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In this study, two well-defined amphiphilic tetra-arm star block copolymers with a poly(e-caprolactone) (e-
CL) core and poly(ethylene glycol) (PEG) arms with different length (800 g mol™ and 2100 g mol™) were
prepared by a hetero-complementary linking reaction and studied in detail. A pentaerythritol core was used
as an initiator for the ring-opening polymerization (ROP) of e-CL, generating a hydroxy-terminated tetra-
arm star polymer (tetra-PCL—OH) with controlled molar mass (M, ~ 10 kg mol™) and low dispersity (B <
1.1). After end group esterfication with 2-(4-nitrophenyl)-4-oxo-4H-benzold][1,3]oxazine-7-carboxylic acid
chloride, linear hydrophilic PEG was attached to the respective tetra-PCL to obtain tetra-PCL-b-PEG star
block copolymers. The behavior of the two amphiphilic block copolymers was studied in water by a combi-
nation of variable-temperature *H NMR spectroscopy, DLS, DSC and TEM measurements. In the case of
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longer PEG arms, spherical micelles form at elevated temperatures and remain stable at room temperature
over days. Transmission electron microscopy indicates a possible slow morphology change of spherical
micelles into long cylindrical micelles after one week. Suspensions of the star block copolymers with the
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Introduction

Star block copolymers consist of chemically distinct polymer
segments (AB-type arms or A-type and B-type arms) connected
by a central branching point called the core." They represent
an attractive class of branched polymers which differ distinctly
from their linear analogs in terms of a reduced hydrodynamic
volume, lower dispersity (D), and high functionality with the
same synthesis strategy, molar mass and composition.””
There are two main strategies for producing this type of
polymer: “arm-first” and “core-first” where either the block-
copolymer arms or the central homopolymer star are syn-
thesized first. For the latter strategy, one considers in general
that the second block of the arms is polymerized in a sub-
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short PEG arms in water remain cloudy, in contrast to the star block copolymers with long arms.

sequent step, while the “grafting-onto” variant of the core-first
strategy describes the subsequent attachment of indepen-
dently functionalized and synthesized polymers, e.g. by “click”
chemistry or Steglich esterification.>®™° This last approach
allows designing star block copolymers with the highest struc-
tural control. Star block copolymers with both hydrophilic and
hydrophobic components, such as poly(ethylene glycol) (PEG),
the most widely used biocompatible polymer for biological
applications, and poly(e-caprolactone) (PCL), a biodegradable
and non-toxic industrial polyester, have proven to be useful
materials for biomedical applications."*™* This is due to the
amphiphilic nature of PCL-b-PEG copolymers, manifested in
their tendency to form self-assembling micelles, vesicles, or
gels.3’15'21

Micelles prepared from PCL-b-PEG star block copolymers
were frequently studied (see ESI Table S37), since the micelle
stability of stars is increased over their linear counterparts.**®
As shown in Table S3,7 all strategies have been used to prepare
a broad variety of star polymers with different cores and func-
tionalities providing molar masses from 10 kg mol™ to
beyond 200 kg mol™. High molecular weight stars with PCL as
the outer block (“tail”) first form micelles and then may gel
upon increasing polymer volume fraction in water,'® while
stars with PEG tails do not gel upon micro-phase separation in

Polym. Chem., 2023, 14,1965-1977 | 1965


http://rsc.li/polymers
http://orcid.org/0000-0002-9760-9255
http://orcid.org/0000-0001-6176-6737
http://orcid.org/0000-0003-3851-6670
http://orcid.org/0000-0002-9414-0914
http://orcid.org/0000-0001-9553-5371
http://orcid.org/0000-0002-5152-1207
http://orcid.org/0000-0002-4531-691X
http://orcid.org/0000-0001-6128-4658
https://doi.org/10.1039/d3py00078h
https://doi.org/10.1039/d3py00078h
https://doi.org/10.1039/d3py00078h
http://crossmark.crossref.org/dialog/?doi=10.1039/d3py00078h&domain=pdf&date_stamp=2023-04-18
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3py00078h
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY014016

Open Access Article. Published on 29 March 2023. Downloaded on 4/30/2026 3:25:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

water. A crucial point of these materials is that both polymers
crystallize at similar temperatures, such that structure for-
mation may depend on solvent quality or additional details of
the sample preparation.® This difficulty is partially visible in
the micellization data summarized in ESI Tables S3 and S4f
where significant changes in micelle size or critical micelle
concentration were observed for copolymers of similar archi-
tecture, molar mass and composition. Our interest in tetra-
PCL-b-PEG micelles stems from investigations on model
amphiphilic co-networks based on tetra-arm PEG and PCL star
polymers.>**® Here, soluble amphiphilic star block copoly-
mers containing the same building blocks are needed to struc-
ture the material prior to network formation.

In the present work, such star block copolymers were syn-
thesized in a similar manner as the co-networks by grafting
amino-terminated linear PEGs of different molar mass onto ben-
zoxazinone-terminated tetra-arm PCL (see Scheme 1). By using
the bi-functional benzoxazinone-based coupling agent 2, which
reacts hetero-complementarily with hydroxy and amino groups
under mild conditions without any by-products,®®® uniform star
block copolymers can be prepared. Particular attention was paid
to the defined structure of the tetra-PCL-OH core 1, its quantitat-
ive benzoxazinone functionalization (3), and their subsequent
complete reaction with amino-terminated PEG 5 to form uniform
tetra-PCL-b-PEG star block copolymers 6. Furthermore, the influ-
ence of PEG chain length on the behavior of the star block copoly-
mers in aqueous medium and on the formation and stability of
micellar structures was studied in detail.

Experimental section
Materials

All chemicals and solvents (analytical grade) were obtained
from Sigma-Aldrich and used as received unless otherwise
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specified. Methoxy poly(ethylene glycol) (MeO-PEG-OH)
(M, = 2100 g mol ") was obtained from JenKem
Technology (USA) and precipitated twice from THF in cold
diethyl ether. Mono-amino-terminated MeO-PEG (MeO-
PEG-NH,, 5a, M, = 822 g mol™") was obtained from Iris
Biotech (Germany). e-Caprolactone (e-CL) was dried under
reduced pressure over CaH, for at least 12 hours, then pur-
ified by vacuum distillation and stored under nitrogen
atmosphere. Tin(u)-2-ethylhexanoate (Sn(oct),) was purified
by vacuum distillation and stored under nitrogen atmo-

sphere. 2-(4-Nitrophenyl)-4-oxo-4H-benzo[d|[1,3]oxazine-7-car-
boxylic acid chloride 2 was synthesized as described
earlier.””%°

Synthetic procedures

Tetra-PCL-OH (1). Following Jakisch et al., two batches (a, b)
of 1 were prepared by bulk polymerization of e-CL with pen-
taerythritol as initiator using Sn(oct), as catalyst.>® The
target M, of 10 kg mol™" was adjusted by the e-CL: Sn(oct), :
pentaerythritol molar ratio of 87:0.1:1. The synthesis was
carried out as follows: first, 136 mg of pentaerythritol and
9.92 g of e-CL were added to a Schlenk flask at room temp-
erature under nitrogen. The dispersion was stirred at 120 °C
for 30 min to obtain a homogeneous mixture. The reaction
mixture was cooled to 80 °C and the polymerization was
started by injecting the catalyst (Sn(oct),, 0.2 mL of 0.5 M
dry toluene solution) under nitrogen. After 2 h, the reaction
temperature was increased to 100 °C for another 6 h. Then,
the very viscous reaction mixture was cooled to room temp-
erature to stop the bulk polymerization. The polymer was
purified by precipitation from a concentrated CH,Cl, solu-
tion into a 10-fold amount of cold methanol. After filtration
and drying in vacuum, a powdery product of 1 was
obtained.
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Scheme 1 Synthesis of (a) 2-(4-nitrophenyl)-benzoxazinone-terminated tetra-PCL star polymer 3, (b) MeO—-PEG-NH, 5, and (c) amphiphilic tetra-

PCL-b-PEG star block copolymer 6.

1966 | Polym. Chem., 2023, 14,1965-1977

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3py00078h

Open Access Article. Published on 29 March 2023. Downloaded on 4/30/2026 3:25:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

"H NMR (CDCl,): 6 4.11 (s; CH, core), 4.06 (t, 6.7 Hz; CH,OC
(0)), 3.65 (t, 6.5 Hz; CH,OH), 2.30 (t, 7.6 Hz; CH,C(0)O),
1.7-1.6 (CH,CH,CH,), 1.38 ppm (m; CH,CH,CH,).

3C NMR (CDCly): 6 173.3 (C=0), 172.7 (C=0 next to core),
64.0 (CH,OC(0)), 62.4 (CH,OH), 61.9 (CHycore)y 41.9 (Ceore)s
34.0 (CH,C(0)0), 32.2 (CH,CH,OH), 28.2 (CH,CH,0C(0)), 25.4
(CH,CH,C(0)0), 24.4 ppm (CH,CH,CH,).

2-(4-Nitrophenyl)-benzoxazinone-terminated tetra-PCL (3).
Compound 3 was prepared as described earlier*® by conversion
of 1 with 2-(4-nitrophenyl)-4-oxo-4H-benzo[d|[1,3]oxazine-7-car-
boxylic acid chloride 2 (Scheme 1a). An amount of 0.5 mmol of
1 was dissolved in dry CH,Cl, (30 mL). Then, 4.5 mmol
(0.62 mL) of triethylamine and 4 mmol of previously dissolved
2 in dry CH,Cl, (15 mL) were slowly added to the solution at
room temperature under nitrogen using a syringe. The reac-
tion mixture was stirred for 48 h, the insoluble salt (triethyl-
ammonium chloride) was removed by filtration and 3 was
obtained by precipitation in cold methanol. 3 was prepared in
two batches (a, b) used for the synthesis of 6a and 6b.

'H NMR (CDCl,): 6 8.52 (d, 8.8 Hz; 19), 8.39 (s; 11), 8.38 (d,
8.8 Hz; 20), 8.34 (d, 8.2 Hz; 14), 8.20 (d, 8.2 Hz; 15), 4.41 (t, 6.7
Hz; 8 next to Cy), 4.10 (s; 2), 4.06 (t, 6.7 Hz; 8), 2.35 (t, 7.4 Hz; 4
next to Cy), 2.30 (t, 7.4 Hz; 4), 1.85 (m; 7 next to Co), 1.73 (m; 5
next to Cg), 1.7-1.6 (5, 7), 1.52 (m; 6 next to Cy), 1.38 ppm (m; 6).

3C NMR (CDCl,): § 173.4 (3), 172.8 (3 next to core), 164.7
(9), 158.0 (16), 155.6 (17), 150.3 (21), 146.3 (12), 138.1 (10),
135.5 (18), 129.4 (15), 129.3 (19), 129.0 (14), 128.9 (11), 123.9
(20), 120.0 (13), 65.8 (8 next to Co), 64.1 (8), 61.9 (2), 42.0 (1),
34.1 (4), 28.3 (7), 25.5 (5), 24.5 ppm (6).

MeO-PEG-NH, (5b). Compound 5b was synthesized in two
steps by adapting a previously reported procedure
(Scheme 1b).*° In the first step, MeO-PEG-OH (M, = 2100 g
mol™', m = 47) was converted with mesylchloride to MeO-
PEG-OMs intermediate (4). The resulting mesyl groups were
subsequently converted into amino groups by reaction with
aqueous ammonia. Briefly, an amount of 1 mmol of MeO-
PEG-OH, 8.5 mmol of triethylamine and 8 mmol of
mesylchloride were dissolved in anhydrous CH,Cl, (50.0 mL)
and stirred overnight. The solution was filtered and the solvent
was evaporated. The polymer was dissolved in THF and poured
into a large excess of cold diethyl ether. The precipitated white
solid of 4 was isolated by filtration and dried under vacuum at
40 °C. The purified 4 with terminal mesyl groups was dissolved
in 28 wt% aqueous ammonia solution (100 mL). The reaction
mixture was left with stirring for 5 days at room temperature.
The ammonia was allowed to evaporate over night after NaOH
(5 M) was added dropwise until the pH reached 13. After the
product was extracted 3 times with CH,Cl, and washed with
saturated sodium chloride solution, drying over anhydrous
MgSO, followed. The crude product was precipitated into a
10-fold amount of cold diethyl ether. The precipitate was fil-
tered and dried under vacuum at 40 °C.

'H NMR (CDCl): 6 3.62 (s; c), 3.48 (m; b), 3.35 (s; d), 2.84
(t, 5.3 Hz; a), 1.8 ppm (v br; NH,).

3C NMR (CDCl,): 6 73.3 (b), 71.5, 70.5, 70.2 (all ¢), 58.9 (d),
41.7 ppm (a).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Tetra-PCL-b-PEG star block copolymer (6). Star block copoly-
mer 6a and 6b with two PEG blocks of different lengths were
prepared by the hetero-complementary amine-benzoxazinone
reaction of 3 with 5 in toluene (Scheme 1c). As an example, the
synthesis of 6b was carried out as follows: an amount of
0.1 mmol of 3a was dissolved in anhydrous toluene (10 mL).
Then, 0.45 mmol of 5b were added to the solution and stirred
24 h under nitrogen at 40 °C. The solvent was removed by
evaporation and the obtained slightly yellowish powder was
dispersed in water. The residue of 5b was then extracted from
the solid by centrifugation at 20 °C for 20 minutes at 20 400g.
The supernatant was then removed, fresh water added, and
centrifuged again. This procedure was carried out 4 times. The
purified powder was then freeze-dried to give 6b.

'H NMR (6b, CDCl;). 6 12.62 (s; Ph-NH-CO-Ph), 9.41 (s;
11), 8.36 (d, 8.8 Hz; 20), 8.21 (d, 8.8 Hz; 19), 7.82 (d, 8.2 Hz;
15), 7.75 (d, 8.2 Hz; 14), 7.36 (t, 5.4 Hz; CH,~NH-CO-Ph), 4.41
(t, 6.7 Hz; 8 next to Cy), 4.10 (s; 2), 4.05 (t, 6.7 Hz; 8), 3.70-3.50
(a, b, ¢), 3.37 (s; d), 2.34 (t, 7.4 Hz; 4 next to Cy), 2.30 (t, 7.4 Hz;
4), 1.83 (m; 7 next to Co), 1.72 (m; 5 next to Cy), 1.7-1.6 (5, 7),
1.50 (m; 6 next to Cy), 1.38 ppm (m; 6).

3C NMR (6b, CDCl;): § 173.2 (3), 172.5 (3 next to core),
168.3 (16), 165.3 (9), 163.0 (17), 149.6 (21), 140.0 (18), 139.5
(12), 133.9 (10), 128.4 (19), 127.3 (14), 124.0 (15), 123.7 (20),
123.2 (13), 121.8 (11), 71.7 (¢ next to Cq), 70.5-69.0 (b, ¢), 65.1
(8 next to C9), 63.8 (8), 61.7 (2), 58.7 (d), 41.8 (1), 39.9 (a), 33.9
(4), 28.1 (7), 25.3 (5), 24.3 ppm (6).

Model reaction with pentaerythritol. As model compounds
for NMR signal assignments, mixtures of alkyl ester- and ben-
zoxazinone-substituted pentaerythritol (7, 8) were obtained by
subsequent reaction of pentaerythritol with lauryl chloride
and compound 2 (Scheme 2). First, an excess of pentaerythritol
was reacted in a non-stoichiometric ratio with lauryl chloride
in presence of triethylamine as acid scavenger overnight at
room temperature in THF. The precipitate was filtered off, the

o
HO OH o A A AA AB BB
NS TS RN
HO OH Et,N, A BB BB B B
THF A;B A.B AB B
18 h 3 22 3 4
- T
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Scheme 2 Synthesis of alkyl ester- (7) and benzoxazinone/alkyl ester-
substituted (8) pentaerythritol mixtures as model compounds for NMR
signal assignments.
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product was washed several times with water and dried under
vacuum to give 7 consisting of a mixture of partially (A;B,
A;B,, AB;) and completely (B,) esterified pentaerythritol.
Subsequently, the mixture 7 was reacted with a twofold excess
of compound 2 in presence of triethylamine in THF. After stir-
ring the reaction mixture over night, the insoluble salt was
removed by filtration and the crude product mixture 8 (C;B,
C,B,, CB; and B,) was purified by precipitation into a 10-fold
amount of cold methanol. The precipitate was filtered and
dried under vacuum at 40 °C.

Methods

NMR spectroscopy. ‘H (500.13 MHz) and *C (125.76 MHz)
NMR spectra were recorded using an Avance III 500 spectro-
meter (Bruker Biospin). CDCl; (5('H) = 7.26 ppm; §(*°C) =
77.0 ppm) and D,O (5(*H) = 4.79 ppm) were used as solvent,
lock, and internal standard. Sample temperature was kept con-
stant at 30 °C + 0.5 K unless otherwise specified. For tempera-
ture dependent measurements, powdered 6 was finely dis-
persed in D,O and immediately transferred in tubes to the
spectrometer for the measurements. The sedimentation
during the measurements was slow and was assumed not to
influence the results. The spectra were referenced on the Hs ;
signal of PCL (§(*H) = 1.55 ppm).

MD-SEC. Multidetection-hyphenated size exclusion chrom-
atography (MD-SEC) of 1, 3, 6a and 6b was performed in THF
with a flow rate of 1 mL min™" using an Agilent degasser, an
isocratic pump and an autosampler (series 1100/1200). Star
polymers 1 and 3 were separated with 2x Agilent SEC columns
PLgel MIXED-C. Star block copolymers 6a and 6b were separ-
ated with coupled Shodex SEC columns KF-802 and KF-803.
The detection system downstream was comprised of a Wyatt
multiangle light scattering detector (MALS) HELEOS® II, a vis-
cometric detector Viscostar® III and a differential refract-
ometer Optilab® T-rEX. The refractive index increment of the
samples 3 and 6a, 6b in THF was determined in batch to dn/dc
= 0.0957 = 0.0016 mL g_l. For 1, a dn/dc = 0.072 + 0.003 mL
g~ was used as reported in the literature for PCL in THF.*"*?
MD-SEC of 5a and 5b was performed using an aqueous solu-
tion containing 0.01 M NaH,PO, (pH = 7) and 0.2 M NaPO; as
eluent with two aquagel-OH MIXED-H columns (Agilent
Technologies, USA) by using a dRI detector K-2301 (Knauer,
DE) and a MALS-detector MiniDAWN TREOS II (Wyatt
Technologies, USA).

MALDI-TOF mass spectrometry. Matrix-assisted laser de-
sorption/ionization  time-of-flight = mass  spectrometry
(MALDI-TOF MS) of all samples was done with an Autoflex
Speed MALDI-TOF spectrometer from Bruker Daltonics
GmbH, equipped with a pulsed Nd:YAG laser (355 nm, 1 kHz).
A mixture of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propeny-
lidene]-malononitrile (DCTB) and potassium acetate were used
as matrix and ion adductor, respectively. For the measure-
ments, 1.6 pL sample solution in THF (2 g L"), 8 pL of DCTB
matrix solution in THF (10 g L"), and 0.8 pL of potassium
acetate solution in ethanol (1 g L") were mixed and drop-

1968 | Polym. Chem., 2023, 14,1965-1977
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casted on the target plate. TOF-calibration was performed
using PEG reference standards.

ATR-FTIR spectroscopy. FTIR spectra of 3 and 6b were
obtained using a Vertex 80v FTIR spectrometer (Bruker) with a
Golden Gate Diamond ATR unit (SPECAC) and an MCT detec-
tor. Each spectrum was recorded with 100 scans and a resolu-
tion of 4 cm™". The spectra were baseline corrected and nor-
malized to the band intensity of the C-O asymmetric stretch-
ing vibration of PCL at 1240 cm™".

DLS. Dynamic light scattering (DLS) measurements of 6a
and 6b were performed at 20 °C and at concentrations of 0.025
to1g L' in water, 2.5 to 20 g L™" in acetone, 5 and 10 g L™" in
ethyl acetate and 10 g L™" in dichloromethane using cylindri-
cal quartz-glass cuvettes and a light scattering setup equipped
with an ALV-SP125 goniometer, an ALV/LSE5004 multi tau cor-
relator at a fiber optical ALV/High QE APD avalanche photo-
diode with pseudo-cross correlation and a He/Ne laser
(632.8 nm, Thorlabs Inc.). The solutions were filtered prior to
the measurements. The solutions in the organic solvents were
used after dissolution with stirring overnight at room tempera-
ture. In contrast, the water solutions of 6b were brought to
70 °C to completely dissolve them and then cooled back to
20 °C.

DSC. DSC experiments of 1, 6a and 6b were performed with
a DSC Q2000 and DSC 2500 (TA Instruments, USA). Melting
and crystallization experiments were performed in water under
nitrogen at a sample concentration of 20 g L™" with heating
and cooling rates of 10 and 5 K min™", respectively. Sample
suspensions (~5 mg) were weighed in Tzero-Al-hermetic pans
(hermetically sealed; pressure stable up to 3 bar) and equili-
brated at 10 °C for a period of 5 min. For analysis of the first
and second heating, samples were heated from 10 °C to 80 °C,
cooled to 10 °C, held for 30 minutes, and then reheated to
80 °C.

TEM. TEM images of 6b were recorded with a Libra120 (Carl
Zeiss Microsopy GmbH, Oberkochen, Germany) operated at
120 kV. Images were recorded in bright field at small defocus
to improve the contrast. For the measurement, 2 pL of sample
solution were dripped on copper grids coated with a formvar/
carbon foil. After a waiting time t (between 2 seconds and
10 minutes), the sample was blotted with filter paper to
remove excess specimen not adsorbed on the grid. Afterwards,
2 pL stain solution (either 2 wt% uranyl acetate in water (UCA),
or 2 wt% phosphotungstic acid in water (PTA)) were dripped
on the grid and excess stain solution was blotted with a filter
paper after one minute. All TEM images were taken within
48 hours after preparation of the sample solutions.

Cryo-TEM. Cryo-TEM images of 6b were acquired using the
same equipment as for the TEM measurements. 2 pL of
sample solution were dropped on the holey grids (Qunatifoil
type R2/2), blotted with filter paper after 5 seconds, and
rapidly frozen in liquid ethane at —178 °C using a Leica GP
(Grid Plunging) device (Leica Microsystems GmbH, Wetzlar,
Germany). All images were recorded in bright field at —172 °C.
The measurements were conducted one week after preparation
of the sample solutions.

This journal is © The Royal Society of Chemistry 2023
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Results and discussion
Synthesis and structural analysis

The synthesis of amphiphilic tetra-PCL-b-PEG star block copo-
lymers 6a and 6b is shown in Scheme 1. First, tetra-PCL-OH 1
was synthesized by ROP of e-CL using pentaerythritol as
initiator and Sn(oct), as catalyst, followed by terminal group
functionalization with 2-(4-nitrophenyl)-benzoxazinone-based
compound 2 by esterification to give 3. Subsequently, the 2-(4-
nitrophenyl)-benzoxazinone end groups of 3 were reacted with
MeO-PEG-NH, (5) of different lengths (m = 16 and 47). The
synthesis results are summarized in Table 1, and the "H NMR
spectra of 3, 5b, and 6b are shown in Fig. 1. The desired M, of
1 (~10 kg mol™"), which forms the hydrophobic core of 6a and
6b, was controlled by the molar ratio of e-CL to pentaerythritol.
Mi nur values of 9.3 kg mol™ and 9.7 kg mol ™" determined by
'H NMR end group analysis (see ESI Fig. S31) agree very well
with the targeted value (Table 1). Functionalization of the
terminal hydroxy groups of 1 was carried out with an excess of
2 in solution. The conversion of the terminal CH,OH group,
characterized by the methylene signal at 3.64 ppm in the 'H
NMR spectrum of 3 (see Fig. 1c), was >95%.

The M,, values of 3 shown in Table 1 increased slightly com-
pared to 1. The somewhat reduced dispersity is probably
caused by the purification steps performed after functionali-
zation. The results clearly show that no degradation of the
tetra-PCL star occurred during the modification. Fig. 1b
depicts the "H NMR spectrum of MeO-PEG-NH,, (5b). Absence
of the methyl signal of the mesyl group at 3.08 ppm indicates
a high amino functionalization of 5b, which is calculated to be
about 90% based on the intensities of the methyl ether
(3.35 ppm) and the CH,NH, (2.84 ppm) signals. A further
issue is the perfectness of the tetra-PCL star structure.
Mixtures of differently substituted pentaerythritol (7, 8) were
obtained by sequential conversion of pentaerythritol with
lauryl chloride and compound 2 (Scheme 2). The components
of these mixtures serve as model compounds for NMR spectro-
scopic analysis. Detailed signal assignments are given in the
ESI Chapter 6 and 7.7 It was found that the "H NMR spectrum
of tetra-PCL-OH 1 is less suitable for quantifying structural
defects caused by incomplete conversion of the pentaerythritol
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Fig.1 'H NMR spectra (regions) of (a) tetra-PCL-b-PEG star block
copolymer 6b, (b) MeO-PEG—-NH, 5b, and (c) benzoxazinone-termi-
nated tetra-PCL star polymer 3 (solvent: CDCls).

core. However, the different substitution patterns of the core
can be well distinguished in the "H NMR spectrum of com-
pound 3. This becomes clear by comparison with the spectrum
of mixture 8 (see Fig. 2). The signals of the species with only
three PCL arms (CBj;) could be identified (~6 mol%), while
lower degrees of substitution (C,B,, C3;B) could hardly be
detected and are estimated to be <1 mol%. In the 'H NMR
spectrum of 6b (see Fig. 1a), the signals of the benzoxazinone
terminal groups disappeared completely whereas new signals
could be assigned to the newly formed linking benzamide
group between the PCL core and the PEG arms. Since all ben-
zoxazinone signals disappear in the spectrum of 6b, it can be
assumed that the benzoxazinone groups on the core also par-
ticipate in the reaction with amino-terminated 5b.

The FTIR spectra of 3 and 6b shown in Fig. 3 also confirm
the complete conversion of the terminal benzoxazinone
groups. In the spectrum of 3, the carbonyl stretching band and
the C=N stretching band of the benzoxazinone group are

Table 1 Molecular characterization of 1a, 1b, 3a, 3b, 5a, 5b, 6a, and 6b by NMR spectroscopy, MALDI-TOF MS and MD-SEC measurements

Pamr ¢ My nmr M, sec M, maLDI- ToF My skc My mavprToR
Polymer (D Pyjarms = 3 Pn) (kg mol ™) (kg mol ™) (kg mol ") (kg mol ™) (kg mol ) Dggc DMALDETOF
la 80 +2 9.3+0.2 8.7+ 0.6 8.6 +0.2 9.5+ 0.6 8.93 +0.16 1.09+0.3 1.04
1b 84 +2 9.7+ 0.2 10.8 + 0.6 8.9+0.2 11.8 £ 0.6 9.62 +0.11 1.09 £ 0.2 1.09
3a 84 +2 109 £ 0.3 9.6 +0.7 9.7£0.1 10.0 £ 0.5 10.3 £ 0.2 1.04+0.3 1.06
3b 88+2 11.3 £ 0.3 10.7 £ 0.5 9.5+£0.3 11.4+04 9.9+0.3 1.07 £ 0.2 1.04
5a 16 0.765 — 0.785 — 0.825 — 1.05
5b 47 £1 21+0.1 2.1+0.1 2.01 + 0.02 2.3+0.1 2.04 + 0.02 1.06 1.02
6a — 13.5+£0.3 13.9+0.6 11.6 £ 0.7 155+ 0.5 12.2 £ 0.7 1.11 + 0.04 1.05
6b — 19.3 £ 0.4 17.6 £ 0.6 16.2 £ 0.6 17.9+ 0.6 17.1+0.7 1.03 + 0.04 1.06

“Based on 'H NMR end group analysis (see ESI Fig. $3, S5, S7 and commentst), P, is the degree of polymerization (number of polymer units per

star).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Region of the 'H NMR spectrum of (a) benzoxazinone-termi-
nated star 3a and (b) the corresponding benzoxazinone/alkyl ester-sub-
stituted compound mixture 8 (solvent: CDCls). The abbreviations are
explained in Scheme 2 and symbol # marks **C satellite signals.
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Fig. 3 FTIR spectra of 3 (blue) and 6b (red) in the region of unreacted
and reacted benzoxazinone group.

clearly visible at 1772 and 1616 cm™", respectively. After reac-

tion with the amino-terminated PEG 5b, these bands disap-
pear completely in the spectrum of 6b. Instead, amide I (carbo-
nyl stretching band at 1648 cm™") and amide II (N-H defor-
mation band at 1582 cm™") bands are visible, which can be
attributed to the newly formed benzamide linking group.

MALDI-TOF mass spectra of 1, 3, 6a and 6b are shown in
Fig. 4. To exclude mass discrimination effects, the results from
the MALDI-TOF analysis were validated by measurements in
linear and reflector TOF mode as well as by MD-SEC. Due to
an identified slight mass discrimination for 6a, the average
molar masses of 6a, 6b were determined from mass spectra
measured in linear TOF mode (see ESI Chapter 97).

The spectra of tetra-PCL-star polymers 1 and 3 are well
resolved and allow conclusions about the molecular architec-
ture. This high resolution is not found in the spectra of the
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Fig. 4 Molar mass distribution determined by MALDI-TOF mass spec-
trometry of the star polymers 1, 3, 6a and 6b in THF with a shift in the
discrete molecule masses between 1 and 3 of their main fractions by
Am/z = 1177.3 (inset a) and the mass differences in between the discrete
molecule masses Am/z = 114 (inset b). The most significant trace impur-
ity found of Am/z = 294.7 between 1 and 3 is assigned by an asterisk.

star block copolymers 6a and 6b since linking of two polymers
with different repeating units usually smears out the discrete
signals of the individual polymers.

In the spectra of 1 and 3, the distance between two main
peaks corresponds very well to the molar mass of one repeat-
ing unit of PCL (M, = 114.1 ¢ mol™"). The observed peak shift
Am/z = 1177.3 between 1 and 3 (see Fig. 4a) indicates an
attachment of four 2-(4-nitrophenyl)-benzoxazinone terminal
units per molecule. A small, but significantly resolved trace
impurity (see Fig. 4b) of Am/z = 294.7 may refer to a superim-
position of fractions with lower number of modified terminal
units (Am/z = 294.7 [M + K]', one unit and Am/z = 867.2 [M +
Na]', three units). For a detailed assignment of trace impuri-
ties found by MALDI-TOF MS, see ESI Chapter 9.1 The insig-
nificantly low intensity of the mass peaks coming from trace
impurities compared to the strongly dominating ones of the
main fractions agrees with the findings by 'H NMR spec-
troscopy and confirms an almost complete termination of the
tetra-PCL star polymer 3 with oxazinone groups.

The molar mass measurements confirm the narrow disper-
sity of the samples even after the third modification step

This journal is © The Royal Society of Chemistry 2023
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(Table 1). There is a clear shift to higher molar masses from 1
to 3 and especially to 6a and 6b. The MALDI-TOF MS based
molar masses tend to be slightly smaller than those deter-
mined by NMR spectroscopy and MD-SEC, but in principle
show the same trend.

These results, together with the FTIR spectroscopy, MD-SEC
and NMR spectroscopy measurements, show that the hetero-
complementary conversion between 3 and 5 proceeded quanti-
tatively and that the resulting star block copolymers 6a and 6b
are characterized by high molecular uniformity.

Amphiphilic behavior in selective solvent

PCL-b-PEG copolymers are inherently amphiphilic because
water is a selective solvent for the hydrophilic PEG block. In
water, these polymers tend to form micelles,>"**° whereby the
micelle geometry is controlled in first instance by the volume
fraction of the soluble block®® with only small changes for a
low functionality as 4 (number of arms). Since both PEG and
PCL have a density close to 1.13 g cm >, the PEG volume frac-
tion of 6a and 6b are approximately 23% and 44%, respect-
ively. For linear PEG-b-PCL block copolymers, precipitate was
found in one work below 12% PEG fraction.** Vesicles with
sizes ranging from 60 nm to 10 um were found*® for compo-
sitions between 9% and 36% PEG.>*” Cylindrical micelles
with a length up to 20 microns may form between 13% and
55% PEG.'®?*?53739 Also, a lamellar phase was observed for
11% to 16% PEG" that could be an intermediate state of
vesicle formation. The different particulate structures men-
tioned above overlap significantly, which complicates the ana-
lysis and a discussion of these solutions in addition to poss-
ible transitions between different morphologies that can be
driven by crystallization®® and possible concentration depen-
dencies of the observed morphologies.** Similar to the linear
block copolymers, we expect that sample 6a may form a broad
variety of different morphologies. This complicates a quantitat-
ive analysis of particle size by DLS. For block copolymers with
a composition comparable to 6b, most of the above mentioned
works report only spherical micelles; only sometimes®®?°
cylindrical micelles are detected, see also ESI Table S4.F

The solubility of the tetra-PCL-b-PEG star block copolymers
6a and 6b in water was investigated at room temperature and
at 80 °C. For this purpose, both polymers were suspended in
water at a concentration of 10 mg mL ™" at room temperature
(see Fig. 5, left). After heating to 80 °C, a clear solution of 6b
was obtained within 5 minutes (see Fig. 5, right), which
remained stable when cooled back to room temperature. In
contrast, 6a remained cloudy over the entire temperature range
without the formation of a precipitate (see Fig. 5, right). Both
observations agree with the formation of spherical micelles in
the low nm range for 6b and the formation of micelles with a
size comparable to the wavelength of light or larger for 6a. The
equilibrium melting temperature was estimated to be close to
64 ©°C'" for PCL and around 70 °C**™ for PEG.
Crystallization temperatures up to 49 and around
40 °C*®*° were reported for PCL and PEG, respectively. Thus,
thermal treatment at 80 °C melts crystalline portions of both

016,47
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Fig. 5 Suspensions of 6a and 6b in water at room temperature (left)
and after 5 min of heating to 80 °C and subsequent cooling to room
temperature (right).

polymers, which is a mandatory step for dissolving the star
block copolymers. Phase separated PCL domains may crystal-
lize upon cooling back to room temperature. To gain a better
insight into the solution and self-assembly behavior of tetra-
PCL-b-PEG star block copolymers in water, DSC, (cryo-)TEM,
DLS, and '"H NMR measurements were performed on aqueous
dispersions of 6a and 6b.

Thermal behavior in water. DSC measurements were per-
formed on the star block copolymers 6a and 6b as well as on
the star polymer 1 suspended in water. The DSC heating and
cooling runs are shown in Fig. 6, and the results are summar-
ized in Table 2. We take the peak position of the heat flow as
rough estimates for the melting and crystallization tempera-
ture, if a peak can be observed. In the first heating run of the
dispersion of 1, a distinct melting transition is visible at about
52 °C. During cooling, crystallization appears close to 30 °C. In
the second heating run, the melting is slightly shifted to lower
temperatures (T, = 46 °C), indicating a smaller stem length of
the crystals. At the end of the synthesis, specimen 1 was preci-
pitated from a concentrated CH,Cl, solution into a 10-fold
amount of cold methanol followed by filtration and drying in
vacuum. This process determines the geometry of the PCL
crystals prior to the first heating run, while the melting temp-
erature of the second heating run is related to the stem length
of the crystalline PCL domains in water.
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0.05| |1° heating —— 6b in water
! /_\ZL ——6ain water
=)

=

T 30 40 50 60 70 80
N

©

g )

° cooling

2

<

210 20 30 40 50 60
i [2" heating

-

©

[}]

T | A

30 40 50 60 70 80

Temperature [°C]

Fig. 6 DSC thermograms of 1a (black), 6a (red) and 6b (blue) in water.
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Table 2 Thermal behavior of 1a, 6a and 6b in water

1% heating run cooling run 2™ heating run
Polymer T @ (°C) T.? (°C) T @ (°C)
la 52.1 29.9 46
6a 45 — 45
6b 45 — —

“ Melting temperature. ” Crystallization temperature.

Compared to 1, the melting transitions of the star block
copolymers 6a and 6b appear in the first heating run at lower
temperature (T, = 45 °C). This difference results in part from
the different treatment of the specimens at the end of the syn-
thesis: 6a and 6b are purified in water followed by freeze-
drying. Thus, the crystal geometry is here affected by the
micelle geometry that is established during this process.
During cooling, no crystallization is visible for either copoly-
mer. The second heating scan, recorded after 30 minutes of
isothermal annealing at 10 °C, shows a melting peak only for
the sample with the shorter PEG block (6a). For explaining this
difference, we consider the visible appearance of the samples
and the morphologies reported in literature, see ESI Table S4.1
Based on this information, we expect mainly small spherical
micelles for 6b and larger structures possibly cylindrical
micelles or vesicles for 6a. Semi-crystalline vesicles and cylind-
rical micelles of PCL-b-PEG copolymers with a similar compo-
sition as 6a and 6b were analyzed previously.** Crystallization
of vesicles was possible at room temperature, while significant
crystallization of cylindrical micelles occurred only signifi-
cantly below 0 °C. Our observations, therefore, hint towards a
significant volume fraction of vesicles in aqueous suspensions
of 6a.

Micelle morphology: TEM and cryo-TEM. Optical techniques
like TEM and cryo-TEM provide direct access to the mor-
phology of the micelles. However, TEM requires staining and
adsorption of the micelles on a substrate, which may impact
the morphology of the micelles® or their tendency to crystal-
lize. Cryo-TEM shows typically only the phase separated
portion of the micelles. A combination of both allows to check
morphological changes and to gain information about the dis-
solved part of the micelles. Fig. 7 shows two typical TEM
micrographs where 6b was stained with PTA (top) or with UAC
(bottom). Our general observation is that PTA leads to a larger
tendency of spherical micelles (a) to aggregate. Flat structures
parallel to the surface develop (c¢) or might be initiated by
cylindrical micelles that tend to appear in bundles (b). For
UAC stained samples, adsorbed micelles tend to combine in
larger structures, the onset of spherulitic structures is possible,
and some larger flat objects with a round geometry form (d).
This figure contrasts with the cryo-TEM results of Fig. 8 where
we observe a large abundance of spherical micelles and only
some cylindrical ones.

We argue that the structures that are visible on the TEM
images but do not appear on the cryo-TEM images are most
likely surface initiated with additional dependence on the par-
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Fig. 7 TEM micrograph of 6b adsorbed within 10 seconds from 1 g L™*
solution in water stained with PTA (top) and adsorbed within 10 seconds
from 10 g L™! solution in water stained with UAC (bottom). PTA enters
predominantly the PEG corona. Thus, spherical micelles are grey objects
with a darker boundary (a), cylindrical micelles as double grey lines (b),
while flat surface structures have average grey color with a darker line as
boundary (c). UAC stained objects show a similar appearance as PTA
stained objects with characteristic super structures (d).

ticular stain. The common structure observed in all images are
spherical and cylindrical micelles. The diameters of the spheri-
cal micelles were determined by manual measurement of typi-
cally 30 micelles using the Fiji software. The results are sum-
marized in Table 3. Our data agree with literature data on linear
block copolymers that are equivalent to a single arm of our star
block copolymers. For instance, the PCL,,~PEG,, blocks similar
to star arms produce 21.7 + 5.9 nm sized spherical micelles'®
(stained with PTA and prepared using a different protocol) in
quantitative agreement with our work (see Table 3).

The diameter of the cylindrical micelles in cryo-TEM was
12 + 2 nm in 10 ¢ L™' samples and 13.5 + 0.7 in 1 g L™"
samples. With UCA, a cylindrical micelle thickness of 21 +
3 nm was measured in samples adsorbed from 1 g L™*
solution.

We now attempt to correlate the above measurements. Let
us assume that the PEG corona of the micelles is not visible in

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Cryo-TEM image of a rapidly frozen 10 g L™* solution of 6b.

Table 3 Size of spherical micelles of 2b in water determined by TEM
with PTA or UAC as stain or by cryo-TEM

Particle size (nm)

Method (0.1gL™Y)* (1gL™* (10gL™)*
TEM (PTA) 28+ 8 30+5 38 +17
TEM (UAC) 25+5 29+5 24+ 4
Cryo-TEM 15+3 16 + 3

“ Concentration of the sample solution.

the cryo-TEM images and that the stain does not penetrate the
PCL domain. Since PEG is about half of the molar mass of 6b,
dry adsorbed undeformed spherical micelles in TEM should
have a size approximately 2** times larger than the PCL core,
i.e. about 20 nm, which is below the size given in Table 3. In
the dry adsorbed state, the PEG tails are still swollen by the
stain and may develop conformations that are either collapsed
due to drying or significantly stretched, when the PEG with the
stain inside tends to spread over the substrate. To understand
which of these effects is more relevant, we consider Flory’s
characteristic ratio C,, of PEG that ranges roughly from 4 to
7°' in literature with rotational isomeric state computations
around C, = 5.°> For a root mean square bond length of
1.46 nm,”? this latter estimate corresponds to a Kuhn segment
size of about 8.8 A with a Kuhn molar mass of 107 g mol™.
The 2100 ¢ mol™" PEG tails of the star arms consist, therefore,
of approximately 20 Kuhn segments. Assuming random walk
conformations of the PEG tails as lower bound for the thick-
ness of a PEG corona in non-stretched conformations, we esti-
mate that this layer is at least 4 nm thick and the micelles
should appear of at least 23 nm size in TEM. Fully stretched
chain conformations on the substrate would lead to a layer of
about 17 nm thickness leading to a maximum size of 50 nm in
the adsorbed state. Our data lie in between these limits and

This journal is © The Royal Society of Chemistry 2023
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are in accordance with a weakly stretched PEG corona in the
dry adsorbed state or alternatively, a weak penetration of the
stain into the PCL domain.

PCL in the crystalline state adopts almost planar zig-zag
conformations deviating slightly from the fully extended
form> with a fiber axis of 1.705 nm corresponding to two
chemical monomers. Thus, A cylindrical micelle diameter of
12 + 2 nm refers to about 13 monomers in nearly fully
extended conformations. The PCL cores of 6b contain approxi-
mately 21 monomers per arm. Thus, the diameter of the
cylindrical micelle is presumably a one-folded crystal with
about 11 monomers in nearly fully extended conformation. A
micelle core of about 15-16 nm is almost midway between a
one-folded crystal or a fully extended conformation of PCL
arms, and thus, not in accord with an expected crystalline mor-
phology.*? Since also DSC did not show crystallization of 6b,
we conclude that the spherical micelles at room temperature
consist of an amorphous PCL core.

A crystalline tetra-PCL star with M, ~ 10 kg mol™* and a
density around 1.2 g em™** occupies a volume of about
14 nm?®. A sphere with a diameter of 15-16 nm and a volume
of order 2000 nm® provides space for roughly 140 such tetra-
PCL star cores and about 1.4 nm” surface area per PEG tail. In
comparison, thinner cylindrical micelles with 12-13 nm dia-
meter provide only about 1.2 nm? per PEG tail. A similar ratio
is obtained when considering amorphous PCL. This reduction
refers to an energetic barrier for forming cylindrical micelles
as long as the PEG remains dissolved and amorphous, indicat-
ing that spherical micelles are at least meta-stable. This
barrier can be overcome, for instance, by significant changes
of the solvent quality, by adjusting temperature, or when
surface adsorption or favorable interactions with some solutes
increase the PEG concentration locally, since the solvent
quality of water decreases with the PEG volume fraction.>**®
This may explain the lower frequency of cylindrical micelles
and short precursors of these in the cryo-TEM images despite
of the longer storage time of the solution prior to the measure-
ment (7 days) as compared to the micrographs with UCA and
PTA stain (up to 2 days). In consequence, we expect that solu-
tions of 6b immediately after heating beyond the melting
temperature develop a dominant portion of spherical micelles
but will not exhibit a significant portion of cylindrical
micelles.

Samples 6a in comparison to 6b contain shorter PEG tails
which stabilize these samples less against morphological
changes that might be induced by contact with a surface, stain-
ing, or due to temperature changes during sample preparation.
Since morphological changes were already a serious issue for
6b, we omitted a similar analysis of 6a.

Particle size analysis by DLS. DLS studies were first per-
formed in different organic solvents with the aim of identify-
ing good solvents for both PEG and PCL. Prior to the measure-
ments, we scanned literature to identify possible solvents, see
ESI Section 10, Table S5.f Tetrahydrofuran, toluene and
chloroform were analyzed in our preceding paper.”® In the
present work, we employ acetone, ethyl acetate, and dichloro-
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methane at different concentrations between 2.5 and 20 g L',
The Ry values of 6b determined from the DLS measurements
are summarized in the ESI Table S1.T The distribution of Ry is
monodisperse in dichloromethane and ethyl acetate. At 10 g
L7', we obtain 3.8 + 0.3 and 4.3 + 0.1 nm, respectively. For
comparison, an estimate of Ry by computing R, with C,, = 5
and a Kuhn segment size of about 9 A for PCL** and the para-
meters for PEG mentioned above yields Ry = 3.4 when using
Rg/Ry; = 1.05 for experimental data.”” Therefore, these solvents
are presumably good solvents for the polymers. Surprisingly,
our data indicate that ethyl acetate is the better solvent for the
copolymer, which contrasts the trend expected from literature
data, see ESI Section 10, Table S1.} In acetone, the data fit is
best when a bidisperse particle distribution is assumed, see
ESI Fig. S1.7 The fast mode yields a hydrodynamic radius of
Ry = 3.0-3.6 nm for 6a and Ry = 3.6-4.2 nm for 6b depending
on the concentration. The latter is in good agreement with the
hydrodynamic radius in dichloromethane and ethyl acetate
indicating dissolved single star block copolymers in the
sample. The reduced size of 6a compared to 6b reflects the
lower molar mass of this compound.

The slow mode refers to a hydrodynamic radius that
increases with concentration between 14-23 nm and 18-34 nm
in the case of 6a and 6b, respectively, see ESI Table S1. Such a
behavior is typically attributed to the formation of aggregates
or clusters. The nature of these clusters, however, remains
unclear: literature data for the solvent quality of acetone
regarding both PEG and PCL is scattered around the theta con-
dition, see ESI Table S5.1 Furthermore, the relative amplitude
of the fast component in the ESI Table S1{ does not strongly
decay with concentration as one expects for micelle formation
or other forms of associations where increasing concentrations
favors associations.

For analyzing 6b in water, samples were prepared at 20 g
L7, heated up to 70 °C and cooled back to room temperature.
Afterwards, the solution was diluted stepwise to a lowest con-
centration of 0.025 g L™". All measurements were conducted
within 6 h after preparation starting from the largest concen-
tration. In all samples, monodisperse clusters with a hydro-
dynamic radius of 20-22 nm are observed, see ESI Table S1.f
The size of the dried adsorbed stained micelles in TEM is
about 10 to 15 nm less than the particle diameter measured by
DLS, which is reasonable when considering the swelling of the
densely grafted PEG tails in water, a possible weak penetration
of the stain into the PCL, and additional corrections like a
weak dispersity of the PEG tails. Up to the end of our measure-
ment time of 6 h, we detect no significant traces of larger
species like cylindrical micelles of sample 6b in water.

Temperature-dependent 'H NMR measurements in water.
Variable temperature (VT) '"H NMR measurements were per-
formed on suspensions of star block copolymers 6a and 6b in
D,O to investigate the influence of the different PEG block
length at constant PCL core size on the molecular dynamics
(see Fig. 9 and ESI Fig. S19 and S20%). The standard high-
resolution NMR measurements performed here require
sufficient mobility of the structural units accompanied with
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Fig. 9 VT *H NMR measurements on 6b (a and c) and 6a (b and d) in
D,O (suspension of 5 g L™). Only selected temperatures are indicated.
The complete series are depicted in the ESI Fig. S19 and S20.1 Besides
the initial spectra at 30 °C (*), (c) and (d) show additional spectra
recorded after cooling down the samples to 30 °C (#) and after keeping
the sample for one hour (6a) or 24 hours (6b) at 30 °C (*+1 h, *+24 h).
Symbol + marks the signal of a trace of unreacted 5 that is the only
compound dissolved at 30 °C.

long T, relaxation times to detect the corresponding NMR
signals. This qualitative study is based on the detection of
mobility changes during heating from 30 to 80 °C. For both
samples, the PCL signals are collapsed at 30 °C, and only for
6b a broadened 'H NMR signal at ~3.65 ppm indicates PEG
mobility. With increasing temperature, the changes for both
samples are quite different. From ~45 °C, broad signals
appear for both the PCL and PEG moiety of 6a that steadily
increase in intensity with further increase in temperature but
remain broad (see Fig. 9b and ESI Fig. S19t). For 6b, a steep
increase in intensity of all signals is observed in the narrow
temperature range from ~35 °C to ~45 °C with only minor
changes at higher temperatures (see Fig. 9a and ESI Fig. S207).
Spectra recorded at 40 °C over a period of one hour are identi-
cal and indicate a steady state at a given temperature (see ESI
Fig. S217). Within this temperature range the turbid sample
becomes clear and remains so, while the sample of 6a remains
turbid over the whole range studied. The behavior of the two
samples also differ when they are cooled back to 30 °C (see
Fig. 9c and d). For 6a, the signals start to broaden with cooling
and after keeping the sample at 30 °C for one hour, the
residual signals disappear (see Fig. 9d and ESI Fig. S197).
Comparison with the spectrum of the initial sample at 30 °C
(see Fig. 9b) shows that the sample has returned to its original
state. A comparable behavior is observed for a dispersion of
the unmodified and water-insoluble PCL core 1b (see ESI
Fig. S227). The spectrum of 6b after cooling to 30 °C (see

This journal is © The Royal Society of Chemistry 2023
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Fig. 9c) resembles almost the high-temperature spectrum and
remains unchanged within 24 hours. The PCL/PEG ratio deter-
mined for 6b from the "H NMR spectra at 80 °C and at 30 °C
(24 h) matches the ratio determined in CDCl; as a good
solvent. Also, for 6a the PCL/PEG ratio at 80 °C is very similar
to that of the CDClI; solution.

The findings of these VT "H NMR experiments correspond
to the results of crystallization studies in water by DSC and to
the DLS results. The PCL phase of the dispersed samples prior
to the first heating is a rigid phase and therefore the spectrum
is silent for these signals. The PEG chains are also immobile
and only the outermost PEG sphere of 6b seems to show a
mobility sufficient to detect a signal. At the melting range of
the PCL core (T, ~ 45 °C, see Table 3) the corresponding
signals appear for both star block copolymers, which is associ-
ated with increased mobility. This is confirmed by a reference
experiment on the water-insoluble PCL core 1a that also shows
resolved signals above Ty,. The PEG chains become also more
mobile but only for 6b the PEG signal is narrow with a hump
probably indicating a still ordered PEG portion. For 6b, micel-
lar structures form in this process, which have high stability.
This agrees with the DLS measurements that after heating the
sample to 70 °C and subsequent cooling prove stable micellar
structures with hydrodynamic radii of about 20 nm at 25 °C
for 6b. PCL recrystallization is suppressed in the micellar
structures and the "H NMR signals of PCL remain unchanged
after cooling. The two blocks are mobile enough in their
entirety in these micellar structures to be quantitatively
detected by solution-state NMR techniques as confirmed by
the PCL/PEG ratio, which is consistent with that of the CDCl;
solution. The linking groups between both blocks result in
well-resolved signals in accordance to the mobility of both
blocks. For 6a, the mobility of the short PEG chains seems to
be hindered by the larger PCL fraction as indicated by the
rather broad signal also at 85 °C. However, the mobility in
both blocks is sufficient to largely reflect the PCL/PEG ratio
from the CDCIl; solution in the signal integrals and also the
signals of the linking groups can be detected. Different to 6b,
the increased mobility within the particles during heating
does not result in the formation of small micellar structures
with a size below the wavelength of visible light in the aqueous
environment. Below T, of PCL, re-formation of a largely
immobilized structure occurs, leading to signal collapse for
both PCL and PEG in these high-resolution NMR
measurements.

In conclusion, these straightforward "H NMR experiments
on suspensions in D,O allow a qualitative evaluation of
melting and recrystallization as well as micellar structure for-
mation for these tetra-PCL-b-PEG star block copolymers as
demonstrated here for the influence of different PEG chain
lengths. The increase in mobility with temperature should be
due to both melting PCL structures and solvation of the
hydrophilic PEG chains. The formation of small cylindrical
micelles or spheres requires a sufficiently high content of
the hydrophilic PEG as obviously realized for 6b but not
for 6a.

This journal is © The Royal Society of Chemistry 2023
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Conclusions

In this work, a combination of “core fist” and “grafting-onto”
approach was presented to prepare two uniform tetra-PCL-b-
PEG star block copolymers with PCL cores of the same size but
with PEG arms of different lengths. The synthesis was carried
out by reacting a benzoxazinone-terminated tetra-PCL star
with amino-terminated linear PEG. The polymers are charac-
terized by a high degree of uniformity, which can be attributed
to the use of structurally uniform starting components and to
the quantitative conversion of the reacting end groups.
Comprehensive studies of the synthesized star polymers by
NMR and ATR-FTIR spectroscopy confirmed the quantitative
conversion of the benzoxazinone-terminated tetra-PCL star
polymer with the amino-terminated linear PEG chains. The
expected molar masses as well as their uniformity were con-
firmed by MD-SEC measurements and MALDI-TOF MS. In
addition, DSC, DLS and "H NMR measurements in the selec-
tive solvent water provided insights into the amphiphilic char-
acter. After heating suspensions of the star block copolymers
in water above the melting point of PCL (T, = 45 °C), only the
star block copolymer with m = 47 repeating units of PEG and n
= 22 repeating units of PCL per arm formed a clear solution
with spherical micellar structures in a wide concentration
range. The suspension of the star block copolymer with m = 16
and n = 21 in water remained cloudy after heating above Ti,.
Here large structures form, presumably vesicles that allow
recrystallization of the PCL cores upon cooling. DLS measure-
ments of aqueous solutions of the larger star polymer within
6 hours after preparation indicate no formation of cylindrical
vesicles. Cryo-TEM images show the formation of some cylind-
rical micelles after 6 days. This indicates that the spherical
micelles are likely a metastable state where the samples lock in
during cooling. The studies show that the length of the PEG
chains can be used to tune size, stability, and crystallinity of
micelles made of star block copolymers in water.

With regard to the self-assembly behavior of the star block
copolymers, the question arises as to the influence of the rela-
tively large benzoxazinone linker group. In particular, the
strong electron-withdrawing effect of the nitro group suggests
the formation of strong dipole-dipole interactions at this
structural unit. This type of interaction is also thought to
occur in the synthesis of related amphiphilic networks and to
be responsible for specific deviations in the network connec-
tivities.>® This is the subject of further investigation using
various spectroscopic methods directed at the specific inter-
actions of these groups with each other and with the solvents
used. In the case of the star polymers studied here, it is
expected that in polar solvents such as water the dipole-dipole
interactions are suppressed, so that the remaining hydro-
phobic interactions of the linker groups predominate. The
extent to which this influences the association behavior of the
star block copolymers in water or other solvents cannot be con-
clusively clarified from the present studies. Comparative
studies with alternative linker groups are planned for this
purpose.
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