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strand of bonds. Given that such a stepwise synthetic

Abstract Two kinds of ladder-type conjugated polymers were

concisely synthesized by the formation of single-stranded conjugated strategy could be established on the basis of versatile
polymers via Stille cross-couplings, followed by nitrogen-directed available either synthetic reactions or monomers, thus it
electrophilic borylations at electron-rich aromatic rings. The resulting has become an efficient tool for the construction of various

BN-annulated pon.r'ners shqw good film-forming behéviors ar.md. high air cLPs.26-35 Recently, several groups including ourselves have
and thermal stability. Their structurally shape-persistent rigid back-

bones render them with m-extended conjugation, allowing for efficient successfully synthesized some ladder-type boron (B) and
light harvesting in the low-energy regions, and emitting strong nitrogen (N)-containing heteroacenes in excellent isolated
fluorescence with narrow emission widths. yields, dominantly attributing that Lewis acidic boron
atoms enable smoothly conducting condensation with a
Lewis base amino group, and strong electrophilic attack on
aromatic rings. The incorporation of such BN units with
C = C isoelectronic structure into these heteroacenes can
generate the similar geometric structures to their full
carbon analogues, but significantly different electronic
Introduction structures and self-assembly behaviors. Undoubtedly,
such kinds of heteroacenes considerably expanded the
Distinctly different from the conventional conjugated molecular regimes of organic semiconducting materials
polymers, ladder conjugated polymers (cLPs) possess fully ~ with huge potential applications in high-performance
fused backbones comprising multiple strands of covalent electronic devices.3®~¢ Unfortunately, as far as we know,
bonds, which restrict the freely torsional motion between BN-embedded polymers are still rarely explored, likely due
adjacent aromatic rings.!” Thanks to the rigid coplanar to the lack of available monomers. We have successfully
skeletons, cLPs always exhibit excellent thermal stability, - synthesized the Cy,-symmetric BN-heteroacenes via a 2-
extended conjugation, and also tend to generate strong  fold successive electrophilic borylation (Figure 1)3°
intermolecular - stacking interactions in some cases, thus
favorable for m-electron delocalization, long-range exciton 2
diffusion, and fast intra-chain charge/phonon transport in ¢l
comparison with those single-bond-linked conjugated poly- O 7\ % O
mers.*!! Accordingly, these intrinsic characters make such S e i
kinds of polymers arousing tremendous attention over a quite PH
broad range, such as nonlinear optics, organic light emitting

Key words ladder-type polymers, BN-annulation, m-extended conju-
gation, light harvesting, fluorescence emission

. . . . BN-1 -
diodes, organic field effect transistors and photovoltaics.'?~1° BN-2
However, searching for an efficient ladderization reac- Figure 1 The structures of ladder-type BN-embedded heteroacenes
. . . 39
tion to concisely construct a new type of fully conjugated termed BN-1 and BN-2.
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representing an efficient strategy for the direct carbon-
hydrogen bond activation on aromatic rings, without the
help of leaving groups.

In this work, we report a two-step approach to efficiently
construct two kinds of ladder-type BN-annulated conjugated
polymers. At first, the single-stranded conjugated polymers
attached with amino groups were synthesized via transition-
metal-catalyzed Stille cross-coupling reaction, which were
further fused by nitrogen-directed electrophilic borylations
at electron-rich aromatic rings. The resulting BN-annulated
polymers were structurally characterized by NMR spectra
and gel permeation chromatography (GPC) analyses. Their
photophysical properties and electrochemical behaviors
were also revealed by optical spectrum analyses and cyclic
voltammetry (CV); combined with theoretical calculations,
their electronic structures were rationally evaluated.

Results and Discussion

The synthetic routes to the target cLPs PolyBN-1 and
PolyBN-2 are depicted in Scheme 1. The key monomer 2,5-
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dibromo-N,N-bis(2-hexyldecyl)benzene-1,4-diamine  (2)
was initially synthesized in 65% isolated yield, by attaching
alky side chains to the amino groups of 2,5-dibromoben-
zene-1,4-diamine (1)’ through typical nucleophilic substi-
tution reaction. 2,5-Bis(trimethylstannyl)thieno[3,2-b]
thiophene (3) and 1,1’-[4,8-dihexylbenzo [1,2-b:4,5-b’]
dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane]  (4)*®
were achieved according to previous reports. Upon Pd-
catalyzed Stille cross-coupling, monomer 2 was polymer-
ized with the distannylated monomer 3 or 4 in a mixed
solvent of toluene and DMF, resulting in the single-stranded
conjugated polymer denoted as Prepoly-1 or Prepoly-2,
respectively. They were purified by Soxhlet extraction in
different solvents with a sequence of methanol, acetone and
hexane, for mainly removing off the low-molecular-weight
fractions and catalyst residues, affording samples as dark
red solid polymers in yields of 85% and 89%, respectively.
Both of them showed excellent solubility in some common
organic solvents, directly associated with the attached long
alkyl chain on each of amino group, which is beneficial to
their further modification or functionalization, meanwhile,
declining the formation of structural defects. Such amino-
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CgHyz
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Scheme 1 Synthetic routes to fully conjugated ladder-type polymers PolyBN-1 and PolyBN-2.
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ppm

Figure 2 "H NMR spectra of the Prepoly-1 (top) and PolyBN-1
(bottom) in CDCls.

substituted polymer Prepoly-1 or Prepoly-2 was employed
with phenylboron dichloride in the presence of trimethyl-
amine in o-dichlorobenzene, and heated up to 180 °C for a
12-h reaction. After removal of the solvent, the resultant
residue was purified by precipitation in methanol for three
times. The corresponding pure target polymer, termed
PolyBN-1 or PolyBN-2, was collected as red or orange
powders, in yields of 95% and 94%, respectively. These two
ladder polymers showed excellent stability without any
obvious change when exposed to moisture or air for several
weeks. The chemical structures of these new polymers were
characterized by "H NMR spectra analysis. As an example,
Prepoly-1 showed two broad peaks at 7.44 and 6.82 ppm in
the aromatic regions, attributed to protons 1 and 2,
respectively (Figure 2). The peak at 4.05 ppm is arising
from the amino protons. However, the peak at 3.03 ppm
belongs to the protons of methylene directly connected to
amino groups. The peaks between 0.87 and 1.63 ppm
correspond to the other alkyl protons. As for PolyBN-1, the
signals with respect to protons 1 and 3 in the profile of
Prepoly-1 disappeared, and a new peak was found at
7.89 ppm in the low field, likely originating from proton 2 of
PolyBN-1. A broad peak from 7.40 to 7.81 ppm was assigned
to the protons of phenyl groups attached on boron atoms.
'H-NMR spectrum analyses of PolyBN-1 at different
temperatures (from 283 to 353 K) in toluene-dg were also
performed. The resolutions of the characteristic signals in

the aromatic regions somehow were improved at higher
temperatures (Figure S8), indicating that the as-prepared

ladder polymers tend to slightly aggregate at lower

temperatures. The results clearly confirm that the single-

stranded polymers bearing substantial amino groups have
been efficiently achieved, which could be further smoothly

converted to the ladder-type polymer PolyBN-1 on the basis
of amino-directed electrophilic borylation.

Table 1 Molecular weight and thermal stability of Prepoly-1, Prepoly-2,
PolyBN-1 and PolyBN-2

Sample M, /kDa PDI Ts (°C) Ti0 (°C) Tso (°C)
Prepoly-1 - - 350 363 409
PolyBN-1 10.69 1.46 380 427 480
Prepoly-2 - - 370 385 422
PolyBN-2 9.41 1.40 382 423 480

Their molecular weights were measured by GPC, using
THF as the eluent. The number-averaged molecular weights
(M,) of the resulting polymers PolyBN-1 and PolyBN-2
were 10.69 and 9.41 kDa, with the polydispersity indices
(PDIs) of 1.46 and 1.40, respectively (Table 1). Thermogra-
vimetric analysis (TGA) of the polymers revealed their good
thermal stability (Figure 3). The thermal degradation data of
these polymers, including 5%, 10% and 50% mass-loss
temperatures (T5-T50) are listed in Table 1. The decompo-
sition temperatures (Tq, with 5% weight loss) of Prepoly-1,
Prepoly-2, PolyBN-1 and PolyBN-2 were 350, 370, 380 and
382 °C, respectively. As expected, the thermal stability for
the ladder-type polymers PolyBN-1 and PolyBN-2 is
superior to those for Prepoly-land Prepoly-2, further
indicative of the highly rigid and fused skeletons in the
former case.
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Figure 3 TGA curves of the resulting polymers measured with a heating
rate of 10 °C/min under flowing N,.

The optical properties of these conjugated polymers were
investigated by UV — vis and photoluminescence spectrum
analyses. In absorption spectra (Figure 4a), Prepoly-1 and
Prepoly-2 showed the broad absorption bands at 300--
400 nm and 400-500 nm. The absorption bands in the UV
regions were typically assigned to m—m* transitions of their

© 2021. The Author(s). Organic Materials 2021, 3, 221-227
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Figure 4 a) Absorption and b) fluorescence spectra of Prepoly-1,
PolyBN-1 (red line) and Prepoly-2, polyBN-2 (green line) in DCM.

aromatic moieties. In the visible regions, the absorption
maximaat458 nm for Prepoly-1and at 454 nm for Prepoly-
2 are arising from the transitions of HOMO to LUMO energy
levels. Such less-resolved broad peaks seem to reflect their
low rigid main backbones rotatable around the single
carbon-carbon bond linkages. However, the absorption
maxima were observed at 526 nm for PolyBN-1 and at
474 nm for PolyBN-2. In comparison to those of Prepoly-1

and Prepoly-2, well-resolved sharp absorption bands were
observed, attributed to the restriction of the free rotation
within highly rigid ladder-type structures in the case of
PolyBN-1 and PolyBN-2. Meanwhile, these absorption
maxima appeared in much lower energy regions, indicating
n-extended conjugated structures of such kinds of polymers.
Notably, the absorption maxima for PolyBN-1 were distinct-
lyred-shifted as compared with those of polyBN-2, which are
consistent with the corresponding ladder-type small mol-
ecules BN-1 and BN-2 as shown in Figure 1. Such phenome-
non was probably attributed to the declined planarity of the
conjugated main backbone in the case of PolyBN-2 according
to the single crystal structures of ladder-type small
molecules BN-1 and BN-2. Different from the broad
fluorescence emission bands of Prepoly-1 and Prepoly-2,
either polyBN-1 or polyBN-2 exhibited the narrowed and
vibronically splitted fluorescence peaks. The emitting
maxima of PolyBN-1 and PolyBN-2 were found at 538 and
481 nm, respectively. Accordingly, such two ladder-type
polymers possess quite small Stokes shifts of 12 and 7 nm,
respectively. Notably, such kinds of polymers can release
strong yellow and green emission with the fluorescence
quantum yields (®p) of 0.35 and 0.16, respectively, which
are much higher than those of the ladder-type small
molecules BN-1 (®p;: 0.25) and BN-2 (®p: 0.02) (Table 2).
And, their fluorescence profiles showed good mirror images
of the corresponding absorption ones. These results consid-
erably demonstrated the m-extended rigid planar structures
of PolyBN-1 and PolyBN-2. Additionally, their emission
maxima showed obviously blue-shifted emission in
comparison with Prepoly-1 and Prepoly-2, suggesting the
decreased exciton energy loss from non-radiative transi-
tions, related to the restricted free rotation of main back-
bones for the ladder-type structures. No solvatochromic
properties of PolyBN-1 and PolyBN-2 were observed in
solvent-dependent measurements of absorption and fluo-
rescence spectra, suggesting the lack of dipole moments in
either the ground or the excited state for such kinds of ladder-
type polymeric structures. In the films, the absorption and
emission maxima of PolyBN-1 and PolyBN-2 show signifi-
cant red-shifts, suggesting the strong intermolecular inter-
actions (Figure S14).

Table 2 Summary of the optical and electrochemical properties of the polymers
UV — vis? Fluorescence Electrochemistry Calculation
Amax (M) Ey” (eV) Amax (M) T (ns) ®p© Enomo (eV)? Erumo (eV)€ Eox (V) HOMO (eV) LUMO (eV)
PolyBN-1 526 1.88 538 2.7 0.35 —4.98 -3.10 0.18 —4.89 —-1.49
PolyBN-2 474 2.01 481 1.6 0.16 —5.05 —2.95 0.25 —4.85 —1.46

“In DCM at 298 K.

®E,: optical band gap, estimated from UV — vis absorption edge.
“Absolute values.

dCalculated from the first oxidation peak using Eromo = —Eox —4.80.
“Calculated according to Eymo = Evomo + Eg-

The first oxidation potential, estimated using the tangent method.

© 2021. The Author(s). Organic Materials 2021, 3, 221-227
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Figure 5 Cyclic voltammogram of PolyBN-1 and PolyBN-2 measured x, . .
in DCM (0.1 M n-Bu4NPF) at the scan rate of 0.1 V/s. i ? ‘ ‘u"
In order to get some insight into the electronic b)
structures of these as-prepared polymers, their electro- - ™
chemical behaviors were investigated through CVs in (I Cp CLo~$4 0 "‘ﬁ
CH,Cl,. The CV profiles of PolyBN-1 and PolyBN-2 showed B-NH N = L
the irreversible oxidation processes under the measure- o
ment conditions, with the initial oxidation potentials at 5
0.18 Vand 0.25 V, respectively (Figure 5), much lower than .,:» ..o;,
those of the ladder-type small molecules BN-1 (0.59 V) and ‘. R S ‘S ' aQ i
oo O . . ‘@ e, o, LUMO=-2.20 ¢V
BN-2 (0.66 V), indicative of the extended-m conjugation for 2%e'q '0.. ‘g“ \ : ?‘ g ¢
the as-prepared cLPs. Correspondingly, the HOMO energy ,:} 2% ;a: . ’
levels of PolyBN-1 (—4.98 eV) and PolyBN-2 (—5.05 eV) ’ 2 ? -
and the LUMO energy levels of PolyBN-1 (3.10 eV) and e ,,:} F
PolyBN-2 (2.95 eV) were evaluated on the basis of their CV Py " T PN -
profiles and optical absorption edges (Table 2). The HOMO > ’g-(’ ""."’.f“.‘))- -f HOMO=-5.16 ¢V
and LUMO energy levels of PolyBN-1 and PolyBN-2 .a:,j‘ ,::o 5

significantly increased and decreased in comparison
with those of the ladder-type small molecules BN-1 and
BN-2, respectively. The results clearly manifested the
formation of the m-extended conjugated structures in a
ladder-type polymeric backbone. However, PolyBN-1 was
easily oxidized compared with PolyBN-2, originated from
the much electron-rich characters of the corresponding
building block in the former one.

Eventually, electronic structures of these ladder-type
polymers were investigated and evaluated on the basis of
their elemental repeat structures, by density functional
theory (DFT) calculations at the B3LYP/6-31G(d,p) level
(Figure 6). DFT calculations demonstrated that HOMO and
LUMO in these structures delocalized throughout the rigid
coplanar backbones. The terminal rings showed slightly
weaker aromatic character than those in the center. The
phenyl groups attached in the molecular peripheries
through boron atoms seem not contribute to both HOMO
and LUMO. In the HOMO, the nitrogen and sulfur atoms have
no significant contributions. In contrast, in the LUMO, all the
atoms could provide contributions, but nitrogen showed
slight contributions.

225

Figure 6 HOMOs and LUMOs of PolyBN-1 and PolyBN-2, calculated by
DFT at the B3LYP/6-311G(d,p) level of theory (alkyl chains have been
omitted for clarity).

Conclusions

In conclusion, we have successfully synthesized two
kinds of fully conjugated ladder BN-embedded polymers in
high polymerization degrees, via the Stille cross-coupling
reaction, followed by BN-annulation. These ladder-type
conjugated polymers possess the -extended shape-persis-
tent rigid backbones, making them efficient for light
harvesting in the low-energy regions, and releasing strong
fluorescence with narrow emission bands. Generally, we
have paved an efficient two-step approach to construct
heteroatom-annulated conjugated structures for expanding
the regimes of organic semiconducting materials. Combin-
ing their tunable electronic structures, good solubility in
some common solvents and stable thermal stability, such
kinds of polymers might be potentially applied in the
fabrication of high-performance electronic devices.

© 2021. The Author(s). Organic Materials 2021, 3, 221-227
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Experimental Section

All reagents were purchased from Sigma-Aldrich and
Adamas-beta. Compound 1 was prepared using literature
methods. All reactions were carried out under a nitrogen
atmosphere and performed.

'H and '3C NMR spectra were referenced to residual signals
of the deuterated solvent. High-resolution electrospray
ionization mass spectrometry was performed on a QTof
spectrometer. UV-vis spectra were recorded on a HITACHI
U-4100 spectrophotometer. The fluorescence spectroscopy
emission spectra were obtained with a FluoroMax-4 spectro-
photometer. CV was performed in anhydrous dichloromethane
containing recrystallized tetra-n-butyl-ammonium hexa-
fluorophosphate (TBAPFg; 0.1 M) as the supporting electrolyte
at 298 K. A conventional three-electrode cell was used with a
platinum working electrode (surface area of 0.3 mm?) and a
platinum wire as the counter electrode. The Pt working
electrode was routinely polished with a polishing alumina
suspension and rinsed with acetone before use. The measured
potentials were recorded with respect to the Ag/AgCl reference
electrode. All electrochemical measurements were carried out
under an atmospheric pressure of nitrogen. Geometry
optimizations and the analysis of HOMOs and LUMOs were
performed at the DFT level [RB3LYP/6-311G(d,p)].

Procedures

Synthesis of Compound 2

To a solution of 1,4-dibromo-2,5-diaminobenzene (1)
(7.74 g, 29 mmol) in THF (210 mL) under nitrogen was
added NaH (60% in oil, 3.85 g, 97 mmol) in small portions at
0 °C, and the mixed solution was stirred at room
temperature for 30 min. The solution was refluxed for
2 h. After cooling to room temperature, 1-bromo-2-
hexyldecane (15.88 g, 96 mmol) was added. The solution
was refluxed for 13 h. The resulting mixture was cooled to
room temperature and poured into water and extracted
with ethyl acetate for several times. The organic phase was
dried over MgSQ,4 and the solvent was evaporated in vacuo.
The product was purified by chromatography on silica gel to
give the desired product as light yellow oil (6.5 g, 50%).

TH NMR (400 MHz, CDCls, ppm): 7.38 (s, 1 H), 5.88 (s, 1
H), 4.15 (brs, 2 H), 3.11 (m, 4 H), 1.71-1.61 (m, 4 H),
1.47-1.30 (m, 12 H), 0.91 (m, 6 H).

13C NMR (100 MHz, CDCls, ppm): 145.5, 134.3, 96.0,
94.2,44.2, 31.8, 29.4, 27.0, 22.8, 14.3.

m/z [M + HJ]" calcd for CagH7oBraN,: 715.3964; HR-ESI
observed: 715.3958

Synthesis of Polymer (Prepoly-1)
A solution of compound 2 (142.6 mg, 0.2 mmol) and 5-
bis(trimethylstannyl)thieno[3,2-b]thiophene  (148.0 mg,

0.2 mmol) in 10 mL toluene and 10 mL DMF was degassed
for 30 min. Afterwards, Pd(PPhs)4 (1.8 mg) was added to the
solution and then the mixture was heated to 110 °C and
stirred for 72 h. The reactant was poured into methanol to
get a solid. The solid was further purified by Soxhlet
extraction sequentially in methanol, acetone, hexane, and
then dissolved in chloroform. The solvent was removed
under reduced pressure to get the target polymer Prepoly-1
as red solid (117.8 mg, 85%).

'H NMR (400 MHz, CDCl5): § 7.43 (br, 2 H), 6.82 (br, 2 H),
4,03 (br,2H),3.02(br,4H),1.90-1.03 (br,50H),0.86 (br, 12 H).

Synthesis of Polymer (Prepoly-2)

A solution of compound 2 (142.6 mg, 0.2 mmol) and
(4,8-dihexylbenzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)bis
(trimethylstannane) (148.0 mg, 0.2 mmol) in 10 mL tolu-
ene and10 mL DMF was degassed for 30 min. Afterwards,
Pd(PPhs), (1.8 mg) was added to the solution and then the
mixture was heated to 110 °C and stirred for 72 h. The
reactant was poured into methanol to get a solid. The solid
was further purified by Soxhlet extraction sequentially in
methanol, acetone, hexane, and then dissolved in chloro-
form. The solvent was removed under reduced pressure to
get the target polymer Prepoly-1 as red solid (184.2, 89%).

'H NMR (400 MHz, CDCls): § 7.67 (br, 2 H), 6.96 (br, 2 H),
4.17(br,2H),3.17 (br,8H),2.17-1.01 (m, 66 H),0.89 (m, 18 H).

Synthesis of Polymer (PolyBN-1)

A mixture of Prepoly-1 (150 mg, 0.17 mmol), phenyl-
boron dichloride (1 M in DCM, 0.5 mL), triethylamine
(400 mg, 4.0 mmol) and 1,2-dichlorobenzene (5 mL) was
heated at reflux and stirred under nitrogen for 3 h. The
solution was then cooled to room temperature, precipitated
in methanol, and filtered. The solids were washed three times
with methanol and petroleum ether. Then the residue was
dried to yield PolyBN-1 as a yellow solid (141.7 mg, 95%).

TH NMR (400 MHz, CDCls): & 7.88 (s, 2 H), 7.73 (s, 10 H),
4.12-3.39 (m, 6 H), 1.90-0.01 (m, 80 H).

1B NMR (160 MHz, CDCls): § ~30 ppm.

M, = 10.69 KDa, M,,/M,, = 1.46.

Synthesis of Polymer (PolyBN-2)

A mixture of Prepoly-2 (150 mg, 0.16 mmol), phenyl-
boron dichloride (1 M in DCM, 0.5 mL), triethylamine
(400 mg, 4.0 mmol) and 1,2-dichlorobenzene (5 mL) was
heated at reflux and stirred under nitrogen for 3 h. The
solution was then cooled to room temperature, precipitated
in methanol, and filtered. The solids were washed three
times with methanol and petroleum ether. Then the residue
was dried to yield PolyBN-2 as a yellow solid (143.3 mg,
94%).

© 2021. The Author(s). Organic Materials 2021, 3, 221-227
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TH NMR (400 MHz, CDCl5): § 7.81 (br,11 H), 3.70 (br,10
H), 1.93-0.20 (br, 134 H).

M, = 9.41 KDa, M,,/M,, = 1.40.

1B NMR (160 MHz, CDCls): undetected.
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