
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/polymers

Polymer
 Chemistry

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

A Poly(polyoxometalate)-b-Poly(hexanoic acid) Block Copolymer: 

Synthesis, Self-Assembled Micelles and Catalytic Activity 

Wen-Ke Miao, Ang Yi, Yu-Kun Yan, Li-Jun Ren, Da Chen, Chun-Hong Wang, Wei 

Wang* 

1
Center for Synthetic Soft Materials, Key Laboratory of Functional Polymer Materials 

of the Ministry of Education, Institute of Polymer Chemistry, Nankai University, 

Tianjin 300071, China. 

2
Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), 

Tianjin 300071, China. 

*E-mail: weiwang@nankai.edu.cn. 

A hybrid block copolymer (H-BCP) composed of a poly(polyoxometalate) 

(poly(POM)) block and a poly(6-norbornene-hexanoic acid) (poly(COOH)) block was 

prepared by sequential addition of two norbornene monomers containing a POM 

cluster and a carboxyl as side groups via ring-opening metathesis polymerization 

(ROMP). Because the 5833 Da molecular weight of the POM-containing monomer is 

much higher than 277 Da of the carboxyl-containing monomer, the designed H-BCP 

has degrees of polymerization DP = 5 for the poly(POM) block and DP = 200 for the 

poly(COOH) block. Thus, the H-BCP not only has differences in chemical structure 

and property but also asymmetries in molecular weight and length. In acetonitrile, it 

self-assembles into hybrid micelles with a thin shell of the poly(POM) block and a 

core of the poly(COOH) block. The micelles form thin films in which the micelles 

pack into a hexagonal pattern driven by attractive capillary forces between the 

micelles. Meanwhile, they H-BCP exhibits good catalytic activity. The H-BCP may 

become an important candidate for producing hybrid materials with good 

processability and ductility of the polymer components, and good functionality of the 

POM clusters. 
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Introduction 

Rapid advances in science and technology demand materials with a variety of desired 

functions. Organic-inorganic hybrid materials are an important candidates with 

tailorable performance and functionality.
1
 Over the past decades, functional hybrid 

materials have been widely used in many fields including fuel/solar cells,
2,3

 optics and 

photonics,
4
 biomedical chemistry,

5
 magnetic nanomaterials,

6
 photochromic materials,

7
 

etc. Organic polymer-based hybrid materials have become increasingly important 

because they have good processability, attractive mechanical performances and 

interesting functionalities.
8,9

 In contrast to traditional composites, successful hybrid 

materials are nanoscale composites with an emphasis on nanosized two-phase 

structures of polymers and inorganic components. This allows optimization of their 

functions and performances. Thus, a deliberate component selection and a careful 

design of molecular and supramolecular hybrid structures are required. 

Inorganic clusters have definite physical structures and sizes, diverse and 

complex chemical structures and compositions, and unique and attractive properties 

and functions.
10

 They have become increasingly important components for the 

generation of polymer-based hybrid materials.
11,12

 Polyoxometalates (POMs) are a 

class of inorganic metal-oxygen anionic and nanosized clusters of early transition 

metals.
13,14

 Their structural and chemical diversity and attractive functions make them 

be excellent inorganic building blocks for the construction of organic-inorganic 

hybrid functional materials. Covalent incorporation of POM clusters into polymers is 

an attractive strategy to create novel POM-polymer hybrid materials with good 

processability and mechanical performances of polymers and functionalities of POM 

clusters.
15−37 

Unfortunately, it remains difficult to carefully control the 

macromolecular structures of the POM-polymer hybrids. Meanwhile, poor solubility 

of these hybrids in most solvents makes further characterizations of their chemical 

structures and molecular weights difficult. Thus, studies of their physical structures 

and properties as well as potential applications are seriously impeded.  

It is well-known that most POM clusters are chemically active. Thus, this 

chemical activity can strongly affect the synthesis of the polymers-based hybrids with 
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controllable macromolecular structures and molecular weights. In 2009 we started the 

project aiming at designing and synthesizing hybrids that are composed of one POM 

cluster and one or two polymer chains.
27−30,34−36

 The first hybrid polymer is composed 

of a Wells-Dawson POM cluster and a polystyrene chain.
27

 It was synthesized via 

atom transfer radical polymerization (ATRP) from a POM-containing macroinitiator. 

Because its macromolecular structure and molecular weight were well controlled, the 

hybrid polymer exhibited very interesting self-assembled structures in solution.
27−30

 

Soon after, Rieger, Hasenknopf, Lacôte, and coworkers applied a similar method to 

prepare POM-poly(N,N-diethylacrylamide)
31,32

 or POM-PS
33 

hybrids via reversible 

addition–fragmentation chain transfer (RAFT) radical polymerization and also studied 

their aggregation in water. We also used other methods, such as click
34

 and 

esterification
35,36

 reactions, to combine POMs and polymers together. Importantly, our 

recent studies show that such POM-polymer hybrids can self-assemble into 

nano-enhancers to tailor the performances of the nanocomposites.
36

  

Recently, we have achieved a new milestone in our quest to advance the 

polymerization of a POM-containing monomer to generate linear 

poly(polyoxometalate)s (poly(POM)s), in which the POM clusters as side groups 

regularly distribute along the polymer backbones.
37

 In that study, we first prepared a 

POM-containing norbornene monomer and then produced linear poly(POM)s with 

well-defined structures and high molecular weights through exploitation of living 

ring-opening metathesis polymerization (ROMP). More attractively, the linear 

poly(POM)s have good catalytic performances in solution and form good films from 

the solution. These findings not only pave the way for incorporating POM clusters 

into polymers, but also offer a competitive strategy for developing novel functional 

hybrid materials. 

Block copolymers (BCPs) exhibited remarkable structural diversity of 

supramolecular aggregates in solution or microphase-separated domains in bulk.
38,39

 

Interestingly, many hybrid BCPs have been prepared, and their supramolecular 

aggregates or microphase-separated domains have been utilized to construct 

functional hybrid materials.
2
 Influenced by past achievements and considering our 
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capability in managing the living ROMP of the POM-containing norbornene 

monomer,
37

 we synthesized the first linear hybrid BCP (H-BCP) composed of an 

inorganic linear poly(POM) block and an organic polynorbornene block by sequential 

addition of a POM-containing norbornene and an organic norbornene monomers via 

living ROMP. We then studied its self-assembled structures in solution as well as in 

thin films. Meanwhile, we appraised catalytic function of the hybrid BCP in solution. 

Experimental 

Materials: cis-5-norbornene-exo-2,3-dicarboxylic anhydride (96%), 

12-aminolauric acid, 6-aminocaproic acid, and ethyl vinyl ether (99%, EVE) were 

purchased from J&K and used directly. Grubbs catalyst, 2
nd

 generation, was 

purchased from Sigma-Aldrich and its 3
rd 

generation was synthesized following a 

procedure reported in literature.
40

 The trivanadium-substituted Wells-Dawson-type 

polyoxotungstate [(Bu4N
+
)6H3(P2W15V3O62)

9−
] was synthesized following a typical 

experimental procedure.
41,42

 N,N-dimethylformamide (DMF) and acetonitrile (ACN) 

were dried and freshly distilled. All other chemicals were from commercial sources 

and used as received.  

Characterizations: 
1
H NMR (400 MHz) spectra, 

13
C NMR (100 MHz) and 

31
P 

NMR (162 MHz) spectra were recorded on a Varian UNITY plus-400 spectrometer in 

dimethylsulfoxide-d6 (DMSO-d6) with tetramethylsilane (TMS) as an internal 

reference. FT-IR spectra were taken on a FT-IR spectrometer (Bio-Rad FTS-135) 

sampled with KBr pellet samples. Size exclusion chromatography (SEC) was 

performed in DMSO (containing 0.1% LiBr) at a flow rate of 0.2 mL/min at 30 °C on 

a Viscotek 270max system equipped with a GPCmax isolated pump, an autosampler, 

an A6000M column, a VE3580 RI detector, a 270max light scattering detector and a 

viscometer, with narrow dispersed polystyrenes (PS) and poly(ethylene oxide)s (PEO) 

as standards. Transmission electron microscopy (TEM) was performed using a field 

emission transmission electron microscopy FEI Tecnai G2 F20 operating at an 

acceleration voltage of 200 kV. The High Performance Liquid Chromatography 

(HPLC) analysis was performed on Agilent 1200 system with 1200 diode-array 
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detector and 1200 quaternary pump with degasser. A reversed-phase column (200 

mm×4.6 mm ID) packed with Kromasil C18 (5 mm) was used for chromatographic 

analysis. The mobile phase was acetonitrile–H2O (20:80, v/v) in the first three 

minutes and acetonitrile–H2O (60/40, v/v) in the next 9 min with flow rate of 1 

mL/min. (TEM) 

Synthesis of Monomer 1. 1 was synthesized according to our recent report.
37
 

Synthesis of Monomer 2. 2 was synthesized according to the literature.
37,43,44

 A 

mixture of 492.5 mg (3.0 mmol, 1 eq) of cis-5-norbornene-exo-2,3-dicarboxylic 

anhydride and 432.9 mg (3.3 mmol, 1.1 eq) of 6-aminocaproic acid was boiled in 

glacial acetic acid (20 mL) for 6 hours. After evaporation of the solvent, the residue 

was dissolved in 50 mL of ethyl acetate, then washed with 50 mL of distilled water 

for 3 times to remove the 6-aminocaproic acid. The organic phase was dried over 

anhydrous sodium sulfate, and evaporated to give a white solid (771.1 mg, 2.8 mmol，

93 %). 
1
H NMR (Fig. S2 in the ESI†) (400 MHz, DMSO): δ = 12.08 (br, 1H, COOH), 

6.31 (s, 1H, CH=CH), 3.33 (t, J=7.2 Hz, 2H, NCH2), 3.09 (s, 2H, COCH), 2.68 (s, 1H, 

CH=CHCH), 2.17 (t, J=7.3 Hz, 2H, CH2CO), 1.99 (s, 1H, CH2CH), 1.10~1.52 (m, 9H, 

CH2). 
13

C NMR (Fig. S3 in the ESI†) (100 MHz, DMSO): δ =177.64, 174.37, 137.61, 

47.21, 44.42, 42.33, 37.71, 33.43, 26.91, 25.83, 23.98. 

Synthesis of the hybrid block copolymer (H-BCP). The designed H-BCP is 

poly(POM)5-b-poly(COOH)200. It was synthesized via ROMP by sequential addition 

of 1 to obtain poly(POM)5 and then 2 to obtain poly(POM)5-b-poly(COOH)200. In a 

vial charged with 121.2 µL of dry DMF solution of 1 (70.7 mg, 1.2×10
-2

 mmol, 0.1 

mmol/mL), 48.5 µL of dry DMF solution of Grubbs’ 3
rd

 catalyst (2.1 mg, 0.05 

mmol/mL DMF) was added under vigorous stirring. After 1 hour, 25.7 µL of the 

polymerization mixture was withdrawn with a syringe and quenched with 0.1 mL of 

EVE for further characterization. To the remaining polymerization mixture was added 

2 (114.1 mg, 0.41 mmol, 1.0 mmol/mL) in dry DMF (411.4 µL) solution which was 

left to stir until approx. 100% conversion (1 hour as determined by 
1
H NMR). The 

copolymer solution was then quenched with EVE (0.2 mL), and left to stir for 10 min 

before precipitation into a large excess of Et2O and dried under vacuum until constant 
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weight. 
1
H NMR (Fig. S5 in the ESI†) (400 MHz, DMSO-d6): δ = 11.89 (s, COOH), 

7.47 (br, CONH), 5.33-5.74 (m, HC=CH, CCH2O), 3.36-3.41 (m, CH2NCO), 3.18 (m, 

NCH2CH2CH2CH3), 3.03 (br, NCOCH), 2.56-2.67 (m, CH2CHCH=C), 2.16 (br, 

CH2COOH), 1.95 (br, CH2CHCH=), 1.58 (br, NCH2CH2CH2CH3), 1.33 (q, J = 7.1 Hz, 

NCH2CH2CH2CH3), 1.38-1.50, 1.07-1.28 (m, CH, CH2), 0.94 (t, J = 7.0 Hz, 

NCH2CH2CH2CH3). 
31

P NMR (162 MHz, DMSO-d6): δ = −7.63 (s, P1), −13.76 (s, 

P2). FT-IR (KBr pellet, Fig. 1D): 3287 (O−H str), 2932, 2855 (C−H str), 1763, 1701 

(C=O str), 1539 (N−H str), 1088, 951, 911, 820 (P−O str, W−O str, W−O−W str). 

The
 1

H NMR and 
31

P NMR spectra of poly(POM5) and H-BCP are given in Figs. S4 

and S5 and in Fig. 1C. The FT-IR spectrum of the H-BCP is given in Fig. 1D.  

Catalytic oxidation of tetrahydrothiophene (THT). In a typical reaction, the 

H-BCP catalysts (10.0 mg, 0.1 µmol of the poly(POM)5 unit as calculated by ���,SEC), 

THT substrate (25 µL, 283.5 µmol) were dissolved in ACN (5 mL) at 25 °C under 

argon. The reaction were initiated by addition of 35% aqueous H2O2 (50 µL, 581.5 

µmol) using a gas-tight syringe. The oxidation product were identified and quantified 

by HPLC using a C18 column (with a gradient temperature program). 

 

Scheme 1. Structure and synthesis of the designed poly(POM)5-b-poly(COOH)200 
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block copolymer. Reagents and conditions: (i) DMF, rt, 1 h. (ii) rt, 1h; then EVE (200 

µL), rt, 10 min. 

Results and discussion 

Design and synthesis of H-BCP. Scheme 1 displays the structures of the two 

monomers and the hybrid block copolymer (H-BCP). Monomer 1 is a Wells-Dawson 

POM-containing norbornene monomer that was reported in the previous study.
37

 

Monomer 2 is a hexanoic acid-containing norbornene monomer.
 
We selected a 

carboxyl as side group-containing monomer because the carboxyl-containing 

monomer can be dissolved in polar aprotic solvent dimethylformamide (DMF) that 

was used for the preparation of the linear poly(POM)s.
37

 The polymer of the 

carboxyl-containing monomer is denoted as poly(COOH). Thus the H-BCP is denoted 

as poly(POM)m-b-poly(COOH)n. Considering the large size differences between the 

two monomers
45,46

 and molecular weight (5833 Da of 1 versus 277 Da of 2), we 

designed the H-BCP with a degree of polymerization m = 5 for the poly(POM) block 

and n = 200 for the poly(COOH) block, that is, poly(POM)5-b-poly(COOH)200. The 

two blocks not only have differences in chemical structure and property but also 

asymmetries in molecular weight and length.  

Scheme 1 also displays the synthetic route of the poly(POM)5-b-poly(COOH)200 

in DMF. Because the POM cluster is encapsulated by six cationic 

tetrabutylammoniums (Bu4N
+
), the reaction can be performed in DMF. As shown in 

Scheme 1, the H-BCP was prepared via a one-pot two-step sequential ROMP 

procedure.
47-50

 The first step is to polymerize 1 into poly(POM)5 at a molar ratio 

[G3]/[M1] = 1:5 using Grubbs’ 3
rd

 catalyst (1 eq) and 1 (5 eq) in DMF solution and 

the second step is to add a DMF solution of monomer 2 (200 eq) into the living 

poly(POM)5-catalyst and DMF mixture, i.e. at a molar ratio [G3]/[M1]/[M2] = 

1:5:200.  

The chemical structure of the H-BCP was carefully characterized by
1
H and 

31
P 

NMR, and FT-IR. Its molecular weight was determined by SEC equipped with both 

refractive index and online light-scattering detectors. The full 
1
H NMR spectra of 2, 

poly(POM)5 and H-BCP are summarized in the ESI†. In comparison with these 
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spectra, we see that the signals of vinyl protons of the norbornene monomer at δ = 

6.30 ppm disappear after polymerization. This indicates that the monomers were 

converted into the polymers. The formation of the block copolymer can also be 

confirmed by analyzing the characteristic signals of the 
1
H NMR spectra.

  

 

Fig. 1 1H NMR spectra (A), SEC traces (B) and 31P NMR spectra (C) of the poly(POM)5 and 

H-BCP. (D) FT-IR spectrum of the H-BCP. 

Fig. 1A is the 1
H NMR spectra of the poly(POM)5 and H-BCP from 5.00 to 12.50 

ppm. The signals at 5.45 and 5.65 ppm are most important because they originate 

from the carbon-carbon double bond of the polynorbornene backbone. For the 

poly(POM)5, the two signals are overlapped by the six tris-methylene protons. Weak 

signals at 7.00 to 8.20 ppm correspond to the protons of the amide and phenyl group. 

The H-BCP also shows two signals at 5.45 and 5.65 ppm with a ratio of 1.2/1.0 and a 

weak peak at 7.47 ppm. Importantly, a strong signal at 11.85 ppm corresponds to the 

carboxyl proton. It indicates that 2 was initiated by the catalytic active sit at the end of 

the poly(POM)5 chain and further extended into poly(POM)5-b-poly(COOH)200.  

Page 8 of 20Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



9 

 

The molecular weight study is another efficient method to confirm the formation 

of block copolymers. Two normalized SEC traces in Fig. 1B show the monomodal 

molecular weight distributions of the poly(POM)5 and H-BCP. We note that their 

absolute weight-average molecular weights, ���,���  were obtained because the 

online light-scattering detector was used. Table 1 summarizes the molecular weights 

and polydispersities of the poly(POM)5 and H-BCP. Their polydispersity indexes 

(PDIs) are PDI ≤ 1.21 reflecting the typical characteristics of living ROMP. The 

number-average degrees of polymerization, 	
�������, of each block are 	
�������= 4.9 for 

the poly(POM) block that is nearly the same as the theoretical value (	
�������=5) and 

	
������� = 232 of the poly(COOH) block that is slightly larger than 	
������� = 200. 

This difference is possibly due to the effect of withdrawing a small amount of the 

poly(POM) precursor for characterization. These suggest almost complete 

monomer-to-polymer conversions to form the poly(POM)5 block and then the 

poly(COOH)232 block via the living ROMP.  

Table 1. Feed ratios of the poly(POM)5 and H-BCP and their degrees of 

polymerization, molecular weights and polydispersities. 

Samples [G3]/[M1]/[M2]a 	
������� b ���,���	(kDa)c ���,��� (kDa)d ���,��� (kDa)e PDIf 

poly(POM)5 1:5 4.9 29.3 28.4 32.9 1.16 

H-BCP 1:5:200 4.9:232 84.7 92.7 112.0 1.21 
a
[G3]:[M1]:[M2] means the molar ratio of the Grubbs’ 3

rd
 catalyst, monomer 1 and monomer 2; 

b
the degree of polymerization of poly(POM)5 and H-BCP calculated by ���,���; 

c
the theoretical 

number-average molecular weight; 
d
the number-average molecular weight measured by SEC; 

e
the 

weight-average molecular weight measured by SEC; and 
f
calculated by ���,��� ���,���⁄  . 

The structural stability and integrity of POM clusters are still major concerns in 

their organic functionalization. In this work, we performed 
31

P NMR and FT-IR 

characterizations to confirm the intactness of the POM cluster during polymerization 

of the two monomers into poly(POM)5-b-poly(COOH)232. Fig. 1C is the 
31

P NMR 

spectra of the poly(POM)5 and H-BCP. The two signals at δ = −7.63 and −13.76 ppm 

correspond to the two phosphorus heteroatoms residing at different positions of this 

POM cluster.
42

 The negligible difference between the poly(POM)5 (∆ = 6.12) and 
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H-BCP (∆ = 6.13) shows that the POM clusters remain unchanged after the 

poly(POM)5 macro-catalyst triggered the polymerization of 2. Meanwhile, the FT-IR 

characterization of the H-BCP exhibits the characteristic infrared signals of the POM 

clusters at v = 1086, 954, 910 and 824 cm−
1
 (Fig. 1D).

42 
These analyses highlight the 

structural intactness of the POM cluster in the H-BCP. Therefore, we can conclude 

that we have synthesized the first poly(POM)5-b-poly(COOH)232 block copolymer 

with a relatively narrow molecular weight distribution by living ROMP. Importantly, 

the solid sample that was prepared from its DMF solution can be deformed without 

fracture, and thus exhibits good ductility (Fig. S6 in the ESI†). 

 
Fig. 2 TEM images of the H-BCP obtained from its ACN solution-cast samples. (A) 
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Isolated and clustered aggregates; (B) Networked ones; (C) Close-packed ones. The 

isolated aggregates are spheres, the clustered ones are deformed spheres and 

close-packed ones are irregular polygons. The schematic drawings in A represent ideal 

features of an isolated aggregate and a four-aggregate cluster.  

Self-Assembled Micelles. The pure poly(POM)5 can be well dissolved in 

anhydrous acetonitrile (ACN) at room temperature whereas the poly(COOH)232 

homopolymer can be swollen in the same solvent at 60 °C. This difference in 

solubility is used to create supramolecular aggregates in ACN. In the experiment, a 

transparent ACN solution of the H-BCP at a concentration of c = 2.0 mg/mL was 

prepared at 60 °C. When the hot solution was cooled to room temperature and then 

stood for 6 hours, it became turbid and exhibited strong Tyndall effect. TEM was used 

to characterize the resulting aggregates. The TEM samples were prepared by dropping 

10 µL of the solution onto carbon-supported grids. Most ACN was quickly removed 

using a piece of filter paper and residual ACN was further removed in a vacuum oven 

at 25°C. 

We observed many isolated, clustered and close-packed aggregates in thin films. 

The TEM images in Figs. 2A-C show the morphological features that we found in 

areas on the edge (A), between the edge and center (B) and in the center of the film 

(C). These aggregates may be spheres (S), deformed spheres (DS) or irregular 

polygons (IP). Two S-aggregates are deformed into two DS-aggregates when they 

contact each other. An S-aggregate is deformed into an IP-aggregate when it contacts 

with more than two neighboring ones. We used their average areas S to evaluate their 

size due to their shape uncertainty.  

Fig. 2A shows isolated S-aggregates and clustered aggregates that are composed 

of two to five DS-aggregates. The average area of the individual aggregates in Fig. 2A 

is S = 4839 ± 403 nm
2
 (Fig. S7 in the ESI†). If we carefully inspect the isolated 

S-aggregates, we can see a slightly darker ring, shown schematically by a circular 

drawing. This suggests that the electron density of the ring is slightly higher than the 

center. The boundaries between the two DS-aggregates become straight and darker 

and the intersection points of three or four DS-aggregates are much darker. The 
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average area of these DS-aggregates decreases with increasing contact number. These 

features are schematically depicted in Fig. 2A.  

The TEM image in Fig. 2B shows a morphological feature in which many DS- 

and IP-aggregates gather to form large clusters or even a network. The measured 

average area is S = 3236 ± 547 nm
2
 (Fig. S8 in the ESI†), which is smaller than that in 

Fig. 2A. In the center of the thin film sample we found close-packed aggregates (Fig. 

2C). The darker boundary becomes thicker. We see better contrast between the 

boundary, intersection points and center of the IP-aggregates. Thus, we can easily 

identify the shapes of individual aggregates as dominant hexagons and a few irregular 

polygons with five or seven sides. The measured average area is S = 2150 ± 381 nm
2
 

(Fig. S10 in the ESI†), which is the smallest in the three observation areas. These 

analyses suggest that the aggregate size decreases and its size distribution increases 

from the edge to the center of the thin film sample. These results are similar to that 

found in foam. Thus, we believe that the aggregates should be soft in solution as well 

as on the carbon film during solvent evaporation. 

 

Fig. 3 (A) 2D FFT pattern corresponding to the TEM image in Fig. 2C. (B) Digital 1D 

FFT pattern corresponding to (A). Arrows indicate the peaks. (C) to (E) Pentagonal, 

hexagonal and heptagonal close-packed aggregates highlighted by an irregular 

pentagon, hexagon and heptagon, respectively. 
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Fig. 3A is a two-dimensional (2D) fast Fourier transform (FFT) pattern with two 

identifiable rings that corresponds to the structure in Fig. 2C. The contrast of the 

pattern was enhanced for better presentation. Fig. 3B is a plot of brightness intensity 

in Fig. 3A versus reciprocal length (1/d) obtained by azimuthally integrating the 2D 

FFT pattern. The plot shows four identifiable peaks and a shoulder peak as indicated 

by arrows in Fig. 3B. The broad peaks and their ratio of d5/d4/d3/d2/d1 ≈ 3/√7/2/√3/1 

suggest a hexagonal close-packed (HCP) structure of the IP-aggregates but not perfect. 

The average distance between the two neighboring aggregates is d ≈ 49.5 nm. 

In Fig. 3C to 3E we highlight three irregularly pentagonal, hexagonal and 

heptagonal close-packed structures that are found in Fig. 2C. Of these, the irregular 

HCP is the most popular one. This is the reasons why our statistical analysis in Fig. 

3B presents a HCP structure (Fig. 3C). Furthermore, the size differences in the 

IP-aggregates in Figs. 3C to 3E are very interesting. The smallest IP-aggregate is in 

the center of the pentagonal close-packing (Fig. 3C), while the largest IP-aggregate 

stands in the center of the heptagonal close-packing (Fig. 3E). The seven 

IP-aggregates in the hexagonal close-packing have a uniform size that is close to the 

average value (Fig. 3D). Finally, we find two rules: 1) the number of the sides of an 

IP-aggregate equals the number of the aggregates on the periphery; 2) a long side 

corresponds to a large neighboring aggregate.  

 

Fig. 4 The drawings are proposed models of spherical aggregates in solution, and 

flattened, clustered and close-packed aggregates in thin films. These drawings also 

describe the process from spherical aggregates to close-packed aggregates during 
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solvent evaporation. The optical picture shows a turbid solution with the Tyndall 

effect and the TEM pictures present the typical morphologies.   

Here, we propose models to describe the structure of the aggregates in solution 

and the structural evolution from isolated aggregates to close-packed ones during 

solvent evaporation. In Fig. 4A a core-shell micelle model is suggested to depict the 

supramolecular structure of the aggregates formed in the ACN solution of the H-BCP. 

The poly(POM)5 block forms shell and the poly(COOH)232 block forms core because 

of the better solubility of the poly(POM) block. In this way, the solution becomes 

turbid and exhibits strong Tyndall effect (see the pictures in Fig. 4A).  

Fig. 4B presents a model of flattened micelles to describe the isolated aggregates 

found in our TEM study (see the TEM image in Fig. 4B). This is because the 

ACN-swollen micelles are soft and thus flattened during the solvent evaporation. This 

is the reason why the flattened micelles have weak contrast between the shell and core 

under TEM observation.
51

  

Figs. 4C and 4D represent the proposed models of a four-micelle cluster and of 

close-packed micelles, respectively. Their formation is driven by the attractive 

capillary forces between the micelles caused by solvent evaporation.
52

 During this 

process, the soft micelles are squeezed and thus deformed. Thus, the size of the 

deformed micelles is smaller than that of the isolated ones. Normally, micelles prefer 

to arrange hexagonally because HCP is one of the densest possible packings of equal 

spheres. The wide size distribution of the micelles leads to the formation of the 

pentagonal and heptagonal close-packings (Figs. 3C and 3E). These analyses suggest 

that Fig. 4 also presents the process of the structural evolution from isolated to 

hexagonal close-packed micelles during solvent evaporation.  

Catalytic activity and kinetics. Catalytic activity of POMs is one of the 

important functions in practical application. For instance, they can catalyze the 

oxidation of sulfur-containing compounds. Therefore, we appraised the catalytic 

activity of the H-BCP as well as the poly(POM)5 homopolymer in the catalytic 
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oxidation of tetrahydrothiophene (THT), which is a well-known gasoline contaminant, 

into tetrahydrothiophene oxide (THTO). The oxidative desulfurization experiments 

were performed in an ACN (5 mL) solution of THT (25 µL) and the H-BCP or 

poly(POM)5 catalyst (10.0 mg) at 25 °C.
37

 The catalytic oxidation of THT was 

initiated when 35% aqueous H2O2 (50 µL) was added to the solution.  

 

Fig. 5 Plots of conversion (A) and ln(Ct/C0) (B) versus the reaction time, t, for the 

oxidation of tetrahydrothiophene (THT) into tetrahydrothiophene oxide (THTO) 

catalyzed by the H-BCP and poly(POM)5 homopolymer. 

Fig. 5A shows conversion-time plots of the THTO catalyzed by the H-BCP and 

poly(POM)5. Clearly, the POM clusters in the poly(POM)5 shell in the H-BCP 

micelles can catalytically oxidize THT into THTO. The conversion α = 90% was 

reached at t ≈ 150 min for the H-BCP, however, α = 90% at t ≈ 40 min for the 
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poly(POM)5 homopolymer under the same conditions. Apparently, the catalytic 

efficiency of the poly(POM)5 shell in the H-BCP micelles is lower than the 

poly(POM)5 homopolymer. 

We further evaluated the catalytic reaction kinetics. Fig. 5B shows plots of 

ln(Ct/C0)-t for the oxidation of THT into THTO, in which C0 and Ct correspond to 

initial THT concentration and its concentration at time t, respectively. Because the 

concentration of H2O2 did not change too much during the catalytic reactions, it could 

be regarded as a constant. Therefore, the reaction kinetics can be described by  

 ln��� ��⁄ � = −�  (1) 

where k is the reaction rate constant. In Fig. 5B, the good linear relations between 

ln(Ct/C0) and t reveal that the oxidation reaction, catalyzed by both the H-BCP and 

poly(POM)5, exhibits pseudo-first-kinetics.
53−55

 The reaction rate constants obtained 

from the slopes are k = −0.0603 min
−1

 for poly(POM)5 and k = −0.0168 min
-1 

for the 

H-BCP, respectively. Thus, the rate constant ratio of the reactions catalyzed by two 

catalysts is about 3.6. This result again indicates that the catalytic efficiency of the 

poly(POM)5 in the H-BCP is lower than the poly(POM)5 homopolymer. There are 

two reasons for this: First, the H-BCP forms micelles that is a heterogeneous catalyst 

and second, the catalytic units in the H-BCP (0.11 µmol, 1 eq) are nearly one third of 

the poly(POM)5 homopolymer (0.35 µmol, 3.2 eq) under the same mass 

concentration.  

Conclusions 

In summary, a poly(polyoxometalate)-polymer hybrid block copolymer (H-BCP) 

with a controllable molecular weight and a low polydispersity was prepared by 

ROMP. In acetonitrile, the H-BCP self-assembles into hybrid micelles with a 

POM-containing shell and an organic polymer core. When casting thin films, the 

micelles further self-assemble into a hexagonal close-packed structure driven by the 

attractive capillary forces between the micelles due to solvent evaporation. 

Meanwhile, the POM clusters within the H-BCP present good oxidation catalytic 
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activity. This means that it may be used as a heterogeneous catalyst. Compared with 

the homo-poly(polyoxometalate)s developed in our previous work,
37

 the hybrid block 

copolymer demonstrates varied self-assembled structures and improved performance 

and functionality. We believe that this approach is very promising for the construction 

of functional POM-containing hybrid materials with good processability and 

durability. 
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