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Herein we designed and synthesized mPEG/PDPA copolymers containing two 4-([2,2":6,2” -terpyridin]-4'-
yl) phenyl (Tpyp) groups at the junction point of the two blocks (MPEG(-b-Tpyp),-b-PDPA,, x = 23, 33, and
44). Interestingly, after a hierarchical pattern from the coordination of mMPEG(-b-Tpyp),-b-PDPA, with Ru(i)
ions followed by the self-assembly in water, 2D strip nanosheets with a monomolecular layer were
obtained. In contrast, mPEG(-b-Tpyp),-b-PDPA, without coordination self-assembled into spherical
micelles in the similar condition. The formation of the rigid and charged ---Tpyp-Ru(i)--- chain, the
brush-shaped polymer architecture and the presence of the hexafluorophosphate (PFs~) counterions
should be responsible for the unique self-assembly behavior of the metallo-supramolecular complexes.
It is expected that the hierarchical self-assembly pattern can provide a new strategy for preparation of
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1. Introduction

Amphiphilic copolymers can self-assemble into various
morphologic nanoaggregates in aqueous solution."® The types
of copolymers have therefore potential applications in many
fields such as drug delivery® and microcapsules.*® Therefore,
exploration of self-assemblies with novel morphologies and
functions attracts many researchers' attentions. Actual
morphologies of self-assemblies of amphiphilic copolymers
depend on many factors such as compositions and properties of
building blocks, macromolecular architecture and self-
assembly conditions. As far as architecture of a polymer is
concerned, it is usually established by covalent bond linking.
However, for some complicated polymer architectures, the
synthesis steps are tedious. Therefore, it is interesting to explore
novel morphological or functional aggregates from hierarchical
supramolecular self-assembly of simple macromolecules.

The ligand-metal coordination has currently been used to
construct metallo-supramolecular polymers with different
molecular architectures such as linear polymers,"* block'*>*
and star polymers,*>* dendrimers*® and even hydrogels.>>*
Although the binding strength of ligand-metal interaction in
a range of approximately between 25% and 95% of a covalent
C-C bond, the coordination bonding usually exhibits
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self-assemblies with different morphologies.

directionality and reversibility.">*®" Also, the presence of
ligand-metal coordination moieties may endow supramolec-
ular polymers with interesting properties or self-assembly
behaviors.>>?72#

Macroligand-metal coordination is an important strategy to
construct metallo-supramolecular polymers.>*** For this
method, the polymer units containing ligand moieties (macro-
ligands) are first designed and synthesized, and the tailored
units are then held together through the coordination with
metal ions.*>****** Among ligand groups, 2,2":6’,2"-terpyridine
(Tpy) moiety is widely introduced into polymer building blocks
for synthesizing macroligands,'>**>*?*3> because it is able to
form stable Tpy-M-Tpy (M, metal ion) complexes with a wide
range of metal ions such as Ni(u), Fe(u), Cu(u), Co(u), Zn(m),
Cd(m) and Ru(m),”* making the formed metallo-
supramolecular polymers have a well-defined architec-
ture.”>*** Among complex species, Tpy-Ni(u)-Tpy and Tpy-
Ru(n)-Tpy types exhibit good stability in water." U. S. Schubert
et al. have investigated synthesis and coordination self-
assembly of Tpy-containing polymers extensively and in-
depth.'>**>1232% For example, they constructed amphiphilic
copolymers such as PS,,[Ru(u)]-PEO;, (PS, poly(styrene); PEO,
poly(ethylene oxide); subscript, degree of polymerization (DP))"’
and PS;,-b-P2VP, ;- [Ru(u)]-PEO;, (P2VP, poly(2-vinylpyridine)).*®
Liang and Xia et al. also synthesized PPG-[Cu(u)]-mPEG (PPG,
poly(propylene glycol); mPEG, methoxypolyethylene glycol) by
the similar molecular design.”* The metallo-supramolecular
copolymers were able to self-assemble into spherical micelles
in water.

Although Tpy-containing macroligands were widely investi-
gated, more attentions were paid on synthesizing different Typ-
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ended polymers and further constructing copolymers by metal
ion coordination linkage. In our opinion, for a A-b-B diblock
copolymer, if two Tpy ligand groups are at the junction point of
A and B blocks, the Tpy-M-Tpy coordination is able to drive the
AB diblock copolymer units to self-assemble to form [-Typ-A(-b-
B)-Typ-M-], metallo-supramolecular architecture. Thus, the AB
copolymer units are made directional alignment by metal ion
linkage. As a result, ---Tpy-M--- chains generate, and the A/B
blocks are transformed into pendant heterochains of the new
supramolecular complexes. When further self-assembly of the
complexes in aqueous solution, it is possible to form aggregates
with a novel morphology, differing from that of precursor A-b-B
copolymer. However, this has not been investigated yet.

Based on the consideration above, we herein designed and
synthesized novel diblock copolymers containing two Tpy
groups at the junction point of the two blocks, i.e. mPEG(-b-
Tpyp)y-b-PDPA, (M, mpec = 4000 g mol ™ '; PDPA, poly(2-(dii-
sopropylamino)ethyl methacrylate); Tpyp, 4-([2,2':6',2"-terpyr-
idin]-4’-yl) phenyl group). Interestingly, after a hierarchical
pattern from the coordination of mPEG(-b-Tpyp),-b-PDPA, with
Ru(u) ions followed by the self-assembly in water, 2D strip
nanosheets with a monomolecular layer were obtained and
parallel stripes of the nanosheets were observed. This suggests
that the self-assembly units adopted directional array. In
contrast, mPEG(-b-Tpyp),-b-PDPA, copolymers without coordi-
nation self-assembled into spherical micelles in the similar
condition. To our knowledge, so far this type of diblock copol-
ymers, and their metallo-supramolecular complexes and self-
assembly of the complexes have not been reported yet.
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2. Results and discussion

The synthesis route for mPEG(-b-Tpyp),-b-PDPA, is shown in
Scheme 1 and the experimental methods are shown in ESLf
Herein pentaerythritol was selected as the core, because of its
symmetry. It is therefore suitable for constructing AB-type
diblock copolymer retaining two hydroxyl groups at the block
junction point for linking two ligand groups, to further
construct a brush-like metallo-supramolecular architecture
with pendant heterochains. Based on this, core @(-OH);-Cl was
firstly synthesized via the reaction of one hydroxyl group of
pentaerythritol with 2-chloropropionyl chloride (CPC) (Scheme
1a). Owing to pentaerythritol exhibiting low solubility in DMF at
low temperature, the addition of CPC and the followed esteri-
fication were done at 50 °C. Compared with other mono-
esterification method of pentaerythritol,® the synthesis
involved one step reaction. '"H NMR data of @(-OH);~Cl
(Fig. S1, ESI) confirm that it was synthesized successfully.
Then, mPEG-COOH was synthesized via the reaction of mPEG
with succinic anhydride in the presence of 4-dimethylamino-
pyridine (DMAP) (Scheme 1b).*** In Fig. S2 (ESI{), it could be
observed clearly that the new resonances at chemical shift (6) =
4.26 and 2.66 ppm are assigned to the protons of ~-CH,-O-C(=
O)- and -OC(=O0)-CH,CH,-C(=0)O- groups, respectively, in
addition to the characteristic resonances of the mPEG chain at
0 = 3.66 and 3.40 ppm. This means that the succinic anhydride
esterified the hydroxyl group of mPEG. Thirdly, the esterifica-
tion of mMPEG-COOH with @(-OH);-Cl in the presence of N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDCI)/DMAP? afforded mPEG(-OH),-ClI (Scheme 1c). "H NMR
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Scheme 1 Synthesis route for mPEG(-b-Tpyp),-b-PDPA,, which included syntheses of (a) @(-OH)3-Cl, (b) mPEG-COOH, (c) mPEG(-OH),-Cl,

(d) MPEG(-b-OH),-b-PDPA, and (e) mPEG(-b-Tpyp)-b-PDPA,.
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Table 1 Structure data for mPEG(-b-OH),-b-PDPA, and mPEG(-b-Tpyp),-b-PDPA,*

Synthesis of mPEG(-b-OH),-b-PDPA,

MPEG(-b-Tpyp)a-b-PDPA,

x mPEG(-b-OH),-Cl/DPA (mol mol ) M, nur (g mol ) M, gpe (g mol™) M, /M, X

22 1/15 8994 7084 1.15 23
31 1/20 10911 7501 1.17 33
42 1/30 13 254 8059 1.27 44

% The subscript x of PDPA refers as DP of the PDPA block, which was determined by "H NMR spectrum.

spectrum of mPEG(-OH),-Cl (Fig. S3, ESIT) indicates that the
resonance intensity ratio of the methoxy group of mPEG to the
methyl group of the -CH(CH3)Cl moiety is close to 1 : 1, indi-
cating the fact that mPEG(-OH),-Cl was synthesized success-
fully. Fourthly, by using mPEG(-OH),-Cl as the ATRP
macroinitiator, three copolymers mPEG(-b-OH),-b-PDPA, were
synthesized in DMF* (Scheme 1d) through changing mPEG(-
OH),-Cl/DPA (DPA, 2-(diisopropylamino)ethyl methacrylate)
feed ratios. The structure information of mPEG(-b-OH),-b-
PDPA, characterized by GPC (Fig. S4, ESIT) and 'H NMR (Fig. S5,
ESIT) measurements is shown in Table 1. As seen from Table 1,
the molecular weight distributions (M,,/M,,) of the three mPEG(-
b-OH),-b-PDPA, samples are narrow. In Fig. S5 (ESIf), the
resonances at 6 = 3.85, 3.01 and 2.65 ppm are assigned to the
protons of the -C(=0)OCH,-, -CH,N[CH(CHj3)],- and -CH,N
[CH(CH3;)], groups for the DPA units, respectively. The reso-
nances at 6 = 0.92 and 1.03 ppm are also assigned to the
protons of the methyl groups of the DPA units. According to the
resonance strength at § = 3.40 from the methoxy group of the
mPEG block, average x values of the PDPA blocks for the three
copolymers were estimated to be 22, 31 and 42, respectively
(Table 1). In this paper, the x values of the PDPA blocks were
from "H NMR measurement.

mPEG(-b-Tpyp),-b-PDPA, were synthesized via the esterifi-
cation of mPEG(-b-OH),-b-PDPA, with 4-([2,2':6,2"-terpyridin]-
4’-yl)benzoic acid in the presence of EDCI/DMAP (Scheme 1e).
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In "H NMR spectra of mPEG(-b-Tpyp),-b-PDPA, by using CDClj;
as the solvent (Fig. S6, ESI}), the resonances at 6 = 8.69 (q, u),
8.60 (t), 8.14 (w), 7.94 (s), 7.87 (v) and 7.34 (r) ppm assigned to
the protons of the Tpyp groups could be observed clearly in
addition to the characteristic those of the mPEG and PDPA
blocks. The resonance at 6 = 4.58 (peak b”) is assigned to the
new —-C(=O0)OCH,- groups formed via the esterification. Simi-
larly, according to the resonance strength at 6 = 3.40 from the
mPEG block, it is confirmed that there are two Tpyp units per
mPEG(-b-Tpyp),-b-PDPA, molecule; and their x values were
estimated to be 23, 33 and 44, respectively (Table 1). Compared
with those of mPEG(-b-OH),-b-PDPA,, a slight increase in the x
values of mPEG(-b-Tpyp),-b-PDPA, should be caused by loss of
some low molecular weight copolymers via dialysis during the
purification.

mMPEG(-b-Tpyp),-b-PDPA,/Ru(u) complexes (MSC23, MSC33
and MSC44, Fig. 1A) were prepared in ethanol solution at 75 °C
(ESIT)."' The solutions of the complexes are red, while mPEG(-
b-Tpyp),-b-PDPA, solution is colorless (Fig. 1B). The formation
of Tpy/Ru(n) coordination complexes was investigated by 'H
NMR (Fig. S7, ESIf) and UV/vis spectra (Fig. 1B). Fig. S7 (ESIf)
shows "H NMR spectra in aromatic region for the Tpyp groups
of sample MSC33 before and after complexing with Ru(u) ions
by using CD;CN as the solvent. It is clear that Tpy/Ru(u) coor-
dination led to an evident change in chemical shifts of the Tpyp
protons. For example, for protons u, q and t of the Tpy group at

0.8 a b ¢ d
et ok 2
- |

a, mPEG(-6-Tpyp),-6-PDPA,
——b, MSC23

¢, MSC33
——d, MSC44

Abs.

| ’ | % | y |
300 400 500 600
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Fig.1 Preparation route to the metallo-supramolecular complexes (A) and the UV/vis spectra of the THF solutions of the complexes (B) (sample
concentration of (B), the bottles, ca. 1 mg mL™%; UV/vis measurement, ca. 0.1 mg mL™Y).
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6 = 8.54 ppm, after the Tpy group coordinated with Ru(II) ion
their chemical shifts shifted to 9.16 (u'), 7.43 (q’) and 8.76
(t) ppm, respectively. This confirms that mPEG(-b-Tpyp),-b-
PDPA;;/Ru(n) complex formed.*** In Fig. 1B, the solutions of
MSC23, MSC33 and MSC44 all exhibited evident characteristic
metal-to-ligand charge-transfer (MLCT) absorption band of
bis(terpyridine)-Ru(u) complex at 494 nm.*"**"” This means that
the complexes formed by bis(terpyridine)-Ru(u) coordination.
This suggests that multiple mPEG(-b-Tpyp),-b-PDPA, units were
connected through Ru(u) ions. As a result, a rigid ---Tpyp-
Ru(u)--- chain was created and the mPEG/PDPA blocks changed
into the pendant heterochains of the new architecture.
Self-assembly of the metallo-supramolecular complexes was
carried out through stepwise addition of water into their THF
solutions. The THF was afterwards removed by reduced pres-
sure. Interestingly, MSC23 and MSC33 mainly self-assembled
into strip nanosheets (Fig. 2al and b1), which show several
nanometers in width and tens of nanometers in length. But

200 nm
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there were evident synechiae among the nanosheets. Under
high resolution (e.g. the aggregates in the boxes of Fig. 2a1 and
b1), the parallel stripes along the length direction of the
nanosheets are observed (Fig. 2a2 and b2). This suggests that
the self-assembly of MSC23 and MSC33 adopted highly direc-
tional array. The thickness of the nanosheets was determined by
AMF images to be ca. 3.5 nm (Fig. 2a3 and b3). Note, the AMF
images should also be a result of synechia of multiple strip
nanosheets. Although the self-assembly of MSC44 produced
spherical micelles (Fig. 2c1) besides some strip nanosheets
(Fig. 2¢2), the nanosheets still show parallel stripes like those of
MSC23 and MSC33 self-assemblies. In Fig. 2c3, images af-3 and
af-4 may correspond to sheet and spherical morphologies,
respectively. These results imply that x values of the PDPA
blocks affected actual self-assembled morphologies of the
supramolecular complexes. In contrast, copolymers mPEG(-b-
Tpyp).-b-PDPA, formed spherical micelles (Fig. S8, ESIt). Self-
assembly behaviors of analogous copolymers mPEG-b-PDPA

4.0nm

-2.2 nm

100.0 nm

3.7.nm

-2.2nm

5.9 nm

-1.7 nm

Fig.2 TEM (al, a2, bl, b2, cland c2) and AFM (a3, b3 and c3) images of the self-assembled aggregates from MSC23 (al-a3), MSC33 (b1-b3) and

MSC44 (c1-c3).
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(or PEO-b-PDPA) were also investigated by other authors. For
example, Yu and Li et al. obtained mPEG,,,-b-PDPA wormlike
micellar structure by a film sonication self-assembly method
when mPEG weight fraction of 0.36 = W,pgg = 0.48.*° Wu and
Li et al found that mPEG,,-b-PDPA;5; could form toruloid
aggregates arranged by several single micelles at pH 7.4.** Xu
and Kang et al. prepared mPEG 4-b-PDPAg, spherical micelles in
aqueous solution.*> Mai et al. prepared PEO44-b-PDPA micelles
or polymersomes in water.** Some metallo-supramolecular
block copolymers based on Tpy-metal coordination such as
PS,o-[Ru(u)]-PEO,, (ref. 17) and PPG-[Cu(u)]mPEG* self-
assembled into spherical micellar morphology in water. PFS;,-
[Ru(u)]-PEO-, (PFS, poly-(ferrocenylsilane))*® formed cylindrical
micelles in water. Therefore, our metallo-supramolecular
complexes should exhibit different self-assembly fashion.
When mPEG(-b-Tpyp),-b-PDPA, are not coordinated by Ru(n)
ions, the large and rigid Tpyp moiety only serves as a hydro-
phobic pendant group at the block junction point (Scheme 1e).
Like some amphiphilic diblock copolymers, mPEG(-b-Tpyp),-b-
PDPA, only self-assembled into spherical micelles in water
(Fig. S8, ESIT), a very common and easily prepared morphology.
But the formation of bis(terpyridine)-Ru(u) complexes made
mPEG(-b-Tpyp),-b-PDPA, units orientational linkage via Ru(u)
ions. Consequently, a positively charged rigid ---Tpyp-Ru(u)- -
chain was created (Fig. 1A), because of rigidity of the Tpyp group
itself and orientation of coordination bonding. Furthermore,
the charge repulsion of ---Tpyp-Ru(u)--- chain may also enhance
its rigidity. The mPEG/PDPA blocks thus changed into pendant
chains of the complexes. Hence, the metallo-supramolecular
complexes are polyelectrolytes with positively charged rigid
chains along with the hexafluorophosphate (PFs ) counter-
ions' and with a brush-like polymer architecture. When water
induced self-assembly of the complexes, the aggregations of the
rigid ---Tpyp-Ru(u)--- chains carrying the PFs~ counterions and
the hydrophobic PDPA blocks should be driving forces. Since
the mPEG chains show a hydrated state and the PDPA blocks are
not rigid in spite of their hydrophobicity, it is highly possible
that the regular self-assembly of the metallo-supramolecular
complexes was from directional arrangement of the rigid
-~ Tpyp-Ru(u)--- chains carrying the hydrophobic PFs  coun-
terions. It was noted that MSC44 formed mixed spherical and
sheet morphologies. This may be due to the fact that high DP of
the PDPA block lowers the regularity of the supramolecular
complex and enhances the intermolecular hydrophobic inter-
action, perturbing regular array of the rigid ---Tpyp-Ru(u)--
chains. It was also noted that the nanosheets from MSC33 were
more stable than those from MSC23. Therefore, the PDPA block
with an appropriate DP may be needed for metallo-
supramolecular complex to self-assemble into a nanosheet
morphology. According to the thickness of ca. 3.5 nm, it is
speculated that the nanosheets should be a 2D monomolecular
layer structure.’ The self-assembly mechanism may be that the
intermolecular aggregation of the rigid ---Tpyp-Ru(u)--- chains
first formed a sheet, whose driving forces should be the
hydrophobic and m-7 interactions of the rigid chains. And the
mPEG/PDPA pendant chains accordingly emanated from the
two sides of the sheet. The mPEG chains showed an extended

9690 | RSC Adv, 2020, 10, 9686-9692
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Scheme 2 A proposed pattern for self-assembled strip nanosheets.

state, guaranteeing water-solubility of the self-assemblies, while
the PDPA blocks gradually formed inward collapsed hydro-
phobic domains and stabilized the nanosheets. A proposed self-
assembly pattern for the nanosheets is shown in Scheme 2.

Owing to pH-sensitivity of the PDPA block (pK, of protonated
DPA homopolymer, ~6),* The influence of change in environ-
mental pH on the morphologies of the self-assemblies above was
also investigated by TEM observation. When the pH adjusted to
8.5, the morphologies of the self-assemblies didn't change
evidently (Fig. S9a, S10a and S11a, ESIf) compared with those of
their parent samples. Interestingly, when the pH of the solutions
adjusted to 3.2, most of the strip nanosheet morphologies were
destroyed due to the PDPA blocks changing into hydrophilicity,
but nanosized aggregates were still observed from the three
samples (Fig. S9b, S10b and S11b, ESIt). Wu and Li et al. reported
that mPEG,4-b-PDPA; 5 could not form apparent nanostructure at
pH 5.5.** The observable aggregates of our samples should be
attributed to the hydrophobic aggregation of the ---Tpyp-Ru(u)---
chains. Therefore, the hydrophobic interactions for the self-
assembly of the complexes were from both the rigid ---Tpyp-
Ru(u)--- chains and the PDPA blocks. And the formation and
stability of the strip nanosheets were closely related to the
hydrophobic interaction of the PDPA blocks.

The hydrophobic domains of the self-assemblies of the
metallo-supramolecular complexes were further detected by
fluorescence probe Nile Red (NR) (ESIt), because NR is fluo-
rescent in hydrophobic environment but weak one in polar
condition.*®*> Herein the NR dosage used should not lead to
visible precipitate when the THF was removed from the systems
for self-assembly. The NR-loaded samples were diluted with
water to 10 times for fluorescent spectrum measurement
(Fig. S12, ESIt). The results indicate that samples NR/MSC44
(1.75/100, weight ratio), NR/MSC33 (0.75/100) and NR/MSC23
(1/100) showed fluorescent emission peaks at Aem, max = 571-
574 nm (Fig. S12, ESI}).*® Judged from the fluorescence inten-
sity, a higher PDPA content formed a stronger hydrophobic
domain in the aggregates (Fig. S12, ESIT). The TEM observa-
tions show that NR/MSC23 (1/100) self-assembled into mixed
spherical micellar and nanosheet morphologies (Fig. S13a,
ESI) and NR/MSC44 (1.75/100) produced spherical micelles
containing a small number of strip nanosheets (Fig. S13c, ESIT);
while NR/MSC33 (0.75/100) mainly formed strip nanosheets
(Fig. S13b, ESIf). It was found that the fluorescent intensities of
the NR-loaded samples at Acm,, max remained 75-80% after the
incubation at 37 °C for 19.5 h. Then, the pH of the solutions was
adjusted to 3.2, their fluorescent intensity lowered to 4-7% of
initial values when measured after 30 min. This indicates that
the NR molecules were initially mainly encapsulated in the

This journal is © The Royal Society of Chemistry 2020
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hydrophobic PDPA domains and the NR in the domains was
therefore quickly released into polar water medium when the
PDPA blocks changing into hydrophilicity at pH 3.2.

3. Conclusion

In summary, mPEG(-b-Tpyp),-b-PDPA, (x = 23, 33 and 44) block
copolymer units were synthesized. After a hierarchical pattern
of the coordination of the copolymers with Ru(u) ions followed
by the self-assembly in water, strip nanosheets were obtained.
And the parallel stripes along the length direction of the
nanosheets were observed. Estimated from the thickness of ca.
3.5 nm for the nanosheets, they should be a 2D monomolecular
layer structure. In contrast, mPEG(-b-Tpyp),-b-PDPA, without
coordination formed spherical micelles. The formation of the
strip nanosheets should be closely related to the architecture of
the metallo-supramolecular complexes, i.e. the formation of the
rigid ---Tpyp-Ru(u)--- chains, the PDPA block with an appro-
priate DP and its hydrophobic interaction, even the presence of
the PFs~ counterions. It is expected that the hierarchical self-
assembly pattern can provide a new strategy of preparation of
self-assemblies with different morphologies.
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