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This study explores hyper-cross-linking of the cores of block copolymer micelles as a means to generate
star polymers with a hyper-cross-linked core surrounded by linear corona arms. A solution of poly(methyl
methacrylate)-b-polystyrene (MS) was prepared in acetonitrile to form micelles which were reacted with
o,a'-dichloro-p-xylene in the presence of FeCls to produce core hyper-cross-linked star (CHS) polymers
by selective cross-linking of the PS core. A kinetic investigation showed formation of high-molar mass
species (>10% kg mol™) within 1 h of reaction, which supported conversion of individual MS micelles into
CHS polymers. We synthesized several CHS polymers by varying the PS core fractions from 20 to 53%. All
the polymers possessed discrete spherical cores that were 19-60 nm in diameter and all were highly
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soluble in organic solvents retaining the CHS architecture. While permanent microporosity was not
detected by gas sorption measurements, increased dye uptake of CHS polymer in solution suggests utility
of CHS polymers as stable and solution-processible nanocontainers with accessible free volume in the
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Introduction

Core cross-linked star (CCS) polymers consist of multiple
polymer chains tethered to a densely cross-linked core."” The
mobile linear chains, typically referred to as “arms”, are
responsible for interaction with external environments and
make the CCS polymer processible in solution and melt states.
The cross-linked core stabilizes the whole macromolecule
through covalent bonding and provides a distinctive inner
compartment that can be useful for encapsulation. Given
these features, CCS polymers may be considered unimolecular
micelles distinguishable from conventional block copolymer
micelles, which are disintegrated into individual chains in a
good solvent or upon dilution. Synthesis of CCS polymers with
a functionalized core by covalent anchoring of functional
groups has been demonstrated for applications such as cataly-
sis, imaging, and storage of sensitive molecules that can be
released in a controlled fashion.*

CCS polymers have typically been synthesized via the “arm-
first” approach including cross-linking polymerization from
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the end of the first polymer chain."*'>° Cross-linking of the
core of block copolymer micelle can be an alternative route to
attain a well-defined and discrete core. A block copolymer pre-
cursor consisting of solvophobic and solvophilic blocks is
introduced into a selective solvent to form micelles.>" Cross-
linking of the micellar core converts the micelle into the CCS
polymer while retaining the morphology. As the self-assembly
process allows for the morphological parameters to be tuned
by adjusting the molar mass and composition of the precur-
sor, CCS polymers can be obtained with controlled dimensions
of the core and the whole macromolecule.

Core cross-linking requires orthogonal chemistry to
polymerization that does not interfere with the synthesis of
the block copolymer precursor. Hyper-cross-linking can be an
effective way to cross-link polymers containing aromatic units.
Friedel-Crafts alkylation forms methylene bridges between the
aromatic rings and generates densely cross-linked polymer net-
works with substantial porosity.”>>* Unlike to conventional
methodologies that require a reactive functionality on the core
block typically installed by copolymerization, in hyper-cross-
linking external carbocations can be used to link the native
aromatic rings without specific functionality.

Hyper-cross-linking has recently been utilized for corona
cross-linking of polystyrene (PS)-containing block copolymers
to produce a stable cross-linked shell containing microporous
void (<2 nm) with high thermal and chemical stability.>>°
While no examples of core cross-linking via hyper-cross-
linking strategy have yet been reported, we envision that CCS

This journal is © The Royal Society of Chemistry 2020
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polymers consisting of a hyper-cross-linked core will be an
interesting platform considering utility of hyper-cross-linked
materials for adsorption, separation, and catalysis.>**” The pro-
cessibility of the CCS architecture can be synergistically com-
bined with the utility of the hyper-cross-linked compartment, to
create solvent-dispersible and processible nanoobjects posses-
sing a stable core with high loading capacity.*® '

Here we describe the straightforward synthesis of core
hyper-cross-linked star (CHS) polymers by hyper-cross-linking
of the core of poly(methyl methacrylate)-b-polystyrene (PMMA-
b-PS) micelles. PMMA-b-PS with PS core and PMMA corona
was prepared in acetonitrile (MeCN) which is a selective
solvent to PMMA. Addition of a,a’-dichloro-p-xylene (p-DCX) as
an external cross-linker and FeCl; as a Lewis acid to the micel-
lar solution yields the CHS polymer that has the parent micel-
lar morphology. Characterization of the CHS polymer by 'H
NMR spectroscopy and size exclusion chromatography (SEC)
clearly indicates formation of ultrahigh molar mass species
(>10* kg mol™") containing the cross-linked PS core. The
spherical morphology of the parent PMMA-b-PS micelle is suc-
cessfully transferred into the CHS polymer with controllable
size in the range of 50-200 nm. Increased thermal stability of
the CHS polymer than PMMA-b-PS is evident. The CHS
polymer retains the structures in a good solvent to PS such as
chloroform and is processible into films, suggesting potential
for use as membranes or membrane additives due to their
natural dispersion of hyper-cross-linked cores.** Higher dye
uptake of CHS than the micelle precursor is consistent with
larger accessible volume of the hyper-cross-linked core,
suggesting its utility for catalytic and separation applications.

Results and discussion

A synthetic scheme to CHS polymer is depicted in Fig. 1. A
solution of PMMA-b-PS and p-DCX as a cross-linker is prepared
in MeCN. At 80 °C, FeCl; is added to the mixture to initiate the
hyper-cross-linking. The amount of p-DCX and FeCl; was set to
4 equiv. relative to the styrene repeating units in PMMA-b-PS,
following the literature protocols using the external cross-
linker.**?* The reaction is quenched by precipitating the
mixture in HCl(aq.)/methanol. The resulting grey powder is
further purified by Soxhlet extraction with methanol. The CHS
polymer is denoted by M,, and the volume fraction of PS block
(fps) of the parent PMMA-b-PS (MS) determined using "H NMR
spectroscopy. For example, CHS(72.4, 0.42) indicates the CHS
polymer synthesized from MS with M, = 72.4 kg mol™' and
Jfes = 0.42.

The CHS polymer is soluble in common organic solvents
such as MeCN, acetone, chloroform, toluene, and DMF, indi-
cating that the nanoobject is well solubilized by the PMMA
chains. A representative '"H NMR spectrum of CHS(69.2, 0.36)
in CDCl; is shown in Fig. 2A, obtained after 24 h of reaction.
Protons corresponding to the PMMA segment are clearly
visible including the methoxy proton at 3.6 ppm. In contrast,
peaks corresponding to the aromatic protons of the PS block
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Fig. 1 (A) Synthetic route to CHS polymer via hyper-cross-linking of
PMMA-b-PS in MeCN. (B) Photo of CHS(69.2, 0.36) powder. (C) Photos
of CHS(69.2, 0.36) solutions in MeCN (left) and THF (right). (D) Film of
CHS(72.4, 0.42) obtained by casting from toluene solution.
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Fig. 2 (A and B) Normalized *H NMR spectra (A) and SEC traces (B) of
CHS(69.2, 0.36) obtained after 24 h of reaction and its precursors. The
spectra were normalized by the peak at 3.6 ppm corresponding to
PMMA methoxy proton. The traces were also normalized by the main
peak intensity. (C—E) Evolution of conversion (C), M, sec (D), and Dy, (E)
as a function of reaction time. D,, was estimated by DLS analysis of the
purified polymer solutions in MeCN (filled circle) and CHCl;z (open
circle).

at 6-7 ppm diminishes after reaction. Strong suppression of
the PS signals is consistent with the formation of the hyper-
cross-linked and solid-like polystyrenic core, whose protons
are difficult to detect due to the decreased T2 relaxation time.
A SEC trace of CHS(69.2, 0.36) compared to PMMA and MS
is shown in Fig. 2B. In both the differential refractive index
(dRI) and multi-angle light scattering (MALLS) detections, the
CHS polymer is eluted very early, indicating its ultrahigh
molar mass. In this particular example obtained after 24 h of

Polym. Chem., 2020, N, 7178-7184 | 7179
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reaction, My, spc of 89710 kg mol™" was estimated by linear
PMMA calibration standards. We note that the value is not
reliable as it exceeds the upper limit of the SEC column used
for the analysis (<10 000 kg mol™"). The number of MS chains
per CHS was estimated from the absolute molecular weight
(M) determined by MALLS-SEC analysis (Fig. S1 and
Table S17). As a representative sample, M,, of MS(56.9, 0.24)
and CHS(56.9, 0.24) was determined as 103 and 5972 kg
mol ™", respectively. Assuming full incorporation of p-DCX and
complete removal of HCI via Soxhlet extraction, we concluded
12 MS chains were covalently tied per hyper-cross-linked core.
Kinetics of the hyper-cross-linking reaction was monitored
by estimating the consumption of the MS precursor in the SEC
analysis (Fig. 2E, S2, and Table S27). At the constant sample
concentration (1 mg ml™"), the amount of MS remaining in
the reaction mixture was evaluated by the peak integral as a
function of time. It seems that more than 73% of the chains
are rapidly converted to high molar mass CHS polymer within
1 h (Fig. 2D). We also observed that the intensity of the PS aro-
matic protons decreased noticeably after 1 h, supporting for-
mation of a densely cross-linked core (Fig. S21). Then increase
in both conversion and in molar mass becomes slower. This
suggests that individual MS micelles are converted into CHS
polymer, as the hyper-cross-linking reaction is confined to the
miceller core. Steric hindrance may also hinder further core-
core coupling. M,sgc reached a plateau after 6 h. 83.5%
Conversion was achieved after 24 h. The hydrodynamic dia-
meter (Dy,) of CHS(69.2, 0.36) estimated by Cumulant fit of the
dynamic light scattering (DLS) data also reached a constant
value of ca. 56 nm after 3 h of reaction (Fig. 2E and S3+). This
also suggests the intercore cross-linking is minimized.
Compared to the MS micelle prior to the reaction, formation
of the hyper-cross-linked core reduced Dy, by 24%. The co-
valently joined CHS architecture retains its hydrodynamic size
in CHCI;, which is a good solvent for PS and PMMA. While MS
is homogeneously dissolved in CHCl;, CHS polymer produced
by 10 min of reaction (65% conversion) shows a noticeable
decay in the autocorrelation function. The size is initially large
(D, > 120 nm) and the distribution is broad, but the Dy, value
converges to 82 nm after 3 h of reaction with narrower polydis-

Table 1 Synthesis of CHS polymer from MS precursor with varying fps
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persity index (0.092). Somewhat larger dimension in CHCl;
than MeCN suggests the hyper-cross-linked core may swell
more in CHCI;. The loosely cross-linked micelle in the initial
stage is knitted more tightly as the reaction proceeds further,
resulting in a smaller but well-defined hydrodynamic dimen-
sion. Overall, these data nicely support that CHS polymer was
successfully generated with PMMA corona and hyper-cross-
linked PS core.

Based on this success, we synthesized several CHS polymers
by varying fps, while keeping the molar mass of the PMMA
block nearly identical. We set the reaction time to be 18 h to
help ensure formation of a densely cross-linked network in the
micellar core. The "H NMR spectra and SEC traces of the
parent MS and the corresponding CHS polymers are shown in
Fig. S4 and S5.1 The characteristic details are summarized in
Table 1. We note that CHS(91.4, 0.53) could not be analyzed by
SEC analysis, presumably because its hydrodynamic size was
too large. We also conducted thermogravimetric analysis (TGA)
of the CHS and parent MS polymer with fps = 0.29 to confirm
the presence of the hyper-cross-linked core (Fig. S61). Ca. 30%
of residue was observed from the CHS polymer sample above
420 °C, while the parent PMMA-b-PS was entirely decomposed
by 410 °C. Considering the fps of PMMA-b-PS used for the
measurement was 0.29, we interpret the results to indicate
a hyper-cross-linked core with enhanced thermal stability
remains after decomposition of the PMMA segment.
Carbonization may occur with further ramping temperature
(a char yield of 5% was observed after 700 °C). We note that
hyper-cross-linked polymers are well known precursors to
microporous carbon.>*??

Morphology of the CHS polymers in MeCN was examined
by transmission electron microscopy (TEM), and compared to
that of the parent MS (Fig. 3). Samples were prepared by drop-
ping the solutions on a TEM grid and evaporating the solvent
under ambient conditions, and then imaged without staining.
In this case the polystyrene-based core appears dark.>®*” All of
the MS block copolymers self-assembled into spherical
micelles regardless of fps. The diameter of the micellar core
increased with increasing fps (i.e., PS molar mass increase)
from 23 to 63 nm. The CHS polymers retained their spherical

Entry” Conversion” (%) My pyma” (kg mol™) M, ps¢ (kg mol™) M, gpc” (kg mol™?)  B° fes®  Dp?(nm)  dsaxs® (nm)
MS(56.2, 0.20) — 45.9 10.3 46.4 1.52 0.20 40.9 25.8
MS(56.9, 0.24)  — 441 12.8 39.7 1.44 024 683 25.9
MS(62.5, 0.29) — 45.9 16.6 50.6 1.40 0.29 111.4 28.0
MS(72.4, 0.42) — 44.1 28.3 56.0 1.35 0.42 122.5 33.4
MS(91.4, 0.53) — 45.9 45.5 60.8 1.55 0.53 336.0 58.2
CHS(56.2,0.20)  86.0 — — 1.12 x 10* 271 020 502 25.5
CHS(56.9, 0.24) 84.4 — — 6.57 x 10* 2.35 0.24 56.6 23.0
CHS(62.5,0.29)  77.3 — — 1.85 x 10 2.55 029 625 27.2
CHS(72.4, 0.42) 92.5 — — 1.52 x 10° 1.47 0.42 81.9 30.2
CHS(91.4,0.53)  91.2 — — — — 053  184.2 62.6

“The numbers in parentheses indicate M, ps.-pmma (kg mol’l) and fps. b Determined by CHCl; SEC based on linear PMMA standards. We note
that the values >10* kg mol™ are not reliable as they exceed the upper molar mass limit of the column. ¢ Determined by "H NMR analysis in
CDCl,. ¥ Determined by DLS analysis in MeCN. ¢ Determined by dsaxs = 21/g* from bulk SAXS where g* is the position of the principal peak.
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Fig. 3 TEM images of MS (A, D, G, J and M) and CHS polymers (B, E, H,
K and N) cast from the MeCN solution. Size distribution in diameter is
shownin C, F, |, L, and O, and the average value is included in the image.

morphology and well-dispersible nature of the parent MS
micelles. This indicates the hyper-cross-linking reaction in the
PS core transformed the micellar aggregate into the CHS
polymer, while maintaining an intact PMMA corona. The core
size did not noticeably vary after hyper-cross-linking.

Free-standing polymer films prepared by casting the MeCN
solution were also analyzed by small-angle X-ray scattering
(SAXS) (Fig. S7t1). MS samples exhibited an intense but rela-
tively broad principle scattering peak, which is consistent with
disordered packing of spherical micelles. The CHS polymers
showed similar scattering patterns while retaining the length
scale. However, the principal scattering peak g¢* was much
weaker and broader compared to MS. The lower degree of
long-range order in the CHS polymers is attributed to the pres-
ence of a few core-core coupled species observed in the TEM
images.

By DLS analysis, Dy, of both the MS and CHS polymers in
MeCN increased with fps (Fig. 4 and S8%). Dy reduction after
CHS formation was observed in most cases. By comparing the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) Particle size distribution of CHS polymers obtained by DLS
measurements in MeCN. (B) Dy, of MS (blue) and CHS (orange) polymers
in different solvents. Filled circle: MeCN, open circle: CHCls.

DLS data to those obtained at 60 °C and also in the presence
of p-DCX, we suggest that the reduced micellar dimension at
80 °C than room temperature is arrested by hyper-cross-
linking to result in the smaller Dy, (Fig. S9 and Table S47). The
data also suggest slight swelling of the micellar core by prefer-
ential partitioning of p-DCX, which would facilitate hyper-
cross-linking of the core. In CHCl;, the CHS polymers also
showed Dys comparable to MeCN.

We attempted to further analyze the CHS morphology in
MeCN by solution SAXS measurements. Preliminary results for
CHS(56.9, 0.24) and CHS(72.4, 0.42) are shown in Fig. 5 with
their parent MS. A distinct minimum was observed from all
scattering data correlating to the presence of micelles. Its posi-
tion did not move significantly by the hyper-cross-linking reac-
tion, which is consistent with conversion of individual MS
micelles into CHS conserving the length scale. Higher-order
features were difficult to discern in the high g regime. The rela-
tively broad scattering patterns qualitatively resemble that of a
polymer star (soft sphere) rather than a spherical micelle (hard
sphere).*®*? Interestingly, CHS(72.4, 0.42) exhibited a second-
order minimum suggesting that potentially the hyper-cross-
linked core becomes more sphere-like and facilitates more
contiguous packing. Indeed, the hard sphere model fits the
scattering profile of CHS(72.4, 0.42) much better than MS
(72.4, 0.42). From the fitting, the radius of gyration (R,) of CHS
(72.4, 0.42) core was estimated to be 17.7 nm, which is compar-
able to the core size observed by TEM (D = 31.8 nm).

Polym. Chem., 2020, 11, 7178-7184 | 7181
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Fig. 5 Solution SAXS profiles of CHS(56.9, 0.24) (A) and CHS(72.4, 0.42)
(B) along with their parent MS. The data were obtained from the MeCN
solutions at 2 mg ml™* concentration. For the data shown in B, the scat-
tering profiles were fitted with the hard-sphere model.

N, uptake by the CHS polymers was negligible, suggesting
the core does not possess accessible permanent microporosity
in the solid state (Fig. S107). Low-pressure CO, adsorption was
also low, suggesting the PMMA corona may be hindering
access to the microporous core. Other size-limited hyper-cross-
linked polymers have also shown poor gas sorption at low
pressures, suggesting that confined hyper-cross-linked cores
are unable to form large pore volumes. Nonetheless, we
observed that the hyper-cross-linked core has a higher adsorp-
tion capacity than the micellar core in the solution state as a
stable nanocontainer.

Fig. 6A shows a solution of CHS(72.4, 0.42) in THF and
MeCN encapsulating Nile red, which was selected as a model
guest compound. We tested CHS(56.9, 0.24) and CHS(72.4,
0.42) to see the effect of the core volume on the Nile red
uptake. The change in color of the MeCN solution upon
addition of CHS is consistent with adsorption of Nile red in
more nonpolar environments provided by the hyper-cross-
linked core.*® Uptake of Nile red also occurs in THF as the

>
w

, £, =024 f,, =042
CHS(72.4.0.42) 8
—_—
RT,48h
il o6
Nile red in THF €
2
= 4
(¢
CHS(72.4,0.42) 2
—
RT,48h
MS Ms CHS | MS MS CHS
Nile red in MeCN (THF) ~ (MeCN) (THF) ~(MeCN)

Fig. 6 (A) Photos of Nile red solutions in THF and MeCN (left), and of
the solution after adding CHS(72.4, 0.42) and stirring for 48 h (right).
(B) Q of CHS(56.9, 0.24) and CHS(72.4, 0.42) in THF and MeCN obtained
at the initial concentration of 100 ug mL™%. The Q values of the parent
MS micelles in MeCN are also shown as a reference.
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CHS polymer stably retains the conformation, but the adsorp-
tion capacity (Q) in relatively nonpolar THF is much lower
than MeCN (Fig. 6B, S11, and Table S3t). Based on the absol-
ute molar mass determined by MALLS analysis, 41.8 and 9.8
Nile red molecules are adsorbed on average per individual
CHS(56.9, 0.24) in MeCN and THEF, respectively. The Q value
obtained from the MeCN solution is comparable to those
reported using other unimolecular micelles, where water was
used as a solvent that strongly facilitates adsorption of hydro-
phobic Nile red.*"* Thus this result supports that the hyper-
cross-linked core in CHS provides large hydrophobic free
volume that can effectively uptake hydrophobic guests even
from organic solvents. Compared to the MS micelles in MeCN,
CHS also exhibited higher amount of Nile red uptake.
Interestingly, we observed noticeable increase in Dy, for CHS
(72.4, 0.42) after Nile red adsorption (Fig. S127). For this CHS
polymer with the relatively large core fraction, aggregates
appear to form driven by increased hydrophobicity upon guest
encapsulation. A similar transition has been reported in litera-
ture for a different unimolecular micelle system in water.**>

Conclusions

Hyper-cross-linking was investigated as a synthetic method to
produce core cross-linked star polymers, by selective cross-
linking of the core of block copolymer micelles. Successful syn-
thesis of the CHS polymer was achieved with PMMA-h-PS
micelles using p-DCX as an external cross-linker. Because the
PS block is confined within the micellar core, the reaction
appears to convert individual micelles into CHS polymers.
Polymer nanoobjects with high-molar mass (>10* kg mol™)
are produced, which possess a discrete spherical core sur-
rounded by the corona arms. The CHS polymers can be syn-
thesized in a wide range of PS core fractions (20-53%), are well
soluble in organic solvents, and processible into free-standing
films, while retaining its architecture covalently stabilized by
core hyper-cross-linking. The free volume available in the core
provides higher adsorption capacity for dye uptake in solution
compared to the parent micelles. We believe that the solution-
processible hyper-cross-linked polymer will be a useful plat-
form as a stable nanocontainer for the solution-based catalytic
and separation applications.
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