™") in a glass vial. Then, THF was evaporated under reduced
pressure to form a thin diblock terpolymer film. This film was subsequently
rehydrated in micropure water at a concentration of 1 mg mL~" via stirring
for three days. This method allows for the generation of micellar struc-
tures without residual solvent, as it may be the case if the solvent switch
method is used. Pre-ordering of the diblock terpolymers in the thin poly-
mer film may influence the resulting solution structure.l?26] Crosslinking
procedures for the micelles are described within the results and discussion
section.
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the author.
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