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Due to their unique properties, selenium-containing polymers have become one of the research focuses
of polymer materials in recent years. First, selenium can transform among various states of selenoxide,
selenone, and selenium free radicals, and then be restored under these conditions, which endows these
polymers with multiresponsive behaviors, including responses to redox changes, light, radiation, etc.
Second, these polymers show characteristic properties. Selenium-containing polymers exhibit unique
multiple optical-electrical characteristics, including high photoconductivity, anisotropic thermoconduc-
tivity, high piezoelectric and thermoelectric responses, and a high refractive index. Based on these various
properties, selenium-containing polymers are regarded as excellent functional polymer materials.
Therefore, it is meaningful to synthesize selenium-containing polymers with various structures. This
paper principally gives a summary of the organic reactions of organoselenium compounds and reviews
the research on the synthesis of selenium-containing polymers via different methods, such as the use of
selenium-containing monomers and their polymerization, selenium-containing initiators for polymeriz-
Received 28th May 2020, ation, selenium-containing mediators for controlled polymerization and selenium-containing molecules
Accepted 20th July 2020 for the postmodification of polymers. Moreover, applications of selenium-containing polymers are
DOI: 10.1039/d0qo00640h described, including their use as intrinsic high refractive index polymeric materials, oxidative- and reduc-
rsc.li/frontiers-organic tive-responsive materials, dynamic exchanging polymers, selective metal adsorbents, and catalysts.
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ture with eight selenium atoms (Seg, red selenium). However,
its organic form is a linear state when monomeric Seg under-
goes ring opening polymerization in the solid state at a wide
range of temperatures below its melting temperature (gray
selenium). Although selenium was discovered very early, it was
rarely researched over the next hundred years.>* Inorganic
selenium ushered in great developments in the middle of the
twentieth century. This form of selenium was applied to cer-
amics, glass, metallurgy, and petrochemical engineering. In
particular, inorganic selenium has been used in photoelectric
devices, semiconductor devices, solar cells, infrared photocon-
ductive materials and other advanced technologies in recent
years.”” Organoselenium compounds have been known since
1847, when Wohler and Siemens reported the first synthesis of
ethyl selenol.’® However, organic selenium has had a sluggish
research evolution because of its terrible smell, photosensi-
tivity, frangibility to oxidation and low stability. A series of
organic selenium compounds were synthesized in 1973 and
they represented a milestone in the development of organic
selenium chemistry."" It is worth mentioning that Sharpless
and Lauer reported a mild method for transforming epoxide to
allyl alcohol in the same year.'” Diphenyl diselenide was oxi-
dized in hydrogen peroxide and then selenoxide was formed,
which generated the f elimination reaction to obtain unsatu-
rated double bonds. This reaction enabled further develop-
ment of organic selenium chemistry. After 1973, some
common organic selenium reagents were commercialized.
Based on these commercial materials and synthetic methods,
different organic selenium compounds have been explored
and have become important intermediates for the further syn-
thesis of olefin and heterocyclic compounds.'®™* Several years
later, organic selenium underwent a progression from mole-
cules to polymers. Selenium-containing polymers were
reported by Heitz and his partners in 1976.'® In their study,
some selenide-styrene monomers were synthesized and then
polymerized. It is worth noting that organic selenium
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compounds show excellent redox properties and biological
enzymatic responsiveness, as well as antineoplastic,"”>°
antiviral,*"**> and antioxidative®>** activities, among other bio-
logical characteristics. Nonetheless, selenium molecules still
have some drawbacks, such as toxicity, volatility and instabil-
ity,>® which limit their usefulness in medicines. Therefore, sel-
enium-containing polymers have been considered to avoid
these drawbacks. Additionally, selenium-containing polymers
can exhibit other outstanding characteristics, such as respon-
sive behaviors under light and radiation stimuli, a high refrac-
tive index, and dynamic exchange.”®*” Hence, increasing
efforts have been made in recent years to study the synthesis
and application of selenium-containing polymers in the fields
of both polymer chemistry and polymeric materials.

Here, this minireview gives a brief summary of the organic
reactions of organoselenium and focuses on the synthesis
of selenium-containing polymers using different methods.
More specifically, these methods include using selenium-con-
taining monomers (Se monomers) and their polymerization,
selenium-containing initiators (Se-initiators) for polymerization,
selenium-containing mediators (Se-mediators) for controlled
polymerization and selenium-containing molecules (Se-mole-
cules) for the postmodification of polymers. Moreover, the
characteristics and applications of selenium-containing poly-
mers are described, including being applied as high refractive
index polymers, being applied in oxidative- and reductive-
responsive materials, being applied as polymers with a dynamic
covalent bond, and being applied as adsorbents and catalysts.

2. Organic reactions of selenium
compounds

As mentioned above, organoselenium compounds have been
developed for several decades. Over this period, various orga-
noselenium compounds have been synthesized using different
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Scheme 1 The reactivity of electrophilic, nucleophilic and radical reac-
tions of organoselenium compounds.?82° (A) Electrophilic reactions; (B)
nucleophilic reactions; and (C) radical reactions.

methods. In detail, selenium functional groups can be intro-
duced through electrophilic, nucleophilic, or radical reactions.
These approaches generally combine chemo-, regio-, and
stereoselectivities with mild experimental conditions.

An electrophilic selenium reaction was discovered in the
late 1950s. Electrophilic organoselenium compounds provided
synthetic chemists with useful and powerful reagents
(Scheme 1A). Seleno-functionalization of olefins represents an
important method for the rapid introduction of vicinal func-
tional groups, often with a concomitant formation of rings
and stereocenters. The synthesis of electrophilic organosele-
nium compounds was thus developed, including the addition
reaction of double bonds, the addition reaction involving
oxygen/nitrogen/carbon-centered nucleophiles, the addition
reaction involving chiral nucleophiles or substrates, selenocy-
clizations, double cyclization reactions, etc. Nucleophilic sel-
enium reactions were utilized in the 1970s (Scheme 1B).
Selenium nucleophiles (RSe™) are used in many types of func-
tional-group transformations. Nucleophilic selenium reagents
include important intermediates, such as selenols and seleno-
lates, inorganic regents, and organic reagents with a variety of
Se-M (M = metal) chemical bonds. In addition, selenium com-
pounds are used in a wide variety of synthetic radical reactions
as radical precursors (Scheme 1C). Various methods of synthe-
sizing selenium radical precursors have been described, such
as homolytic substitution, selenide building block and solid-
phase synthesis, seleno group transfers onto alkenes and
alkynes, PhSeH in radical reactions, and the catalysis of stan-
nane-mediated reactions. The organic reactions related to
organoselenium compounds have already been well summar-
ized in different studies.*®*° Based on these organic reactions
of organoselenium compounds, selenium-containing polymers
have been synthesized to develop new functional polymeric
materials.

3. Synthesis of selenium-containing
polymers using different methods
3.1. Se monomers and their polymerization

Polymers are formed by the polymerization of monomers.
Therefore, it is possible to prepare selenium-containing poly-
mers via the direct polymerization of selenium-containing
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monomers (Se monomers). In addition, the selenium content
in polymers is directly related to the selenium content of
monomers, offering the most convenient way to control this
content in polymers. Free radical polymerization, step
polymerization and ring-opening polymerization are thus used
to polymerize different Se monomers.

3.1.1. Free radical polymerization of Se monomers. Vinyl
monomers are commonly used monomers that can be poly-
merized through free radical polymerization. Therefore, sel-
enium-containing moieties were introduced into vinyl mono-
mers, followed by polymerization. Early investigations showed
that these monomers are distinguished by the type of selenide
moieties connecting the double bond of ethylene, e.g., direct
or indirect. In 1972, Okamoto et al. reported that benzoyl per-
oxide (BPO) cannot initiate the polymerization of phenyl vinyl
selenide when phenylselenide is directly connected to the
double bond,*® although the corresponding sulfide readily
polymerizes.>" The authors obtained a double bond addition
product, methylphenylselenium dibenzoate, which was pro-
duced by the rearrangement of a tetravalent selenium com-
pound, phenylvinylselenium dibenzoate. The reason was
found to be the strong interaction of the selenium atom with
free radicals.’*** In subsequent years, Yuki and his coworkers
focused on the synthesis and free radical polymerization of
selenide-containing vinyl monomers with selenide moieties
indirectly connected with double bonds (Scheme 2).>*** In
1996,> the authors synthesized p-methylselenostyrene and
p-phenylselenostyrene. These two monomers can be polymer-
ized through free radical polymerization initiated by azobisiso-
butyronitrile (AIBN) (showing 73% and 62% conversions,
respectively) or BPO (showing 38% and 54% conversions,

H,C=CH ~tH,C-CH
® AIBN or BPO
Se Sle
| =
R R =Me or Ph R
H,C=CH  H,C=CH ~HC-CH)—{cHy CH)—
®) © AIBN
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~frc-cH) o, ory-
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High-pressure mercury lamp
CH3
CHo—-CHy- cl:—)—Se Ph
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Scheme 2 Free radical polymerization of Se monomers. (A) The free
radical polymerization of p-methylselenostyrene and p-phenylselenos-
tyrene. Reproduced with permission from ref. 25. Copyright 1996 Huithig
& Wepf Verlag, Zug. (B) The free radical copolymerization of
p-phenylselenomethylstyrene with styrene. Reproduced with permission
from ref. 34. Copyright 1999 Springer Nature.
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respectively) (Scheme 2A). These number-averaged molecular
weights of polymers were in a range of 20 kg mol™" to 150 kg
mol ™. Later, in 1999, they reported the copolymerization of
p-phenylselenomethyl styrene (St) with styrene, and the
polymer yield remained below 10%.%* Polymers with phenylse-
leno groups could be further used to initiate radical polymeriz-
ation of methyl methacrylate (MMA) under a high-pressure
mercury lamp at room temperature via homolytic cleavage of
the phenylseleno group to form graft copolymers (Scheme 2B).
The polymerization was mainly initiated via a carbon-centered
radical. The selenium-centered radical reversibly terminated
the polymerization. However, the grafting polymerization
resulted in a poor structure control, partially due to the strong
interaction of selenium atoms with free radicals. After these
reports, the free radical polymerization of selenide-containing
vinyl monomers has rarely been investigated over the next two
decades.

In 2019, Zhu et al reported the copolymerization of
(p-phenseleno)styrene  (PhSeSt) with phenyl maleimide
(Scheme 3A) in a reversible addition-fragmentation chain
transfer (RAFT) polymerization by using AIBN as the initiator
and 2-cyanoprop-2-yl dithionaphthalenoate (CPDN) as the
RAFT agent.* This polymer shows multiple peaks in the size-
exclusion chromatography (SEC) curve, indicating a loss of
living radical polymerization, partially due to the side reac-
tions caused by the phenylselenide moiety.>*® Alternatively,
Zhu and his coworkers investigated the copolymerization of
phenylselenide-substituted maleimide with St, which main-
tained a conversion lower than 50% (Scheme 3B and C).*>*°
These selenium-containing polymers showed excellent thermo-
stability and had a high refractive index up to 1.968 at 633 nm.
In another work reported by Bérner and Lutz,*® the authors
synthesized a sequence-controlled styrene/maleimide con-
trolled radical polymerization platform, which was utilized to
design polymers containing protected selenol fragments at
precisely defined positions in the polymer chain. Then, the
obtained selenium-containing polymer could be cyclized and
allowed to undergo single-chain folding. This strategy offered
a method for more complex macromolecule folding. In

Rs
A 0N 0
Rs s
N AIBN, CPDN sy
+ O o — = NC RaN
= 60°C O
Rq Ré O

R4
(A) Ry=SePh  Ry=H  Ry=X

®B) Ry=H Ry=H Ry = PhSePh

(© Ry=H R, =SePh Rj=CyH,

Scheme 3 (A) The alternating copolymerization of (p-phenseleno)
styrene (PhSeSt) and phenyl maleimide. Adapted with permission from
ref. 35. Copyright 2019 The Royal Society of Chemistry; (B) and (C) the
investigation of copolymerization of St with maleimide modification by
the phenylseleno group at different positions. Adapted with permission
from ref. 35. Copyright 2019 The Royal Society of Chemistry; adapted
with permission from ref. 39. Copyright Open Access.
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general, this is an effective method to obtain selenium-con-
taining polymers via free radical polymerization of Se mono-
mers. However, there is still a lack of examples of free radical
polymerization routes due to the strong interaction of sel-
enium atoms with free radicals.

3.1.2. Stepwise polymerization of Se monomers. Stepwise
polymerization is an important tool for the preparation of
polymers. Most selenium-containing polymers in the literature
have been synthesized via step polymerization of Se mono-
mers. Prince and Bremer investigated the polymerization of
dibromomethane and sodium selenide. The corresponding
polymer was obtained as a white powder in 1967,*" and the sel-
enium content in the obtained polymer reached 85 wt%. Three
years later, Kroll et al. reported many kinds of selenium-con-
taining polymers, including Se-polyester, Se-polyurea and Se-
polyurethane.*” These selenium-containing polymers were syn-
thesized by the step polymerization of bis(2-hydroxyethyl)sele-
nides or bis(2-aminoethyl)selenides with different diisocya-
nate, paraphthaloyl chloride, anhydride and epoxy com-
pounds. In 2005, a selenium-containing moiety was intro-
duced into a polyimide (PI) by Turgay."® The general processes
of synthesizing these selenium-containing PIs are the two-step
polycondensation of a diamine and dianhydride, followed by
thermal imidization or one-step polycondensation of the
diamine and dianhydride, and finally their chemical
imidization.**™*® Ueda et al. reported the synthesis of seleno-
phene-containing PIs to increase the refractive index (RI) of
polymers (Scheme 4A).*° Selenophene-containing diamine was
used as the selenium-functionalized monomer for the syn-
thesis of the PIs. The obtained PIs showed RIs as high as 1.760
at 633 nm. Zhu and his coworkers synthesized selenide-con-
taining PIs (Scheme 4B) with selenide directly connected in
the main chain.®® Bis(p-aminophenyl)selenide (BAPSe)
diamine and 1,1-bis(4-(3,4-dicarboxylbenzoyloxy)phenyl)sele-
nide dianhydride (BDPSD) were employed as monomers,
which allow the coexistence of selenide with both the diamine
and dianhydride. Therefore, these PIs show higher selenium
contents and RIs than the selenophene-containing PIs in
Ueda’s work. PIs with RIs as high as 1.968 at 633 nm were
obtained in such a manner. However, these aromatic PIs
showed poor solubility, which limited their processability for
their potential applications. Furthermore, the authors aimed
to increase the solubility of the previously reported aromatic
PIs by introducing a trifluoromethyl group (CF;), which has a
large free volume.”! The CF;-containing diamine monomer bis
(3-trifluoromethyl-4-aminophenyl)selenide (BTFAPS) was syn-
thesized, and 4,4'-(hexafluoroisopropylidene)diphthalic anhy-
dride (6FDA) was chosen as the dianhydride (Scheme 4C).>?
Then, two-step polycondensation was performed. As a result,
these PIs exhibited better solubility and higher RIs up to 1.831
at 633 nm. In addition to Zhu’s work, You et al. reported sele-
nide-containing PIs that can enhance the refractive indices in
the visible and near-infrared regions (Scheme 4D).>* These
works indicate that the introduction of chalcogen atoms in the
polyimide backbone is a promising method for improving the
refractive index of thermally stable optical materials, specifi-
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Scheme 4 The structures of selenium-containing polyimides. (A) Selenophene-containing Pls. Adapted with permission from ref. 49. Copyright
2009 Wiley Periodicals, Inc. (B) Some novel selenide-containing Pls that allow selenide to coexist with both diamine and dianhydride. Adapted with
permission from ref. 50. Copyright Open Access. (C) CF3-containing Pls. Adapted with permission from ref. 52. Copyright 2019 Elsevier Ltd. (D)
Selenide-containing Pls. Adapted with permission from ref. 53. Copyright 2019 American Chemical Society.

cally those employed in advanced sensor and imaging
applications.

In addition to the stepwise polymerization of PIs, Zhu and
Pan introduced a novel addition reaction of electrophilic sel-
enium reagents and sulfonyl chloride to form a selenium-con-
taining polymer (Scheme 5).>* The obtained polymer display
an increased sensitivity to oxidation, pH, and light. Xu and his
coworkers have reported several works that are focused on sele-
nide functional polymers.>>®® These selenium-containing
polymers were synthesized by a general route. Dihydroxy dise-
lenide/selenide reacted with diisocyanate as the middle Se
segment, and then a reactive polymer was added into the oli-
gomer Se segment to form the final selenium-containing poly-
mers. These polymers could self-assemble into micelles and
were responsive to redox stimuli. Compared with other redox-
responsive aggregates, diselenide-containing block copolymer
aggregates were responsive to both oxidants and reductants,
even in a solution with a very low concentration under mild
conditions. When the reactive polymer or Se segment is
replaced by other polymers or segments, it will realize
different properties. Chen et al. also reported similar results
that showed the highly efficient cytoplasmic delivery of anti-
cancer agents.®! In short, stepwise polymerization shows some
advantages in the synthesis of polymers; however, there are
still some problems. First, the molecular weight and polymer-
ization processes are not controllable. Thus, the structures of
polymers are complicated, which limits their potential
applications.

3.1.3. Se monomers in ring-opening polymerization. In
recent years, because of its high efficiency, ring-opening
polymerization has become a prominent research area.®>”° In
particular, the method is used in the synthesis of polyester
materials, including f-butyrolactone, y-butyrolactone, e-capro-

crsi-of — / oo . 7 oo —— . 7
5 /fs secl ;s e )CI Lo \)7\"

=
Ne-secr” 012 Ne—seor”

Scheme 5 The novel addition reaction of electrophilic selenium

reagents and sulfonyl chloride. Reproduced with permission from ref.
54. Copyright 2019 The Royal Society of Chemistry.
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lactone, etc.”"”> Accordingly, some selenium-containing poly-

mers were also prepared in this way with Se monomers.
Zhu and Pan focused on this work in 2017 and performed
some systematic studies. First, in 2017, they employed
y-butyroselenolactone to react with amine-containing com-
pounds (Scheme 6).”> The amine group was used as a ring-
opening agent to realize the ring-opening reaction of
y-butyroselenolactone in order to form selenol. The conver-
sions were approximately 80% and 20% when 15 and 1.5
equiv. of diethylamine were used, respectively. The selenium-
containing polymer could be prepared after oxidation of the
selenol compound under mild conditions. In their work,
several types of polymer architectures were obtained,
specifically linear, cyclic, and hyperbranched structures. In
addition to the ring-opening reaction of the amine and
y-butyroselenolactone, the alcoholysis of y-butyroselenolactone
has been reported in 2018 (Scheme 6).”* This approach was a
convenient and highly efficient reaction protocol for preparing
diselenide polyesters, both linear and crosslinked polymers.
Then, the authors employed the partial hydrolysis of poly(2-
ethyl-2-oxazoline) with free imine in the polymer chain to
perform the aminolysis of y-butyroselenolactone.”” The
obtained selenium-containing polymer can be used for water-
borne electrospinning, which shows temperature and photore-
sponsiveness. The crosslinked polyester network was reproces-
sable due to the characteristic dynamic bond behavior of
diselenide.”®”” These strategies could also make use of bio-
derived macromolecules, which will be explored in future
research. Lang et al. investigated the ring-opening polymeriz-
ation of a selenium-containing lactone with a macroring via
alcoholysis under lipase catalysis.”®”® This synthetic method-
ology will expand the scope of functional polycarbonates and
advance the development of selenic biomaterials in practical
applications. Based on y-butyroselenolactone and selenium-
containing lactones with macrorings, Zhang and coworkers
performed research on alternating copolymerization of
y-butyroselenolactone with epoxides.®® The alternating degree
and regioregularity of copolymers were greater than 99%. The
results indicated that the polymer had well-defined structures
and selenium in each repeating unit. However, all these works
concentrated on the selenium element existing in the main
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Scheme 6 The ring-opening polymerization of y-butyroselenolactone via amine or oxhydryl compounds. Adapted with permission from ref. 73 and
75. Copyright 2017 and 2018 American Chemical Society; adapted with permission from ref. 74. Copyright 2018 The Royal Society of Chemistry.

chain of polymers. Li et al. reported ring-opening polymeriz-
ations of another selenium-containing lactone that reacted
with polyethyleneglycol (PEG) to form a copolymer with the
selenium moiety in the side chain of the obtained copoly-
mer.®" In the PB solution, these copolymers formed micelle-
like nanoparticles and showed great potential as a novel kind
of reactive oxygen species-responsive nanoplatform.

The ring-opening polymerization of e-caprolactone (CL) is a
general method for preparing polycaprolactone (PCL).*> The
outstanding biodegradable properties of this polymer have
attracted much attention.** ¢ However, common PCLs tend to
crystallize and lack functionalization, which limits their wide
applications.®” Thus, modifying PCL to decrease its crystalli-
nity and introduce a functionality is an effective method to
improve its performance.?®*®° Lang et al reported the ring-
opening polymerization of CL by using dihydroxy diselenide as
an initiator.”> The obtained selenium-containing polymers
showed a good redox response and could self-assemble into
micelles to deliver an anticancer drug. In addition, because of
the dynamic bond properties of the Se-Se bond, Se-PCL has
been proven to be a dynamic polymer in polymer alloys.”® Li
et al. described the oxidation and elimination of P(CLSePh-b-
PEG) to afford the block copolymer of PEG and unsaturated
PCL under very mild conditions with yields in the range of
55-70%.”* Zhu et al. reported the synthesis and direct ring-
opening  polymerization of  phenylseleno-caprolactone
(CLSePh) with almost 100% conversion (Scheme 7).°> The
carbon-selenium bond in the obtained phenylseleno-caprolac-
tone polymer (PCLSePh) could be oxidatively degraded by
m-CPBA to form a new carbon-carbon double bond in the
polymer, which offered a way to further modify the PCL-based
polymer. The phenylselenide in the side chain could also be
used as a macroinitiator to initiate the polymerization of St
under UV irradiation, resulting in the graft copolymer of PCL-
g-PSt. In addition, the chain structure of the polymer could be
adjusted via the copolymerization of CLSePh with CL.
Therefore, this work introduced an unsaturated carbon-
carbon double bond, which could allow further functionali-
zation of PCL and adjust the properties of this polymer. These

2820 | Org. Chem. Front., 2020, 7, 2815-2841
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Scheme 7 The ring-opening polymerization of phenylseleno-caprolac-
tone. Adapted with permission from ref. 95. Copyright 2019 The Royal
Society of Chemistry.

high-efficiency ring-opening polymerizations of Se monomers
have enriched the types of selenium-containing polymers and
can be used in many fields.

3.2. Se initiators for polymerization

The strength of the Se-Se bond is weaker than that of the S-S
bond and C-C bond (Se-Se, 172 k] mol™"; S-S, 240 kJ mol™%;
and C-C, 346 kJ mol™"),’® which results in easier cleavage of
the Se-Se bond compared to that of the other two bonds
under various stimuli, such as oxidation, reduction and light
to form seleno radicals. In some polymerization systems,
monomers can be initiated via seleno radicals to obtain Se-
terminal polymers. Moreover, the terminal Se (C-Se bond) can
be eliminated by a redox reaction. Diphenyl diselenide
(DPDSe), the most accessible aryl diselenide, was the first one
studied. In 1997, Yuki and his coworkers reported the DPDSe-
initiated free radical polymerization of St under irradiation
with a high-pressure mercury lamp at room temperature,
which showed a maximum conversion of 48%.”” The radical
polymerization of methyl methacrylate (MMA) initiated by
DPDSe was also realized in 2001,°® and the phenylseleno
group, which existed in the terminus of the polymer, was
eliminated to form a carbon-carbon double bond. However,
the polymerization performance was not very good, e.g., a low
monomer conversion (<50%), a low number-average molecular
weight (M,)) (<5000) and a wide molecular weight distribution
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Scheme 8 DmXDSe-initiated radical polymerization of St and MMA
and the chain terminal oxidation of the obtained polymer. Adapted with
permission from ref. 36. Copyright 2015 The Royal Society of Chemistry.

(1.6-2.1). In these polymerizations, DPDSe not only serves as a
photoinitiator but also functions as a chain transfer agent.”®
In 2000, Yuki employed p-phenylselenomethylstyrene, which
was mentioned in section 3.1.1, for homopolymerization
under a high-pressure mercury lamp and formed a hyper-
branched polystyrene-like polymer.”® However, the detailed
polymerization behavior and properties of the polymer are still
worth investigating. These excellent works by Yuki and his co-
workers illustrate that the cleavage of the Se-Se bond or C-Se
bond for forming seleno radicals is an effective method for the
polymerization and chain extension of typical vinyl monomers,
e.g., St or MMA. However, the reaction conditions still should
be optimized. Zhu et al. reported diselenide-mediated con-
trolled radical polymerization under visible light irradiation by
optimizing the structure of substituted diphenyl diselenide
(Scheme 8).>® The authors synthesized five diselenides with
different substituent groups on the phenyl ring and employed
them to initiate the polymerization of St. The UV-vis spectrum
was used as a key measurement to determine a suitable light
source for photopolymerization. After optimizing the substitu-
ent structures, the authors found that DmXDSe with methyl
substituents at the ortho-position could achieve controlled
radical polymerization of St under visible light irradiation with
approximately 75% conversion. The molecular weight distri-
bution of the polymer was narrower than 1.30. The polymer
showed high chain end fidelity (almost 100%), which could be
efficiently converted to the carbon-carbon double bond via
oxidation. The authors further expanded the light wavelength
of photopolymerization of St from a high-pressure mercury
lamp to blue light (460 nm) by using FVPDSe as the mediator.
FVPDSe contains two double bonds and a Se-Se bond, which
can be simultaneously used as both the polymerization
mediator and comonomer.'®® Crosslinked selenium-contain-
ing polymers have been prepared in a controlled way. Such
crosslinked copolymers could be degraded by oxidation due to
the selenide-containing crosslinker.

The authors also investigated the synthesis of hyper-
branched polystyrene (PS) utilizing p-phenylselenomethyl-
styrene (they called it phenyl(p-vinylbenzyl)selenide (PVBS)) as
an inimer under ultraviolet irradiation (Scheme 9) with
approximately 76% conversion.'®" Because of the homolysis of
the benzyl carbon-selenium bond under UV irradiation,'**"%?
when the CH,-Se bond of PVBS is cleaved, two radicals are
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Scheme 9 PVBS as an inimer under UV irradiation to copolymerize
with St and homopolymerize itself. Adapted with permission from ref.
101. Copyright 2013 Wiley Periodicals, Inc.

generated. Hyperbranched copolymers and homopolymers
have been synthesized by copolymerization with St or homopo-
lymerization of PVBS via self-condensing vinyl polymerization
(SCVP).'%4" 197 These reports showed that the photo-
polymerization of vinyl monomers containing a selenide
moiety could be used to prepare graft polymers or hyper-
branched polymers. In summary, the key point of the sel-
enium-containing initiator initiating the polymerization is the
Se-Se bond or C-Se bond cleavage forming seleno radicals
under light, redox control, etc. The process shows a mecha-
nism of an iniferter'®* """ and can promote the functionali-
zation of the chain terminal of the polymer for the next reac-
tion; however, the molecular weight distribution of the
obtained polymers is still broad (usually >1.3), and the living
polymerization is not good.

3.3. Se mediators for controlled polymerization

Dithiocarbonate compounds as chain transfer agents (CTAs)
are added in reversible addition-fragmentation chain transfer
(RAFT) polymerization, which is a kind of reversible de-
activation radical polymerization (RDRP) that is widely used in
the controllable polymerization of vinyl monomers,'*®*1%27121
Diselenocarbonate compounds, because of their similar struc-
ture to that of dithiocarbonate, were also employed in RAFT
polymerization to obtain selenium-containing polymers.
In 2008, Lee and his coworkers reported the synthesis of dise-
lenophosphates, named P1 and P2. The authors performed
the polymerization of St using these two compounds
as the mediators at 110 °C with a thermal initiator
(Scheme 10A)."*>"** When the polymerization reaction was
performed for 5 h, approximately 60% conversion could be
achieved. A similar structure of phosphinodithiolate only rea-
lized a 0.9% conversion. Compared with the common polymer-
ization of St, the polymerization behavior showed that the
molecular weight increased with the conversion. However, the
experimental molecular weight deviated greatly from the
theoretical molecular weight, and the polymer had a wide
molecular weight distribution. This result indicated that P1
and P2 actually worked for a while; however, the process was
uncontrollable. Recently, Zhu et al. modified the structure
from the substituted phenyl group in P1 and the tertiary butyl
group in P2 to a benzyl group (Scheme 10B)."** Similarly, they
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Scheme 10 (A) The structures of diselenophosphates P1 and P2. Reproduced with permission from ref. 122. Copyright 2008 Elsevier Ltd; (B) and
(C) the structure of diselenophosphate P3 and the mechanism of the polymerization of St with P3 under UV irradiation. Reproduced with permission

from ref. 124. Copyright 2012 Wiley Periodicals, Inc.

added P3 into the polymerization system of St at 80 °C with
the thermal initiator AIBN. When the polymerization reaction
was performed for 7 h, 45.8% conversion could be achieved.
The results showed more controllability than that of common
radical polymerization. Furthermore, photoinitiation polymer-
ization with UV was used to replace AIBN at room temperature
to realize a 42.3% conversion. The polymerization behavior
showed that the molecular weight linearly increased with the
conversion and that the theoretical molecular weight was close
to the actual molecular weight. In addition, the polymerization
mechanism was proven to involve an iniferter rather than a
RAFT mechanism (Scheme 10C)."** The structural analysis
indicated that the selenide moiety existed at the end of the
polymer chain and could be further modified. Therefore,
X. L. Zhu’s group focused on diselenocarbonate compounds
and performed some systematic studies. In 2013, a cyclic dise-
lenocarbonate compound (P4) was synthesized and used as a
RAFT agent in the polymerization of VAc (Scheme 11A)."'*
Compared with the analogous dithiocarbonate, the polymeriz-
ation of VAc showed controllable characteristics in the pres-
ence of compound P4. The conversion of polymerization could
therefore reach 70%. The polymerization behavior showed that
the molecular weight increased linearly with the conversion,
but that the polymer showed a wide molecular weight distri-
bution (1.6-2.0). The Se unit also existed at the chain end of
the polymer. In the control experiment with dithiocarbonate,

(A) Se>\\ (B) Se Se
s
@—N V‘; /\O)J\Sej\ﬂ/o\/ /\O)J\Se/\CN
o)
pa © Ps P6

©) S Se Se
sasavisanisloaias
P7 P8 P9
Scheme 11 The chemical structures of (A) P4. Reproduced with per-
mission from ref. 125. Copyright 2013 Wiley Periodicals, Inc.; (B) P5 and
P6. Reproduced with permission from ref. 126. Copyright 2013 Wiley

Periodicals, Inc.; (C) P7, P8 and P9. Reproduced with permission from
ref. 127. Copyright 2013 Wiley Periodicals, Inc.

2822 | Org. Chem. Front.,, 2020, 7, 2815-2841

the polymerizations did not obey the first-order linear kinetics.
Other studies have been reported that attempted to reduce the
molecular weight distribution value of the VAc polymer.
Noncyclic  diselenocarbonate compounds with different
leaving groups and similar dithiocarbonate structures were
synthesized (Scheme 11B)."*° Several of these compounds were
added in the polymerization of VAc at 60 °C using AIBN as the
initiator. When the polymerization proceeded for 8 h, it could
reach approximately 68% conversion. These results illustrated
that the two noncyclic diselenocarbonate compounds had the
same effect as the corresponding dithiocarbonate for the
polymerization behavior of VAc. In addition, the Se unit, which
existed at the end of the polymer chain, reacted more easily
than the S unit for subsequent modification of the polymer. In
later reports, Zhu and his coworkers extended their work to tri-
selenocarbonates. A trithiocarbonate (TTC) was synthesized,
and then some or all of the sulfur atoms of TTC were replaced
by selenium atoms, resulting in the products P7, P8 and P9
(Scheme 11C)."*” The polymerizations of St were performed
using these triselenocarbonates as mediators at 60 °C with
AIBN as the initiator to realize a maximum 56.4% conversion.
The sulfur analog TTC was then employed for a control experi-
ment. The results indicated that these triselenocarbonates
worked as RAFT agents and that the polymerization showed
living characteristics. In detail, the molecular weight linearly
increased with the conversion, and the polymer had a narrow
molecular weight distribution. These results show that sel-
enium and sulfur worked in RAFT agents. In addition, the
polymerization rate decreased, and the induction period
increased with an increasing selenium content. In contrast to
previous polymers, in this research the Se unit existed in the
middle of the polymer chain based on NMR and UV-vis
analyses.

In general, vinyl monomers have been divided into highly
active monomers and low-activity monomers, and different
active monomers exhibit different polymerization behaviors.
In order to obtain low molecular weight distribution polymers,
RAFT polymerization of these monomers should be mediated
with different RAFT agents. Therefore, a universal RAFT agent
would be valuable. In 2009, Rizzardo et al. reported their
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Scheme 12 The chemical structures of Se compounds as RAFT agents.
Reproduced with permission from ref. 132. Copyright 2013 The Royal
Society of Chemistry.

works. 1287131

The universal RAFT agents were dithiocarbonate
compounds, and they worked well in different polymerization
systems by adjusting the pH value. In addition to the universal
dithiocarbonate RAFT agents, Zhu and his coworkers devel-
oped universal diselenocarbonate RAFT agents (Scheme 12)."%?
First, organoselenium compounds with different types of
atoms (N, O, and S) adjacent to the selenocarbonyl group were
synthesized and used as mediators in the polymerization of St
and VAc. This work showed that P6 could control the polymer-
ization. Based on P6, the authors synthesized P12, P13 and
P14, which worked well with St, VAc, MMA, MA, BA, PFS, NVC,
and NIPAM monomers. Their conversions were 42.0%, 27.5%,
50.9%, 93.9%, 75.2%, 64.0%, 22.1% and 37.5%, respectively.
As a result, P14 was chosen as a universal diselenocarbonate
RAFT agent for further research. Then, a compound with a
structure similar to that of P14 was synthesized to control the
polymerization of St for further reaction with some functional
groups.”*>"* In addition to monofunctional diselenocarbo-
nates, difunctional diselenocarbonates were synthesized by
Zhu and his coworkers and used to control the polymerization
of vinyl monomers.'** The Se unit existed at the two ends of
the polymer chain, and the ends reacted to form a cyclic dise-
lenide polymer. In addition to RAFT agents, diselenocarbo-
nates were used in ATRP as pseudohalogens. Zhu et al. also
presented some studies regarding these agents. In their
reports, Cu[SeC(Se)N(C,Ho)], was added as an activator into
the ICAR-ATRP of an MMA monomer to control the polymeriz-
ation,"?® which could bring about a maximum conversion of
58.7%. In contrast, even though the catalyst concentration was
decreased to 1.9 ppm, the polymerization with [Cu(SC(S)N
(C4Ho),),] could be conducted at 65 °C with a 44.6% monomer
conversion in 290 min. They then, for the first time, reported
the introduction of alkyl diethyldiselenocarbamate as an
initiator for the ATRP system and obtained polymers end-func-
tionalized with an organoselenium structure (Scheme 13)."*”
Compound P16 could control the polymerization of St with a
low molecular weight distribution and a Se unit at the end of
the polymer could be obtained. In conclusion, diselenocarbo-
nates as chain transfer agents have contributed to live/control
radical polymerizations, including RAFT polymerization and
ATRP. The polymerization behavior showed that the molecular
weight increased linearly with the conversion, the theoretical
molecular weight was similar to the actual molecular weight,
and the polymer had a narrow molecular weight distribution.
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Scheme 13 The structures of diselenocarbamates and the proposed
polymerization mechanism for ATRP with the alkyl diethyl-
diselenocarbamate/CuBr/ligand system. Adapted with permission from
ref. 137. Copyright 2015 Wiley Periodicals, Inc.

These polymers obtained had end-functionalized organosele-
nium structures that could be used for postmodification.

3.4. Se molecules for postmodification of polymers

Here, postmodification indicates that Se-molecules reacted
directly with functionalized polymers to form selenium-con-
taining polymers. This method tends to involve organic reac-
tions rather than polymerization. Zhu and his coworkers
focused on preparing selenium-containing functional poly-
mers. In 2015, they reported Br-terminal polystyrene syn-
thesized by reacting ATRP with Na,Se, to form diselenide poly-
styrene."® The obtained selenium-containing polymer had
redox responsiveness and was an efficient protecting ligand for
Au nanoparticles because of the susceptibility of the Se-Se
bond. Then, a selenide-functionalized exchange resin was
employed to react with the polymer precursor synthesized via
live radical polymerization to prepare a selenium-containing
polymer (Scheme 14)."*° These selenium-containing polymers
could have two-arm, four-arm and cyclic structures, depending
on the polymer precursor, and the selenide-functionalized
exchange resin could be recycled. In addition to the redox
responsiveness of the Se-Se bond, it is usually used as a
dynamic covalent bond to prepare self-healing materials. Some
studies have been reported by Zhang and Xu. Additionally,
dynamic selenium-containing polymers are another research
field."**** The use of Se-Se, Se-S and Se-N as dynamic
covalent bonds has been reported in these studies. These poly-
mers were used as self-healing or shape memory materials. In
2017, Zhu et al reported that a polyurethane prepolymer
reacted with p-aminophenyl diselenide (DADPDSe) as a
crosslinker to obtain crosslinked diselenide polyurethane
(Scheme 15).”” The resulting materials not only exhibit faster
self-healing properties than the corresponding disulfide poly-
mers but also show the ability to be processed at temperatures
as low as 100 °C. For high refractive index polymers, the
authors employed a glycidyl methacrylate polymer as a precur-
sor, and then postmodification was performed by the reaction
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between the pendent epoxy group and PhSeZnCl (Scheme 16)."**

Moreover, the present route enabled control of the polymer’s
molecular weight and the concentration of selenium-contain-
ing structures, which in turn enabled the characteristic ability
of adjustable RI and Abbe’s number of final polymers.
Similarly, Xing et al. used PEG-b-PMAA as a polymer precursor
to react with different dihydroxy diselenides.'*® These
obtained selenium-containing polymers exhibited redox dual-
responsive degradation. In brief, postmodification was used
to synthesize functional selenium-containing polymers for
further application.

2824 | Org. Chem. Front,, 2020, 7, 2815-2841

View Article Online

Organic Chemistry Frontiers

s A
X sezncl NC U 7o) QO
O cPDN, re(o) ©/ f)%
HO

DMSO, 25 "C 48h THF, 25 °C 24h

Se

Ok/o

O

Scheme 16 The synthesis of selenide-containing polymers by postmo-
dification of Se-molecules. Reproduced with permission from ref. 144.
Copyright 2016 Elsevier B.V.

4. Applications of selenium-
containing polymers

The unique properties of selenium give selenium-containing
polymers characteristic properties. First, selenium-containing
polymers are proven to be good candidates for fabricating
intrinsic high refractive index polymeric materials, due to
the high molar refraction of the selenium group.’*® Second,
selenium-polymers exhibit multiple response behaviors,
especially in redox responsiveness. Due to the reversible mul-
tiple structural variations from selenide to selenoxide or sele-
none, and then being restored to these conditions,>® they were
employed as reversible sensors. Furthermore, selenium-con-
taining polymers, which had Se-Te, Se-Se, Se-S or Se-N, were
used as self-healing polymers, shape memory materials, etc.,
because of their weak bond energy, which is regarded as a
dynamic covalent bond.”®”” The structural variation from the
selenium functional group to selenium free radicals®® was
used to modify the structures of the polymers. In addition to
these works, selenium-containing polymers were also applied
as adsorbents of heavy metal elements and catalysts.
Therefore, selenium-containing polymers are regarded as
excellent building blocks for functional polymer materials.

4.1. Intrinsic high refractive index polymers

Synthetic polymers with intrinsic high refractive indices (RI)
are very useful in optical applications, such as advanced
display devices, various lenses, optical waveguides, and diffrac-
tive gratings.’*”"'** RI as one of the characteristics of materials
can be formulated with the Lorentz-Lorenz equation.’

1+ 2[R]/Vo
1-[R]/Vo

In this equation, n is the RI value and [R] is the molar
refractive index.

Based on this equation, polymeric materials with an intrin-
sic high RI can be developed by introducing moieties with a
high molar refraction and a low molar volume. Selenium, an
analogue of sulfur in the chalcogen group, possesses a much
higher molar refraction ([R]), even compared to sulfur, i.e., [R]
= 11.17 for selenide and [R] = 7.69 for sulfur."*® Such a prop-
erty makes selenium-containing polymers excellent building
blocks of high RI polymers. In 2009, Ueda et al. synthesized
selenophene-containing PIs with a high RI of 1.759 at
633 nm,">* and they have reported many works on sulfur-con-
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taining polymers with a high RI. However, there has been no
in-depth research after the report on selenophene-containing
PIs. A few years later, Zhu and his coworkers expanded the
structures and applications of high RI selenium-containing
polymers. In 2014, Zhu et al. investigated the synthesis of
hyperbranched polystyrene (PS) utilizing phenyl(p-vinylbenzyl)
selenide (PVBS) as an inimer under ultraviolet irradiation
(Scheme 9).'°' The obtained polymer showed an RI value of
1.697 at 589 nm, which can be adjusted by simply changing
the selenium content in the polymers. Then, they synthesized
selenide-containing polymers by postmodification of Se-mole-
cules (Scheme 16)."* When the content of selenium reached
its maximum, the polymer had an RI value of 1.719 at 589 nm.
Moreover, it could have an adjustable RI and Abbe’s number
for the final polymers. Among the various polymers with high
RI values, selenide-containing polyimides (PIs) have received
much attention due to their excellent thermal stability, low
dielectric ~ constant, and  outstanding  mechanical
properties.">>'*® In Zhu’s work, novel selenide-containing PI
films were designed and synthesized (Scheme 4B).*
Increasing the selenium content resulted in an increase in the
RI. When selenium was present in both the diamine and dia-
nhydride repeating units, it showed the highest RI of 1.968 at
633 nm, which is the highest intrinsic RI of a polymer ever
reported. These PIs with a high RI could be used as antireflec-
tion coatings, showing almost no change in the surface mor-
phology and providing a low reflectivity value of approximately

200
1954
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11% at 850 nm. However, these normal aromatic PIs show
poor solubility, which limits their processability. Although ali-
phatic PIs show better solubility, they demonstrate poor ther-
mostability and it is difficult to use them under special
conditions."”'%° Based on these considerations, the authors
aimed to increase the solubility of aromatic PIs by introducing
a trifluoromethyl group (CF;) (Scheme 4C),>* which has physio-
chemical characteristics such as a large free volume, excellent
electronegativity, a small atomic radius, and a low molar polar-
izability, and endows the CF;-containing PIs with some desir-
able properties.'®! It was determined that introducing selenide
could increase the RI, resulting in the highest RI value of 1.844
at a 633 nm wavelength and the lowest reflectivity of 17% at an
850 nm wavelength; thus, the antireflection coating and tri-
fluoromethyl groups could give a prominent result to improve
the solubility of PIs (Fig. 1).>>

Because of the poor structural control of PIs prepared by
general polycondensation, N-substituted phenyl maleimide
polymers are somewhat multipurpose materials that show
some good properties similar to PIs.'®> Maleimides were
employed as monomers to synthesize the polymers via RAFT
polymerization in the pendent group (Scheme 3B and C),*’
which helps realize dissolution, structure control and higher
RIs. The influence factors of refractive indices (RIs) to poly-
mers, such as the different substituent elements, molecular
weights, and maleimide and selenium contents, were investi-
gated in detail (Fig. 2). A higher molecular weight and sel-
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Fig. 1 Refractive index curves of five polyimide films and the structure of Pl4. Adapted with permission from ref. 52. Copyright 2019 Elsevier Ltd.
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enium content brought about higher RI values on this basis.
The maximum RI value is 1.869 at 633 nm, when it has an
equal molar ratio of SePMI and PhSeSt. Based on the revers-
ible transformation of selenide and selenoxide or selenone in
a redox solution, they built cycles of RI with redox and exhibi-
ted a good redox responsibility of RI. This will be used as a
potential RI responsive redox sensor. In addition to Zhu’s
works, You et al. reported selenide-containing PIs that can
enhance the refractive indices in the visible and near-infrared
regions (Scheme 4D),”* and they exhibited a refractive index of
1.778 at 637 nm. Recently, Tang and his coworkers synthesized
selenium-containing polymers using a multicomponent
polymerization which shows high efficiency, requires mild
reaction conditions and is atom economical,'®*'®* where thin
films fabricated by spin-coating exhibited high refractive
indices of up to 1.806 at 550.0 nm.'®® In summary, high
efficiency could be achieved by increasing the RI of polymers
by introducing a selenium group, and these high RI polymers
will show positive results in the optical fields.

4.2. Multiresponsive materials

Selenium-containing polymers showed multiresponsive behav-
ior with different stimuli, such as photo, irradiation, and
redox reaction. Among these stimuli, the redox stimulus, e.g.,
oxidative- and reductive-responsiveness, was considered as the
most interesting factor due to the biology and chemistry of the
selenium element and the existing reactive oxygen species in
the human body,"®* "% based on reversible multiple structural
variations from selenide to selenoxide or selenone, and then
being restored under these conditions.”” Selenocysteine (Sec),
known as a typical selenium source, has been widely discov-
ered in glutathione peroxidases (GPx),"”° and is involved in
important biochemical processes of antioxidation.'”" Lu and
his coworkers'”* synthesized selenium-containing polymers,
called P(EG,-SeHC), which were prepared by the ring-opening
polymerization of EG,-SeHC derived from selenohomocysteine
(SeHC) and oligoethylene glycol. Selenohomocysteine (SeHC)
is a derivative of Sec and has an N-carboxyanhydride group,
which is often used to synthesize polypeptides (Fig. 3).'”> The
obtained polymers are promising protein mimics due to their
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peptidic backbones and they show helical conformations.
Because of the redox character of Sec in cells, P(EG,-SeHC)
showed a similar redox responsivity. The results showed that
P(EG,-SeHC) could be oxidized with 20 mM H,0, for 1 h in
water at room temperature, compared to the oxidation of
homocysteine derived polypeptides,'” which normally require
300 mM H,0,, 1% acetic acid and 6 h at 38 °C and are then
completely restored with 30 mM dithiothreitol in 5 h. The
redox process is proven to be the structural variation of sele-
nide-selenoxide-selenide via NMR. Meanwhile, with the
change in the structural variation, according to circular dichro-
ism (CD) spectroscopy, the conformations of the polymer
undergo correspondingly rapid and reversible helix-coil-helix
transitions. Compared to the measurement method of CD
spectroscopy in transitions of conformations, a fluorescent
probe was simpler and more direct. Jing et al. synthesized sel-
enium-containing fluorescent micromolecules with an endo-
plasmic reticulum (ER) structure which is irreplaceable in
eukaryotic cells.””* The selenium-containing fluorescent
micromolecules showed a reversible structural variation of
selenide-selenoxide-selenide and exhibited emission-quench-
ing-emission of fluorescence using a photoinduced electron
transfer (PET) effect under a HCIO/GSH redox cycle. Of course,
other similar works have also been reported by some research-
ers, and most of these works focused on fluorescent
micromolecules.”>'7°

On the other hand, the drug delivery and release of sel-
enium-containing polymers by the redox response have
received extensive attention. Due to selenoxide and selenone
having better hydrophilicity than selenium, the self-assembly
behaviors of selenide-containing polymers can be regulated by
the change in redox conditions. Xu and his coworkers have
reported a series of studies. In 2010, they reported an amphi-
philic block copolymer with selenide moieties in the main
chain where the copolymer was loaded with Doxorubicin
(DOX) (Fig. 4A)."”” The copolymer could undergo self-assembly
to form micelles, and then it underwent a structural disassem-
bly and a controlled release of loaded DOX in 0.1% H,0,. X-ray
photoelectron spectroscopy (XPS) measurements showed a
transformation from selenide to selenone, which brought

-« Native P(EG,-SeHC)g,
— 0-P(EG,-SeHC)g,
— 0-P(EG,-SeHC)y, + DTT

4x10%+

2x10%4

-2x10%4

-4%10% T T 1
190 210 230 250

Wavelength (nm)

Molar Ellipticity (degree-cm?/dmol)
s 5

Fig. 3 Oxidation and reduction-induced helix—coil transition of P(EG4-SeHC) and its spectroscopy after H,O, oxidation followed by DTT reduction.
Adapted with permission from ref. 172. Copyright 2019 The Royal Society of Chemistry.
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Chemistry.

about a change from the hydrophilic to hydrophobic character.
Considering its mild oxidation conditions and the release of
DOX, this selenium-containing block copolymer is expected to
be further employed as a smart drug vehicle for the loading
and release of drugs in physiological environments. After the
report regarding these selenide moieties in the main chain of
the polymer, they developed an amphiphilic block graft
polymer PEO-b-PAA-Se with selenide moieties in the side chain
(Fig. 4B)."”® The micelle of the polymer which was formed via
self-assembly could disassemble into fragments and release
Nile red loaded under mild conditions of 0.1% H,O,, and "’Se
NMR showed a transformation from selenide to selenoxide.
Furthermore, when the authors added 0.5 wt% vitamin C as a
reductant, these fragments quickly assembled to micelles
because they were restored from selenoxide to selenide. The
process demonstrated that the reversible redox could act as a
potential biomaterial in drug delivery and release. Moreover,
some other analogous works reported by Xu and his coworkers
can be found in these literature reports.>>**

Zhu et al. introduced the redox responsiveness of selenium
polymers into high RI polymers to prepare responsive-RI redox
sensors. These polymer structures and their high RI are
reviewed in Schemes 3 and 4 and section 4.2.>>°* In the case
of maleimide polymers, the maximum RI value is 1.869 at

This journal is © the Partner Organisations 2020

633 nm, which is observed with an equal molar ratio of SePMI
and PhSeSt. Its RI could change from 1.869 to 1.768 after
being oxidized by 30% H,0,, and then being restored to 1.859
(Fig. 5).>° A similar case was taken in the reported selenide-
containing polyimide.>> The RI reversible changes were rea-
lized via the chemical structural transformation of selenide—
selenoxide-selenide in the redox agents, because of the differ-
ence in the molar refractive indices of selenide and selenoxide.
Therefore, these polymers could be potentially used as respon-
sive-RI redox sensors. Beside these studies, there were sporadic
reports on the redox chemistry of selenium, such as reversible-
tuning Krafft temperature and the reversible sol-gel

transition.'”**8°

4.3. Dynamic covalent bonds

Dynamic covalent bonds are a series of chemical covalent
bonds that can undergo reversible cleavage and formation
under some applicable conditions, such as temperature, light,
stress, etc.'8"'®2 Obviously, these different conditions can be
employed to realize relevant responsive behaviors. The key step
is the control of a reversible balance, including dynamic and
thermodynamic balances.'®® Therefore, it is an effective route
to build responsive polymers by introducing dynamic covalent
bonds to some polymers. Such examples of dynamic covalent
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resents the redox time). Reproduced with permission from ref. 35.
Copyright 2019 The Royal Society of Chemistry.

bonds in early research are summarized as imine bonds,®* %

interesterification,'®” "% Diels-Alder (D-A) bonds,"*"%* dise-
lenide (S-S) bonds,"***® etc. Soon afterwards, selenide-con-
taining (Se-X) bonds were expected to be used as dynamic
covalent bonds if they had a lower bond energy than an S-S
bond (S-S bond: 240 kJ mol™").%

Analogous to the S-S bond, Xu and his coworkers paid
attention to Se-Se bonds, because the Se-Se bond possesses a
lower bond energy (Se-Se bond: 172 kJ mol™'; S-S bond: 240 k]
mol ™" %°). In the work,”® the Se-Se bond was proven to be a
novel dynamic covalent bond via a model reaction of the mole-
cule with two symmetrical diselenide compounds under
visible light (380-780 nm) or heating (70 °C)(Fig. 6A). The
exchange process could be easily traced by "H NMR and ”’Se
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Fig. 6 A visible-light-induced diselenide exchange reaction. (A) Three
model compounds used in the diselenide exchange; (B) exchange reac-
tion between two different PS—Se—Se—PS. Reproduced with permission
from ref. 76. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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NMR, and the selenide radical was seized by 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO). After that, they expanded
the Se-Se bond to a polymer. Two diselenide-linked poly-
styrenes (PS-Se-Se-PS) (M,, = 90 kDa and M,, = 8 kDa) (Fig. 6B)
were synthesized and used for a model exchange reaction of
the polymer. A new PS-Se-Se-PS with a 49 kDa molecular
weight (the sum of half of 90 kDa and half of 8 kDa) was
obtained. The result showed that Se-Se can be employed as a
dynamic covalent bond in the polymer and that wavelengths
above 600 nm are sufficient to induce the exchange reaction.
On the basis of this result, in 2015, Xu et al. reported a self-
healing diselenide-containing polyurethane elastomer under
visible light."*® The self-healing process was realized by the
exchange reaction of the Se-Se bond in the polymer. They
obtained different contents of diselenide elastomers via
polymerization of different molar ratios of toluene diisocya-
nate (TDI), polytetramethyleneglycol (PTMG) and di-(1-hydro-
xyundecyl) diselenide (DiSe). A visualization method was taken
up to demonstrate these self-healing properties. When the
obtained elastomer bulk was cut into two small pieces and two
sections were put together lightly, after lighting for 24 h with a
lamp, the rebuilt elastomer could bear a maximum hanging
weight of 200 g. Simultaneously, the strain-stress curves were
used to quantificationally explain the effect of self-healing by
mechanical stretching of the healed elastomer. The optimal
result showed healing up to 72% of the uncut material after
lighting for 48 h with the lamp. However, on replacing the
lamp with a 457 nm 0.6 W laser, the time needed for healing
was greatly shortened from 48 h to only 30 min and the break-
ing stress could reach 84% of the uncut material. The research
provided guidance for the application of diselenide-containing
polymers as self-healing materials. Therewith, Zhu and his co-
workers also reported some works on diselenide self-healing
materials. In 2017, they reported a postmodification reaction
of a polyurethane prepolymer and p-aminophenyl diselenide
or p-aminophenyl disulfide as a crosslinker to obtain a cross-
linked diselenide or disulfide polyurethane.”” The obtained
polyurethane bulk was cut into two small pieces and two sec-
tions were put together lightly as well. According to their self-
healing property measurements, after 30 min, for the healing
samples based on diselenide, 56% of the initial material was
recovered; however, only 28% was recovered for the disulfide
material. When the time was extended to 24 h, the recovery of
the diselenide material was already 76%, while the recovery of
the disulfide material only reached 43% (Fig. 7A). It should be
noted that the self-healing processes were conducted without
heating and special lighting. Moreover, the diselenide poly-
urethanes showed better reprocessability and recyclable fea-
tures than disulfide polyurethanes when they were placed in
plates at 100 °C with pressure (Fig. 7B). Computational and
experimental investigations showed the ability of aromatic dis-
elenides to exchange much faster than aromatic disulfides. Of
course, the conclusion was matched with density functional
theory (DFT) analysis results. The report not only demonstrates
self-healing properties but also shows that a diamino cross-
linker is an important component in cross-linked polymers.
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After that, in 2019, they synthesized a novel diamino disele-
nide crosslinker via the ring opening reaction of
y-butyroselenolactone and postmodification reaction with pre-
pared polyurethane.'®” The obtained polymer also showed
better self-healing properties (almost 100%) without heating, a
catalyst, special lighting or reprocessing. Other researchers
expanded it to waterborne polyurethanes and the materials
showed good performance.'®®

Beside their use as self-healing materials, diselenide poly-
mers have been used in shape memory materials and other
materials because of the stress-relaxation of the Se-Se bond in
the dynamic exchange process. In 2017, Xu et al. reported
visible light-induced shape memory polymers based on disele-
nides."** The obtained polymers had different contents of dis-
elenide via polymerization of different molar ratios of diphe-
nylmethane diisocyanate (MDI), PTMG, DiSe and glycerol. On
the grounds of measurement data, the shape memory behavior
of the polymers could be adjusted by altering their thermal
properties, and they showed higher contents of diselenide,
which indicates better stress-relaxation and better properties
(Fig. 8A). In addition, differing from thermosetting polymers,

B)

Fig. 8 (A) Visual illustration of the shape memory behavior; (B) process
of the shape memory behavior and visible light-induced reshaping of
the permanent shape; (C) patterning of the synthesized materials utiliz-
ing a commercial projector as the light source. Reproduced with per-
mission from ref. 142. Copyright 2017 American Chemical Society.
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the obtained polymers exhibited plasticity under visible light.
The authors combined the shape memory feature and plas-
ticity to enable a periodic transformation between a temporary
shape and the permanent shape by visible light-induced
(Fig. 8B). More vividly, they employed a commercial projector
as the light source to pattern the obtained materials, which
had been stretched and they projected an image because the
stress of the irradiated parts was relaxed and bulged to show
the patterning of the material (Fig. 8C). Of course, other
researchers reported some similar works,'***°® which will not
be explained in detail here. Based on the shape memory prop-
erty of the Se-Se bond, Xu et al. recently reported tunable
structural color patterns that employed the visible-light-
responsive dynamic diselenide.**" In their work, they prepared
multiple complex patterns via a white LED and light from a
commercial projector. Moreover, these patterns showed a high
resolution. The key points of the work were the birefringence
phenomenon and the stress-relaxation of stretched selenium-
containing polymers under polarized light. Furthermore,
according to Xu’s report, the dynamic Se-Se bond has been
researched in cancer therapy.”””> The mechanism of action was
deemed to disrupt the antioxidant system in cancer cells via
the formation of Se-Se bonds inhibiting the activity of the
enzyme irreversibly. Some detailed works have been reported.
First, two small molecule model reactions were conducted to
prove that the Se-N bond in a synthesized small molecule
could attack Se in the Se-S bond in thioredoxin reductase
(TrxR) to form a new Se-Se bond in a physiological environ-
ment; then the amphiphilic block copolymer micelles with a
small molecule Se-N bond were reacted with TrxR. The results
demonstrated a novel pathway for anticancer research, focus-
ing on the mechanism of selenium-containing dynamic
covalent bonds.

In addition to the Se-Se bond, the Se-S bond,*** Se-N
bond,"*" and Se-Te bond were researched as dynamic
covalent bonds because of their weak bond energies (Se-S
bond: 203 k] mol™, Se-N bond: 193 k] mol™* and Se-Te bond:
28 kJ mol™).°® Some systematic works have been reported by
Xu and his coworkers. The Se-S bond was formed via the
exchange reaction of the S-S bond and Se-Se under UV, and it
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could revert to the S-S bond and Se-Se bond when it was irra-
diated with visible light.>*** The Se-N bond could be elimi-
nated by heating or adding acid after its formation via the reac-
tion of phenylselenium bromide and pyridine derivatives.>*>
Similarly, the Se-Te bond was prepared by a metathesis reac-
tion between diselenides and ditellurides, which could be
manipulated with the presence or absence of visible light.>*®

In particular, due to their weak bond energies, alkyl C-Se
bonds were also regarded as dynamic covalent bonds under
various stimuli, such as oxidation, reduction and light, to form
seleno radicals, which were applied in the chain structure
modification of polymers. The chain structures of the poly-
mers are considered to have a crucial relationship with their
properties. Some changes in the properties of polymers should
adjust their chain structures, such as chain growth and modifi-
cation of the configuration. Selenium-containing polymers
could realize the adjustment of chain structures under mild
stimulation, especially under light, based on a structural vari-
ation from the selenium functional group to the selenium free
radicals. As described in Scheme 2B,** the obtained selenium-
containing polymer could be further used to initiate the
radical polymerization of MMA under light irradiation to
cause chain growth by hemolytic cleavage of the CH,-Se bond
to form a selenium free radical. The polymerization was
mainly initiated by a carbon-centered radical and a selenium-
centered radical that could reversibly terminate the polymeriz-
ation. A similar work reported the synthesis of a block polymer
of St and MMA using PSt obtained from diselenide mediated
polymerization as a macroiniferter.>’” Specifically, according
to Zhu’s report,'*®> when the polymerization was mediated by
difunctional diselenocarbonates (Se-mediators), the Se unit
existed in the two ends of the polymer chain. After the amino-
lysis reaction, the terminal Se units of both chain ends were
converted to selenol, and then the selenol spontaneously
underwent a high-efficiency coupling reaction to generate the
multiblock or monoblock diselenide-containing cyclic polymer
depending on the polymer concentration (Fig. 9). These
studies indicated that selenium-containing polymers were
good precursors for further chain structure modification
because of the weak bond energy of Se-C and Se-Se.

In summary, polymers with these dynamic covalent bonds
showed some analogical features with diselenide-containing
polymers. Thus, it can be seen that dynamic covalent bonds
can endow the polymer materials with some intelligently
responsive characters and make it meaningful to seek novel
dynamic covalent bonds with other wunique types of
responsiveness.

4.4. Adsorbents of heavy metal elements

With the progress of chemistry and electronics, abundant
heavy metal elements (HMEs), including Au, Cu, Hg, Cr, Cd,
Pb, etc., have been discharged into water and soil. HMEs are
deemed unhealthy to flora and fauna and polluted water
destroys soil grown fruits. To solve these problems, scientists
developed selenium-containing materials as sorbents to
adsorb these HMEs, according to Pearson’s Hard and Soft,
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Fig. 9 The process of generating a diselenide-containing cyclic
polymer via aminolysis reaction of difunctional diselenocarbonates in
the two ends of the polymer chain and terminal selenol coupling reac-
tion. Reproduced with permission from ref. 135. Copyright 2016
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Acids and Bases (HSAB) principle.”°*>'* In the principle, soft

Lewis acids will preferentially react with soft Lewis bases, and
hard Lewis acids more easily react with hard Lewis bases. As a
result, selenium-containing materials that are deemed as soft
bases are excellent sorbents to these HMEs, which are
regarded as soft acids.

In these selenium-containing materials, selenium nano-
particles (Nano Se) were easier to employ, because of their
high specific surface area. In 2011, Bai et al. reported a work of
removing Cu”" from wastewater using Nano Se.”'' In their
work, a good adsorption effect to Cu** was shown and the
maximum value was 0.89 g g~'. With the process of adsorp-
tion, they obtained Cu,Se, which is a crucial semiconducting
material. In addition to this report, Jain and his coworkers
focused on the effluent treatment and the recovery of HMEs.
The main studies were on the adsorption of Zn>', Cu**, cd**
and others via the biogenic elemental selenium nanoparticles
(BioSeNPs), which were produced by the reduction of selenite
(Se0;>7) in the presence of anaerobic granules from a full-
scale upflow anaerobic sludge blanket reactor treating waste-
water from a paper mill. In detail, first, the maximum adsorp-
tion capacity observed was 0.06 g g~ for Zn** when the pH
was as low as 3.9.>'> Second, the adsorption capacity of Cu®*
reached 78% at pH 5.2.>"* Third, the maximum adsorption
capacity observed was 176.8 mg of Cd>" adsorbed per gram of
BioSeNPs.*'* These studies can be exploited to develop a novel
heavy metal removal process based on BioSeNPs.
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Analogous to Nano Se, selenium-containing polymers have
been developed as adsorbents of HMEs in recent years. Zhu
et al. synthesized selenium-containing phenolic resin spheres
(Se-RS) with a controlled selenium content through the
extended Stober method (Fig. 10A).>" The Se-RS exhibited an
adsorption capacity of Au** and Pd*’, existed in an aqueous
solution, and had maximum Au’* and Pd** uptake values of
25.17 mmol g~ and 2.19 mmol g™, respectively (Fig. 10B).*"
Even with a 0.4 ppb concentration of Au®*" in solution, the Se-
RS worked well. Meanwhile, the adsorbed Au®" takes the form
Au’, which is noble via the reduction reaction of Se-RS
(Fig. 10C).>" This indicates that Se-RS could be used in the
treatment of electronic waste sewage to effectively transform
Au** to gold, which will not only recycle water pollutants, but
also bring about economic benefits. After that, in 2020, Xu
et al. employed a novel selenium-containing polyurethane to
extract gold from electronic wastewater, where the maximum
adsorption capacity was 0.802 g per gram of Se-poly-
urethane.”'® Based on the results, first the authors designed
the equipment by combining a plastic tube filled with a syn-
thesized polymer and a peristaltic pump to simulate the
dynamic extraction process in industrial treatment
(Fig. 11A).>'® The result was further characterized by ICP-MS.
99.99% of Au®* was extracted with this system within 5 min,
exhibiting a high throughput and reliable effectiveness. Then,
in order to obtain bulk gold, they improved the route by pre-
paring Se-foam via crosslinking and foaming technology
(Fig. 11B).>'® Of course, compared to the dynamic extraction
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Fig. 11 (A) The equipment for simulating the dynamic extraction
process in industrial treatment and the color change of the Au®* solu-
tion before and after treatment with the system; (B) procedure of gold
extraction with Se-foam and posttreatments by competitive coordi-
nation or calcination. Reproduced with permission from ref. 216.
Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

process, the Se-foam is more convenient for operation and
transportation. In conclusion, selenium-containing materials
showed the expected adsorption properties for HMEs due to
their role as soft bases, and they are expected to make a few
contributions against HEM pollution and resource depletion.
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4.5. Application as catalysts

Catalysts play a crucial role in most chemical and biological
reactions.”’”*'® In general, transition metals are broadly
studied, because these heterogeneous catalysts are easy to
process and separate after the reactions.*'® However, sel-
enium-based catalysts have also been given much attention,
including organoselenium compounds, polymer-loaded sel-
enium agents and selenium-containing polymers, due to their
better catalytic activity and selectivity. In the past few years,
some studies involving organoselenium compounds as cata-
lysts have been reported.**°*>” Often, organoselenium cata-
lysts could be separated through filtration, distillation or
extraction, depending on the physical states of the products.**®
Under some conditions, these organoselenium compounds
will not work well and will have to be recycled. As a result,
polymer-loaded selenium agents and selenium-containing
polymers were considered as better techniques to be used as
catalysts.

With the techniques of using polymer-loaded selenium
agents, in 2006 Barrero et al. took solid-supported selenyl
bromide, which is commercially available as a catalyst, for
halogenation of the terminal isopropylidene units of different
acyclic polyolefinic polyprenoids regioselectively, and the best
yield of up to 96% was obtained.**® In addition to this work,
Detty and his coworkers focused on a gel loaded with selenium
as the catalyst. In 2008, they reported that 4-(hydroxymethyl)
phenyl benzyl selenoxide as a catalyst was sequestered in
xerogel, which was formed by 3-aminopropyltriethoxysilane/
tetraethoxysilane to catalyze the bromination of organic sub-
strates, such as 4-pentenoic acid, 3,5-dihydroxybenzoic acid,
1,3,5-trimethoxybenzene, N-phenylmorpholine, and N,N-di-
methylaniline.”** The result showed 23 times the effects com-
pared to its molecules, and it could be separated through fil-
tration and reuse. Some years later, they extended the work to
tetraethoxysilane xerogel with diselenide as a catalyst for the
reaction from unsaturated olefin acid to bromolactone.”" Its
main source as a catalyst was selenic acid, which is formed by
the oxidation of H,0,, and using X-ray photoelectron spec-
troscopy (XPS), its +4 oxidation state was verified. Similarly,
the catalyst could be reused and an approximate catalytic rate
was determined. Because of the commonality of the oxidation
of selenium with H,0,, Yu et al. wanted to design and prepare
a polymer resin-supported organoselenium catalyst, as they
expected its industrial potential.** In their work, they found
that selenium on polymers exhibited a hexavalent state, which
was different from that of the selenium micromolecule. When
a polymer resin-supported organoselenium catalyst was used
to catalyze the oxidation reaction of cyclohexene with H,0, in
water to form trans-1,2-cyclohexanediol, which was an impor-
tant industrial intermediate, the catalytic process showed that
the high-valent (+6) selenium species were reduced to divalent
selenium (+2). The reaction showed a 98% yield under optimal
conditions (only 1 mol% catalyst). Beside the high efficiency,
the polymer resin-supported organoselenium catalyst could be
recycled and reused at least 5 times without deactivation.
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Compared with selenium micromolecules, especially
RSeSeR,?***?8 divalent selenium is more active, which means
it could be reoxidized by air, and the reaction needs no excess
H,0,. In addition to polymer-loaded selenium agents, sel-
enium-containing polymers were expected to show a better
catalytic performance and recyclability, but there were few
reports. Recently, Pich and his coworkers combined poly(N-
vinylcaprolactam) (PVCL) and a diselenide cross-linker to form
a selenium-containing microgel to catalyze the reaction of
acrolein (Fig. 12A).>'° Obviously, the catalytic system combined
the advantages of the microgel, which could swell, and disele-
nide, which could break the Se-Se bond. Its catalytic process
mechanism was that acrolein and other reagents entered into
the three-dimensional network of the microgel when it swelled
in the solution, and diselenide was oxidized to form selenic
acid, which could catalyze acrolein to obtain acrylic acid (AA)
and methyl acrylate (MA) (Fig. 12B).>'® Then, with the for-
mation of selenic acid, the degree of crosslinking declined and
the product could return from the microgel. Of course, the
content of AA and MA depended on the reaction solvent. In
summary, the selenium species were employed as catalysts in

A)
H,0, 50 °C HO{'CH;)’B(
NaBH, + Se —2 Na,Se, H20'50,(‘:‘ HO('CHZ)'-‘SeSe{CHZ}HOH
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Fig. 12 The synthesis route of selenium containing PVCL microgels and
it catalyzing the oxidation reaction of acrolein with H,O,, resulting in AA
and MA. Reproduced with permission from ref. 219. Copyright 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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many reactions, and they worked well. Specifically, selenium-
containing polymers with a better catalytic performance and
recyclability will be the goal for realizing universality under
different conditions, due to the multiple structures of
polymers.

5. Conclusion and outlook

In summary, this paper gave a brief overview of the organic
reactions of organoselenium and summarized works on the
synthesis of selenium-containing polymers using different
methods. More specifically, these methods involve Se mono-
mers and their polymerization, Se-initiators for polymeriz-
ation, Se-mediators for controlled polymerization and Se-mole-
cules for the postmodification of polymers. The obtained sel-
enium-containing polymers showed outstanding and unique
properties, including redox characteristics, high refractive
indices, dynamic responsiveness and the characteristics of
adsorption and catalysis which have been widely used in
different fields, especially in the fabrication of bio-based and
high performance materials based on their multi-responsive
properties.

In addition to the reported research, there are certainly still
some meaningful and challenging studies to perform on sel-
enium-containing polymers. First, the amount, structure and
position of selenium containing moieties in these polymers
would dominantly determine their properties. Thus, a further
understanding of the chemistry of the synthesis of selenium
containing polymers with a precise control of the polymer
structure, especially the amount, structure and position of sel-
enium moieties in polymers, is still one of these research
studies focused in this field. Second, the excellent multiple
and sensitive responsiveness of selenium containing polymers
to different stimuli makes them unique candidates for the fab-
rication of a wide range of functional materials. New appli-
cation fields, such as oxidant and reductant sensors, photonic
crystals, responsive gels etc., could be explored. Last but not
least, the widely explored catalysis based on selenium com-
pounds in organic chemistry could be developed further by
introducing a related structure into the polymer for improving
its catalytic efficiency and endowing it with the recycling

property.
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