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Sequence-controlled polychalcogenophenes have attracted much interest in terms of synthesis, structure and
function in polymer science. For the first time, we developed a new class of alternating block conjugated
copolymers denoted as poly(alt-AB),-b-(alt-AC), where both blocks are constituted by an alternating
copolymer. 3-Hexylthiophene (S), 3-hexylselenophene (Se) and 3-hexyltellurophene (Te) are used as A, B
and C units to assemble three sequence-controlled polychalcogenophenes P(SSe)b(STe), P(SSe)b(SeTe) and
P(STe)b(SeTe) which are prepared by adding two different Grignard monomers in sequence to carry out
Ni(dppp)Cl,-catalyzed Kumada polymerization. The molecular weight, dispersity, and length of each block (x
= y) and main-chain sequence can be synthetically controlled via the catalyst transfer polycondensation
mechanism. The polymer structures, i.e. alternating block main chain with high side-chain regioregularity,
are unambiguously confirmed by *H-NMR and ®*C-NMR. The optical and electrochemical properties of the
polymers can be systematically fine-tuned by the composition and ratio of the chalcogenophenes. From
GIWAXS measurements, all the polymers exhibited predominantly edge-on orientations, indicating that the
packing behaviors of the alternating block polychalcogenophenes with high regioregularity are inherited
from the highly crystalline P3HT. P(SSe)b(STe) exhibited a hole OFET mobility of 1.4 x 1072 cm? V1 s7%,

which represents one of the highest values among the tellurophene-containing polychalcogenophenes. The
Received 5th May 2023

Accepted 13th July 2023 tellurophene units in the polymers can undergo Br, addition to form the oxidized TeBr, species which

results in dramatically red-shifted absorption due to the alternating arrangement to induce strong charge
transfer character. The OFET devices using the tellurophene-containing polychalcogenophenes can be
applied for Br, detection, showing high sensitivity, selectivity and reversibility.
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(OPVs)'*'* and field-effect transistors (OFETs).">'* Regioregular

Introduction ) \ )
poly(3-alkylthiophene) (P3AT) is one of the most representative

Biopolymers with perfectly ordered sequences exhibit unique
structural properties and fascinating functions unmatched by
synthetic polymers. The recent advances in organometallic
chemistry in organic synthesis have paved the way to access
various types of sequence-controlled polymers with novel
structural features." The synthesis of sequence-controlled
conjugated polymers (SCCPs) is one of the emerging and chal-
lenging topics in polymer science.*® SCCPs with structural
regularity are prone to self-assembly into ordered nano-
structures, which is essential for realizing high-performance
organic optoelectronics, such as organic photovoltaics
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semiconducting polymers widely applied in various organic
optoelectronics due to its high crystallinity, ordered packing
structure in thin film and good chemical stability.**** However,
the limited absorption window of 300 to 550 nm with fixed
energy levels is the main deficiency of P3ATs. Despite the fact
that aliphatic side-chain modification has been implemented to
tailor the solubility and morphological properties of P3AT, it
has little effect on the optical and electrochemical properties.
Consequently, donor-acceptor (D-A) conjugated copolymers
prepared by metal-catalyzed polymerization of an electron-
deficient monomer with an electron-rich monomer have been
considerably developed to tailor HOMO/LUMO energy levels
with a tunable optical bandgap.'*'” Nevertheless, incorporation
of two discrepant units with different sizes, geometric shapes,
polarities and side-chain substituents dramatically alters the
intermolecular interactions, resulting in unpredictable solid-
state molecular packing and morphology.
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Sequence-controlled polychalcogenophenes
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Fig. 1 Homopolychalcogenophenes P3HT, P3HSe, and P3HTe; block polychalcogenophenes P(S)b(Se), P(S)b(Te) and P(Se)b(Te); alternating
polychalcogenophenes PSSe, PSTe, and PSeTe; and alternating block polychalcogenophenes P(SSe)b(STe), P(SSe)b(SeTe), and P(STe)b(SeTe) in

this work.

Selenophene and tellurophene in the chalcogenophene
family using heavier selenium and tellurium elements in group
16 have similar structural geometries to thiophene but different
electronic properties.’*** Compared to thiophene, selenophene
and tellurophene have lower aromaticity and higher polariz-
ability resulting in a reduced HOMO/LUMO bandgap and
enhanced intermolecular interactions.**? Tellurophene has
even more distinct properties and pronounced impacts due to
the metalloid character of tellurium.*®*

Poly(3-hexylselenophene) P3HSe poly(3-
hexyltellurophene) P3HTe have been synthesized by using
traditional catalyst transfer polymerization (CTP).**** The
strong intermolecular interactions of P3HSe, especially P3HTe,
were found to unfavorably lead to reduced solubility, thereby
limiting the molecular weight growth during polymerization
and deteriorating the thin-film formation directly related to the
charge transport, unless the high-carbon aliphatic side chains
are introduced.*

It is envisaged that integration of selenophene or tellur-
ophene analogs with thiophene in a polymer backbone provides
a practical and effective approach to fine-tune optical and
electronic properties without substantially altering the ordered
packing behavior and sacrificing solution processability.
Consequently, the assembling 3-hexylthiophene, 3-hex-
ylselenophene and 3-hexyltellurophene monomers with
controlled sequence, ratio, combination and regioregularity will
lead to a new class of structurally and functionally appealing
polychalcogenophenes.

Block copolymers with controlled morphology are of great
significance in nanomaterials and nanotechnology.**” Block
polychalcogenophenes such as poly(3-hexylthiophene-block-3-
hexylselenophene) P(S)b(Se)**** and poly(3-hexylthiophene-
block-3-hexyltellurophene) P(S)b(Te) ** have been synthesized by
controlling the addition sequence of the two monomers during
the CTP process (Fig. 1).

On the other hand, synthesis of AB-type alternating poly-
chalcogenophenes with high side-chain regioregularity is more
challenging.**” Recently, we developed a new series of well-

and

© 2023 The Author(s). Published by the Royal Society of Chemistry

designed AB-type monomers for the preparation of poly(3-hex-
ylthiophene-alt-3-hexylselenophene) PSSe, poly(3-hexylthiophene-
alt-3-hexyltellurophene) PSTe and poly(3-hexylselenophene-alt-3-
hexyltellurophene) PSeTe (Fig. 1).** Development of a block
conjugated polymer where one block is comprised of an alter-
nating copolymer is also of great interest in polymer science. For
example, poly[3-hexylthiophene-block-(alt-donor-acceptor),],
where P3HT is the first block followed by covalent extension with
the second block of an alternating D-A conjugated copolymer,
was designed and synthesized.**** The purpose of such a polymer
arrangement is to induce microphase separation between the
donor block (P3HT) and the acceptor block (D-A) which can be
used as a single-component active layer for organic solar cells.**
To the best of our knowledge, block conjugated polymers in
which both blocks are constituted by alternating copolymers
denoted as poly(ait-AB),-b-(alt-AC), have seldom been reported
and explored.” We envision that 3-hexylthiophene, 3-hex-
ylselenophene and 3-hexyltellurophene could be used as A, B and
C units to create such unprecedented sequence-controlled poly-
chalcogenophenes with high side-chain regioregularity. To this
end, we report the first synthesis of a new class of poly(alt-AB),-b-
(ait-AC), type polychalcogenophenes where each block consists of
an alternating copolymer, including poly(3-hexylthiophene-aiz-3-
hexylselenophene)-block-(3-hexylthiophene-alt-3-hexyltellur-
ophene) denoted as P(SSe)b(STe), poly(3-hexylthiophene-aiz-3-
hexylselenophene)-block-(3-hexylselenophene-alt-3-hexyltellur-
ophene) denoted as P(SSe)b(SeTe) and poly(3-hexylthiophene-alt-
3-hexyltellurophene)-block-(3-hexylselenophene-ait-3-hexyltellur-
ophene) denoted as P(STe)b(SeTe) (Fig. 1). Their structural
features, intrinsic molecular and morphological properties, Br,
oxidation and OFETs for Br, sensors have been thoroughly
investigated.

Results and discussion
Synthesis of block copolymer

The block copolymers were synthesized via Grignard metathesis
followed by Kumada catalyst transfer polycondensation (KCTP).
Three kinds of unsymmetrical diiodobichalcogenophene
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Scheme 1 Regioselective Grignard metathesis of SSel,, STelz, and
SeTel, monomers with 'PrMgCl-LiCl to form unsymmetrical active
monomer species MgSSel, MgSTel, and MgSeTel.

monomers SSel,, STel,, and SeTel, were designed and synthe-
sized according to our previous work.*® Due to the favorable
electronic and steric effects, the Grignard metathesis of SSel,,
STel,, and SeTel, with one equivalent of iPngCl-LiCl occurs
regioselectively at the lighter chalcogenophenes to form
MgSSel, MgSTel, and MgSeTel, respectively (Scheme 1).

For the synthesis of P(SSe)b(STe), the SSel, was reacted with
‘PrMgCl-LiCl to form MgSSel which undergoes Ni(dppp)Cl,-
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catalyzed Kumada polymerization at room temperature. After
the MgSSel monomer was completely consumed to form the
first PSSe block for 30 min, a second freshly prepared MgSTel
monomer was introduced to continue elongating the second
block for 2 h, leading to the formation of P(SSe)b(STe). The
molar ratio of Ni(dppp)Cl,/MgSSel/MgSTel is set as 1:50:50.
High-temperature gel permeation chromatography with tri-
chlorobenzene as eluent was used to monitor the polymeriza-
tion reaction. As soon as the polymerization was quenched by
6 M HCI/MeOH solution after 30 min, the molecular weight of
the first block PSSe was determined to be M, = 11.4 kDa with
a dispersity (P) of 1.20 (Fig. 2). The resultant block polymer
P(SSe)b(STe) exhibited an increased M, = 24.2 kDa with b =
1.30, confirming the continuous growth of the second PSTe
block on the first PSSe block.

In a similar manner, P(SSe)b(SeTe) and P(STe)b(SeTe) were
successfully prepared by Grignard metathesis/Kumada
Ni(dppp)Cl,-catalyzed sequence-controlled polymerization of
MgsSSel (first block, 30 min)/MgSeTel (second block, 2 h) and
MgSTel (first block, 30 min)/MgSeTel (second block, 2 h),
respectively (Fig. 2). The molecular weights of the first block and
block polymers are shown in Fig. 2. Because the molar ratio of
Ni(dppp)Cl,/first monomer/second monomer is kept as 1:50:
50, the conjugated length of the two blocks in the three poly-
mers is approximately the same due to the CTP character. As
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(a) Synthesis of alternating block copolymers P(SSe)b(STe), P(SSe)b(SeTe) and P(STe)b(SeTe) by two-step sequential Ni({dppp)Cl,-cata-
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Fig. 3 Comparison of the aromatic protons of P(SSe)b(STe), P(SSe)b(SeTe) and P(STe)b(SeTe) in *H NMR spectra.

a result, the ratio of thiophene/selenophene/tellurophene
composition is roughly Sso/Sess00/Tess0, for P(SSe)b(STe),
Sa506/S€5006/T€250, fOr P(SSe)b(SeTe), and S,s50./S€s500/Te500, fOr
P(STe)b(SeTe).

"H- and '*C-NMR spectroscopy was used to investigate the
chemical structures of the three block alternating poly(-
bichalcogenophene)s (Fig. 3 and S11). The 'H-NMR spectra of
the P(SSe)b(STe), P(SSe)b(SeTe) and P(STe)b(SeTe) polymers all
showed four well-defined singlet peaks in the aromatic region,
confirming four kinds of protons in four different 3-hex-
ylchalcogenophene environments (two from one block and two
from the other), which is consistent with the block structures
with high side-chain regioregularity. The chemical shifts of
protons on thiophene (H,)/selenophene (Hj;,) of the SSe block
and thiophene (H.)/tellurophene (Hg) of the second STe block

(a)

are determined to be 6.93/7.19 and 6.83/7.65 ppm, respectively,
for P(SSe)b(STe). In a similar manner, the chemical shifts of
protons on thiophene (H,)/selenophene (Hy,) of the SSe block
and selenophene (H.)/tellurophene (Hg) of the second SeTe
block are determined to be 6.92/7.18 and 7.00/7.57 ppm for
P(SSe)b(SeTe). Furthermore, the chemical shifts of protons on
thiophene (H.)/tellurophene (Hg) of the STe block and seleno-
phene (H.)/tellurophene (Hy) of the second SeTe block are 6.82/
7.64 and 7.00/7.57 ppm for P(STe)b(SeTe). It should be noted
that the chemical shifts of the protons of the SSe, STe and SeTe
blocks in the three different polymers are essentially identical,
clearly demonstrating the formation of regioregular alternating
block architectures. On the other hand, the integration ratio of
H, + Hy, : H. + Hy for P(SSe)b(STe), H, + Hy, : H. + H; for P(SSe)
b(SeTe) and H. + Hq : H, + H¢ for P(STe)b(SeTe) is approximately

(b)
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Fig. 4 Absorption spectra of P(SSe)b(STe), P(SSe)b(SeTe), and P(STe)b(SeTe) in (a) o-DCB solution and (b) the thin-film state.
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1.00:1.01, 1.00:1.04 and 1.00:1.00, respectively, indicating
that the two blocks in the three polymers have essentially the
same conjugated length. In other words, the molar ratio of the
thiophene : selenophene : tellurophene units in P(SSe)b(STe),
P(SSe)b(SeTe) and P(STe)b(SeTe) is 2:1:1,1:2:1 and 1:1:2,
respectively. This result confirms the character of catalyst
transfer polymerization so that the length of the two blocks can
be synthetically controlled by the feed ratio of the two mono-
mers (1 to 1). On the other hand, the ">C-NMR spectra of the
P(SSe)b(STe), P(SSe)b(SeTe) and P(STe)b(SeTe) show sixteen
aromatic peaks derived from four different 3-hex-
ylchalcogenophene environments, which is also in good
agreement with the block structures of the polymers (see the
ESIT). The peaks appearing at 2.6-2.8 ppm come from the
protons on the first carbon atoms of the hexyl side-chains.

Reversing the synthetic sequence of the block copolymer was
also attempted. Using MgSeTel as the first monomer and
MgSSel as the second monomer resulted in the formation of
P(SeTe)b(SSe) with M,, = 25.4 kDa and D = 1.37 which have the
same characteristics as P(SSe)b(SeTe). This experiment revealed
that changing the monomer addition sequence does not affect
the polymerization. The Ni species can undergo reductive
elimination to form the carbon-carbon bond at the block-block
junction and subsequently migrate (ring walk) to the chain end
to propagate the second block.

Optical properties

To investigate the chalcogen effects on the optical absorption
behavior of the block polychalcogenophenes, the UV-visible
absorption spectra were recorded both in solution state
(Fig. 4a) and thin-film state (Fig. 4b). The absorption data are
summarized in Table 1. Upon increasing the amount of heavier
chalcogenophenes (selenophene and tellurophene) in the
polymers, the absorption is gradually red-shifted with accom-
panying broadening of the full width at half maximum (FWHM)
of the band. In solution, the A;.x of the P(SSe)b(STe) block
copolymer was observed at 488 nm which is in between those of
the PSSe (471 nm) and PSTe (504 nm). Similarly, the absorption
maximum of P(SSe)b(SeTe) at 490 nm is also in between those of
PSSe (471 nm) and PSeTe (541 nm). With a heavier chalcogen
involved, P(STe)b(SeTe) (Sys59./S€s500/Te5005) €xhibited a strong
absorption peak in the 400-600 nm range, extending the A;,ax to
514 nm (in between PSTe and PSeTe) as shown in Fig. 4a. All
three polymers exhibited red-shifted absorption profiles both in
Amax and Agneet vValues in thin-film states: 584 and 743 nm for
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P(SSe)b(STe) (Sso0/S€a500/Te250); 594 and 830 nm for P(SSe)
b(SeTe) (Sa500/S€5006/T€250,); 600 and 830 nm for P(STe)b(SeTe)
(Sz590/S€2506/Te5005)- It is interesting to find that block alter-
nating copolymers P(SSe)b(STe) (Ssou/S€2506/T€250), P(SSe€)
b(SeTe) (Sas00/S€s006/T€250), and P(STe)b(SeTe) (Sasou/S€zs00/
Tes09,) turn out to have more red-shifted A, values than the
single block of alternating copolymers PSTe (Ssoo,/T€5000, 576
nm) and PSeTe (Sesoo/Tes00,, 589 Nm) which actually contain
a higher percentage of heavier chalcogenophenes. This result
implies that block alternating copolymers might have more
ordered m-7 stacking than the single block alternating copol-
ymers. In particular, P(SSe)b(SeTe) showed the most red-shifted
Amax from solution to solid state (more than 100 nm shift),
implying that P(SSe)b(SeTe) might have the highest order of
polymeric packing among the three polymers. We envisage that
the SSe block in one P(SSe)b(SeTe) polymer might prefer to
interact with the SeTe block in another polymer to form a more
balanced m-stacking distance.

Electrochemical properties

Cyclic voltammetry (CV) was evaluated to examine the electro-
chemical properties of the polymers and determine their
HOMO and LUMO energy levels and electrochemical bandgaps
(Fig. 5 and Table 1). Increasing the amount of heavier chalco-
genophenes in the polymers resulted in the gradually elevated
HOMO levels and reduced LUMO levels, thereby narrowing the
band gaps, which is consistent with the optical properties.

To gain insight into the molecular orientation and packing
of polymers, grazing incidence wide-angle X-ray scattering
(GIWAXS) was performed to investigate the morphology of thin
films prepared on silicon wafers. The 2D GIWAXS images and
the corresponding 1-dimensional out-of-plane (g,) and in-plane
(gxy) diffraction patterns of the polymer thin films annealed at
100 °C for 10 minutes and as-cast are illustrated in Fig. 6 and
Table 2, respectively. The polymers exhibited obvious (010) in-
plane peaks corresponding to periodic -7 stacking between
the two facing conjugated backbones, indicating that the poly-
mers are arranged in predominantly edge-on orientations with
the backbone plane nearly perpendicular to the substrate,
which is beneficial for horizontal charge transfer.>*** The w-7
stacking distances (d.) of P(SSe)b(STe) and P(SSe)b(SeTe)
showed the same packing distance of 3.84 A similar to that of
lighter block PSSe while the d.. of 3.92 A for the P(STe)b(SeTe) is
between those of the two blocks PSTe and PSeTe (3.87 A for
PSeTe, and 3.94 A for PSTe). Besides, the P(SSe)b(STe), P(SSe)

Table 1 Optical and electrochemical properties of P(SSe)b(STe), P(SSe)b(SeTe), and P(STe)b(SeTe)

Amax (NM)

0-DCB* Film Jonset (NM) EP* (eV) LUMO (eV) HOMO (eV) ES* (eV)
P(SSe)b(STe) 488 584 743 1.67 —2.70 —4.88 2.18
P(SSe)b(SeTe) 490 594 830 1.55 —2.71 —4.83 2.12
P(STe)b(SeTe) 514 600 830 1.55 —2.86 —4.81 2.01

% O-dichlorobenzene.
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b(SeTe) and P(STe)b(SeTe) polymer films exhibited out-of-plane
(h00) signals assigned to a lamellar spacing (d) corresponding
to side-chain interdigitation. Interestingly, the lamellar spacing
dy decreased upon increasing the tellurophene content (16.02 A
for P(STe)h(SeTe), 16.08 A for P(SSe)h(STe), and 16.44 A for
P(SSe)b(SeTe)). This observation can be rationalized by the fact
that the increased - stacking distance allows more space for
the interdigitation of hexyl groups, thus leading to the short-
ened lamellar distance.***” After thermal annealing at 100 °C for
10 min, the d, distance of P(SSe)b(STe) and P(SSe)b(SeTe)
slightly decreases with enhanced signal intensities, indicating
the thermal-induced formation of more compact structures.
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(a) Cyclic voltammetry plots of P(SSe)b(STe), P(SSe)b(SeTe), and P(STe)b(SeTe) in thin films and (b) the HOMO/LUMO energy levels.

Morphological characterization

Atomic force microscopy (AFM) was conducted to investigate
the surface morphology of the block copolymers in the thin film
state (Fig. 7). Because of the relatively low solubility of the
polymers, o-dichlorobenzene was chosen as the processing
solvent. The root-mean-square roughness (R,) is associated with
the content of chalcogenophene units. P(SSe)b(STe) (Ssoo/
Se,s500/Tess50,) With 50% thiophene content exhibited a relatively
smooth and uniform surface with a small root-mean-square
roughness (R;) of 1.88 nm. The R, of P(SSe)b(SeTe) (Sas0/
Seson/Tess0,) and P(STe)b(SeTe) (Sys00/S€2500/Te5006) With
increasing heavier chalcogenophene content is increased to

Annealing at 100 °'C
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(a) P(SSe)b(STe), (b) P(SSe)b(SeTe), and (c) P(STe)b(SeTe) 2D-GIWAXS images of the polymer thin films measured before and after thermal

annealing at 100 °C and their corresponding 1D in-plane (bottom) and out-of-plane (up) linecuts.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2023, 14, 8552-8563 | 8557


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02289g

Open Access Article. Published on 14 July 2023. Downloaded on 1/20/2026 6:56:16 AM.

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

(cc)

Chemical Science

Table 2 Lamellar and w-stacking spacings of the polymers
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As-cast

After thermal annealing at 100 °C

m-Stacking

Lamellar spacing T-Stacking

Lamellar spacing () (A) spacing (d.) (A) (d) (A) spacing (d,.) (A)
P(SSe)b(STe) 16.08 3.84 16.08 3.83
P(SSe)b(SeTe) 16.44 3.84 16.44 3.83
P(STe)b(SeTe) 16.02 3.92 16.01 3.92
PSSe 16.51 3.84 16.51 3.83
PSTe 15.95 3.94 15.92 3.92
PSeTe 16.33 3.87 16.28 3.87

P(SSEIb(STe) &
Rg = %.88 nm

Height

2.0 pm'

0.0 Tapping Phase 2.0 pm. 0.0

P(SSe)b(SeTe)
Rq =2.97 nm

Tapping Phase 2.0 pm.
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Fig.7 Height (a—c) and phase (d—f) images of atomic force microscopy: P(SSe)b(STe) (a and d), P(SSe)b(SeTe) (b and e), and P(STe)b(SeTe) (c and

f).

2.97 and 3.39 nm, respectively. As the ratio of heavier chalco-
genophenes increases in a polymer, the strength of intermo-
lecular interaction also increases. These changes lead to the
formation of larger aggregates with higher R.

Transistor characterization

To investigate the charge mobility of three p-type polymers,
organic field-effect transistors (OFETs) were fabricated by spin-
coating P(SSe)b(STe), P(SSe)b(SeTe) and P(STe)b(SeTe) solutions
on the incorporating ODTS-treated SiO,/Si dielectric substrates
in a bottom-gate/top-contact structure. The polymeric thin films
were thermally annealed at 100 °C for 10 min. The output
characteristics and transfer characteristics are shown in Fig. 8.
Due to the edge-on - stacking orientation for efficient charge
transport in OFETs, P(SSe)b(STe) exhibited a hole mobility of
1.4 x 1072 cm® V' s, which represents one of the highest
values among the tellurophene-containing poly-
chalcogenophenes. It is also interesting to find that the mobility
of block P(SSe)b(STe) is higher than that of the single block
polymer (7.2 x 107° cm®> V™' s for PSSe and 2.7 x 10> cm?
Vv~ s for PSTe) due to further reduced packing distances.

8558 | Chem. Sci, 2023, 14, 8552-8563

While introducing heavier chalcogenophenes, P(SSe)b(SeTe)
and P(STe)b(SeTe) exhibited slightly reduced mobilities of 5.0 x
1072 em® V7' s7! and 4.6 x 107° em® V! s, Similarly, the
values are also higher than that of single block PSeTe (5.2 x
10 *em?* Vv 's ).

In particular, P(STe)b(SeTe) containing 50% Te has larger -
m stacking spacing (3.92 A) due to the larger radius of the Te
atom, which might affect the intermolecular charge hopping
transportation. Moreover, P(SSe)b(SeTe) and P(STe)b(SeTe)
exhibit relatively low solubility due to the presence of strong Te-
Te, Se-Se, or Te-Se interactions. This characteristic poses
a challenge in forming high-quality thin films suitable for
OFETs. We envisage that the OFET mobility of tellurophene-
containing polychalcogenophenes can be improved by replac-
ing the hexyl group with longer branched aliphatic side chains.

Bromine addition for PSTe and P(SSe)b(PSTe)

The metalloid character of tellurium enables tellurophene to
undergo chemical coordination to form hyper-valence
species.”®** In particular, previous studies conducted by Seferos
et al. and others have demonstrated that small molecules and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Output and transfer characteristics of OFETs based on P(SSe)b(STe) (a and d), P(SSe)b(SeTe) (b and e), and P(STe)b(SeTe) (c and f).

conjugated polymers incorporating tellurophene units can
undergo bromine addition at the tellurium (Te) center.*>*”
However, bromine addition for tellurophene-incorporated

polychalcogenophenes in an alternating fashion and the
resulting properties have never been explored. STePh,,
a monomer containing a single (3-hexylthiophene-3-

(Ha)2C (He)2C,
B
N\ s @ f
O Te \ / ] _Te,
(Hp)2C (Ha)2C,
STePh, STePh,Br,
Ha Hb
(a) STePh, M
20 315 310 305 300 295 29 285 280 275 270 265 260 255 250 2.‘45 240 235 2.;
(b) STePh,+ 0.5 Br, M Ha Hy J\'KL
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H H
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- T e e ———
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Fig.9 Bromine addition for the STePh, model compound. *H NMR spectra of (a) STePh, and (b) STePh, with 0.5 eq. of Br, and (c) STePh, with 1
eqg. of Br, in the aliphatic region (2.3-3.2 ppm). H,/H,, are protons on the alpha carbons of the hexyl groups in STePh, and H./Hq are the

corresponding protons in STePh,Br, after bromination.
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Fig.10 Absorption spectra of STePh, in CHClz upon bromine titration.

hexyltellurophene) unit, was designed and synthesized as
a reference compound for carefully studying the bromine
coordination (Fig. 9 and S21). '"H-NMR of STePh, is used to
monitored the progress of bromine addition. The two triplet
peaks at around 2.5-3.0 ppm are from the characteristic protons
of the first carbon (CH,) in the two different hexyl groups
(Fig. 9). Upon titration of 0.5 eq. of bromine in the solution, two
new triplet peaks emerge and the integration ratio between the
original and new triplet peaks is about 1: 1, implying that 50%
of STePh, undergoes bromine addition at the tellurophene
moiety. Upon titration of 1 eq. of bromine in the solution, the
original peaks are completely replaced by the new triplet peaks.
Similar behaviors can be observed in the aromatic region, ruling
out the possibility of bromo-substitution at the B-position of
thiophene or tellurophene. The absorption spectrum of STePh,
was also measured upon addition of bromine (Fig. 10). The
absorption band with A, at 376 nm is gradually decreased
with concomitant appearance of a new band at 462 nm. The
absorption profile is saturated when 1.4 eq. of bromine is
introduced. The observation of an isosbestic point at 425 nm
clearly indicates that only two STePh, and STePh,Br, species are
directly interconverted without formation of other intermedi-
ates. Mass spectrometry showing the molecular weight of 742
m/z again confirms the formation of STePh,Br, (Fig. S37).

(@) 2.

View Article Online

Edge Article

After the structure of STePh,Br, has been confirmed, we
further monitor the absorption change of the alternating PSTe
copolymer with 50% of tellurophene with respect to bromine
addition. To be more precise, for titration, the concentration of
PSTe (M) in 0-DCB is calculated based on the molecular weight
of the STe repeating unit (428.15 m/z). When bromine (from low
to high: 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 equiva-
lents) is introduced, the A« band at 504 nm is gradually
reduced and hypsochromically shifted while a new band at
longer wavelengths steadily intensifies along with the bath-
ochromically shifted Ap,.x (Fig. 11a). The absorption spectrum is
saturated at 1.8 eq. of bromine with a final A, located at
768 nm. The overall A, red-shift of 264 nm, the largest value
ever observed in the literature, is rather significant, indicating
that strong and efficient photo-induced intramolecular charge
transfer takes place between the [thiophene/electron-deficient
TeBr, (IV)] units in an alternating manner. The same
bromine-addition absorption experiments were carried out for
P(SSe)b(PSTe) whose concentration is based on the molecular
weight of SSeSTe (908 m/z) on the condition that the SSe and STe
blocks have the same length. P(SSe)b(PSTe) exhibited similar
optical behaviors with conversion of the original band at A, of
488 nm to a new band at Ay, of 769 nm when reaching satu-
ration at 1.8 eq. of bromine addition (Fig. 11b). Although only
the PSTe block can react with bromine, the overall A,,,, red-shift
of P(SSe)b(PSTe) is 281 nm which is even larger than that of
PSTe. Furthermore, unlike PSTe, the original band of P(SSe)
b(PSTe) does not completely vanish upon addition of bromine,
which should be ascribed to the absorption of the non-Te PSSe
block. These results demonstrate that the block and alternating
arrangement of P(SSe)b(PSTe) with the coordination nature of
Te enable us to precisely modulate the optical absorption from
the UV-Vis to near-infrared region. It should be noted that after
bromine addition, the solubility of the P(SSe)b(STeBr,)
decreases, which implies stronger intermolecular interactions
ascribed to electrostatic interactions or dipole-dipole interac-
tions induced by the more electron-deficient TeBr, (IV) species.

OFET devices as bromine sensors

After understanding the Br, coordination ability of the
tellurophene-containing polychalcogenophenes, it is envisaged
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Fig. 11 Absorption spectra of (a) PSTe and (b) P(SSe)b(PSTe) in o-DCB upon bromine titration.
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and Vps at —80 V during five cycles of Br, exposure followed by thermal annealing at 150 °C for 10 min.

that OFET devices using these organic semiconducting mate-
rials can be utilized for detecting bromine gas. We first fabri-
cated the bottom-gate-top-contact OFET devices made of PSTe
thin films that exhibited an obvious p-type transistor behavior
in the transfer curves to deliver a hole mobility of 2.7 x 103
em® V7' s7%, After the devices were exposed to Br, vapor with
different concentration of 4, 12, 20, 28 and 40 ppm, the source-
to-drain current (Isp) is steadily increased when the Vs and Vpg
are kept at —80 V (Fig. S41). When the surface of the PSTe thin
film is partially oxidized by Br,, the oxidized PSTeBr, species
with electron-deficient character can similarly function as a p-
dopant to increase the hole carrier concentration.®®*” As
a result, the magnitude of Algp/pristine Isp, (Vps and Vgs of —80
V) is linearly proportional to the Br, concentration (Fig. 12a).
The limit of detection can be extrapolated to be as low as
2.8 ppm. The devices were also exposed to the vapor of common
organic solvents including acetone, chloroform, THF, meth-
anol, ethanol, and dichloromethane. None of the devices
showed the enhancement of Isp, demonstrating that the devices
are only selectively responsive to Br, vapor (Fig. S5T). Interest-
ingly, thermal annealing of the brominated PSTe thin film at
150 °C for 10 min led to the elimination of the bromine. TGA
measurement of the brominated PSTe showed a first weight loss
of 27% at a temperature of 150 °C, which is consistent with the
molecular weight of Br, (Fig. S67). The second weight loss takes
place at ca. 380 °C which is similar to the Ty of pristine PSTe.
Furthermore, the absorption spectrum of the PSTeBr, thin film
completely shifts back to its original profile of PSTe after
thermal annealing, confirming the thermally induced reduction
of the TeBr, (IV) species (Fig. S71). The reversibility between Br,
addition and elimination endows the Br, sensor devices with
reusability. After thermal annealing at 150 °C for 10 min, the
oxidized polymer in the OFET device is reduced back to the
neutral pristine state so that the increased Isp returns back to
the original level. As shown in Fig. 12b, the bromination/
heating cycle can be applied to the OFET devices repetitively.
In a similar manner, the OFET devices using P(SSe)b(STe),
P(SSe)b(SeTe), and P(STe)b(SeTe) block copolymers can also be
used for Br, detection (Fig. S87).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Conclusions

For the first time, we developed a new class of sequence-controlled
conjugated polymers denoted as poly(alt-AB),-b-(alt-AC), in which
3-hexylthiophene, 3-hexylselenophene and 3-hexyltellurophene
units are used as A, B and C units to assemble three alternating
block polychalcogenophenes P(SSe)b(STe), P(SSe)b(SeTe) and
P(STe)b(SeTe). The block copolymers were prepared by sequential
addition of two asymmetrical bichalcogenophene Grignard
monomers under the Ni(dppp)Cl,-catalyzed Kumada polymeriza-
tion. The molecular weight, dispersity, length of two blocks (x = y),
side chain regioregularity and main-chain sequence can be
synthetically controlled via the catalyst transfer polycondensation
mechanism. The polymer structures are unambiguously
confirmed by 'H-NMR and "*C-NMR spectra. The optical and
electrochemical parameters of the polychalcogenophenes can be
precisely fine-tuned by the composition and ratio of the different
chalcogenophenes. GIWAXS analysis showed that all the polymers
exhibited predominantly edge-on orientations. P(SSe)b(STe)
exhibited a hole OFET mobility of 1.4 x 10> em* V" s~ %, which
represents one of the highest values among the tellurophene-
containing polychalcogenophenes. The tellurophene units in
PSTe and P(SSe)b(PSTe) can undergo Br, addition to form the
oxidized TeBr, species which results in dramatically red-shifted
absorption (>280 nm) as a result of the alternating arrangement
to induce strong charge transfer character. The OFET devices using
these tellurophene-containing polychalcogenophenes as semi-
conductors can be used for Br, detection. The oxidized TeBr,
species on the surface of the OFET device can serve as a p-type
dopant to increase the source-drain hole current, showing high
sensitivity and selectivity to Br,. More importantly, the oxidized
TeBr, species in the Br, sensors can be thermally reduced back to
the neutral state at 150 °C, demonstrating excellent reusability.

Data availability

The details for general measurement and characterization, fabri-
cation of devices, measurements, thermal properties, synthetic
procedures, and "H and "*C NMR spectra are included in the ESL}
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