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Abstract
Herein, borafluorene-conjugated polymers with a dibromoborafluorene monomer and various boronic acid ester
comonomers are reported. By employing the Suzuki−Miyaura cross-coupling reaction, a series of copolymers was
prepared with the boron atoms in tetracoordinated states. Based on comparison to the optical properties of gallafluorene
copolymers, higher luminescence quantum yields were obtained from the synthesized borafluorene copolymers due to the
weak spin-orbit interaction of boron compared to that of gallium. Additionally, the results from the electrochemical
measurements indicated that the electron-withdrawing property of the boron atoms led to stabilization of the lowest
unoccupied molecular orbitals (LUMOs) of the borafluorene copolymers. In the X-ray diffraction profiles, significant peaks
originating from π−π stacking and assembly of the side chains were observed. The borafluorene copolymers were more
crystalline than the gallafluorene polymers.

Introduction

By introducing “element-blocks”, which are defined as
minimum functional units composed of heteroatoms, into
conjugated systems, unique characteristics are often
obtained due to the electronic states of the heteroatoms
[1, 2]. Therefore, “element-blocks” with group 13 elements
are typical candidates for constructing luminescent materi-
als [3–17]. For example, the boron atoms in the main chain
of conjugated polymer systems have various properties,
such as electronic-defective [18, 19], a strong electron
acceptor in the donor−acceptor system [20–22] and affinity
for fluoride anions [23–25]. Based on these properties,

boron-containing conjugated polymers are expected to be a
platform for developing advanced optical materials [26–31].
Furthermore, a series of gallium-containing stable “element-
blocks” were obtained by developing sophisticated synthetic
protocols and chemical tactics for improving molecular
stability [32–38]. Similar or occasionally distinctly
different luminescent properties have been observed for
boron [32, 33].

To establish the material-design strategy using “element-
blocks”, as well as heteroatoms, a deep understanding of the
influence of heteroatoms on the electronic properties is
required. Heterofluorene is a versatile structure for incor-
poration of heteroatoms into aromatic conjugation [39–43].
By modulating the type of bridging atom, electronic struc-
tures can be greatly varied. To obtain systematic informa-
tion, the effect of boron on the electronic properties of the
conjugated polymers has been investigated with a series of
borafluorenes [20, 23, 25, 44–46]. Although significant
characteristics have been clarified from comparisons with
group 13 element-containing heterofluorene molecules [44],
the number of studies with conjugated polymers remains
limited. To gain insight into the contribution of the het-
eroatom to the electronic properties, construction of con-
jugated polymers and comparison of their electronic
structures are essential.
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Herein, the syntheses and optical properties of a series of
alternating copolymers composed of borafluorene and var-
ious types of comonomers are reported. Polymerization was
performed via the Suzuki−Miyaura cross-coupling reaction
to yield the desired copolymers. Based on comparison to the
optical properties of gallafluorene copolymers with the
same structures, the borafluorene copolymers exhibited
higher luminescent quantum yields. Moreover, lower
LUMO levels were observed in the borafluorene copoly-
mers than in the gallafluorene ones. Therefore, the stronger
electron-withdrawing ability of boron may play a role in
lowering of the LUMO energy level. The morphology dif-
ferences in the polymer films are also discussed.

Results and discussion

The dibromoborafluorene monomer was synthesized
according to a previously reported protocol [46]. The peak
that originated from boron was observed at 5.57 p.p.m. in
the 11B NMR spectrum. This result indicates that the boron
atom formed a tetracoordinated structure in the monomer.
The polymerization progressed via a Suzuki−Miyaura
coupling reaction in the presence of tris(dibenzylideneace-
tone)dipalladium (Pd2(dba)3) and A-taPhos with various
comonomers, such as dialkoxybenzene (O), fluorene (Flu),
and bithiophene (BTH), which are shown in Scheme 1. The
number average molecular weights of the products were
estimated using size-exclusion column chromatography
(Table 1). The corresponding NMR spectra were obtained
of the monomer units in the 1H NMR spectra. In particular,
as shown in their 11B NMR spectra, the signal peaks were
observed at ~3.00 p.p.m. These values indicate that the
boron atoms exhibited a tetracoordinated structure even in
the polymers [46]. The synthesized polymers had good
solubility in common organic solvents, such as chloroform,
dichloromethane, and tetrahydrofuran. Moreover, critical
decomposition was barely detected during analyzes under
ambient atmosphere. Therefore, the products possess the

desired structures with sufficient stability for optical
measurements.

To compare the electronic structures of borafluorene and
gallafluorene polymers, the optical properties of the syn-
thesized borafluorene polymers were investigated (Fig. 1,
Table 2). The data from the gallafluorene polymers are
summarized in Supplementary Tables S2, S3 in the Sup-
porting Information [47]. Initially, the absorption and pho-
toluminescence spectra were measured in the solution state.
The shapes of the spectra were varied by changing the
comonomer units. Additionally, absorption and emission
bands were observed at similar positions for both the bor-
afluorene and gallafluorene polymers with the same como-
nomers. This result indicates that electronic delocalization
should occur through the polymer backbone. Moreover, the
effect of replacing boron with gallium on electronic struc-
tures should be small due to conjugation in the main chain.
In the solution state, the emission quantum yields of the
borafluorene polymers were higher compared to those of the
gallafluorene polymers. Boron is a low period element and
possesses weak spin-orbit interaction. Intersystem crossing
from singlet states to triplet states can be excluded in bor-
afluorene polymers. Therefore, suppression of vibrational
quenching in the triplet excited states can be obtained,
resulting in a higher emission efficiency. In the film state,
bathochromic luminescence bands or shoulders in the

Scheme 1 Synthesis of borafluorene-based conjugated polymers

Table 1 Reaction yields, molecular weights, and decomposition
temperatures of the products

Yielda (%) Mn
b Mw

b Mw/Mn
b DPnc

poly-BfO 70 6500 18,000 2.7 8.2

poly-BfFlu 82 9900 33,000 3.3 10.9

poly-BfBTH 89 8700 17,000 2.0 9.6

aIsolated yield
bEstimated by size-exclusion chromatography (SEC) based on
polystyrene standards in chloroform
cAverage number of repeating units estimated from Mn and molecular
weights of the repeating units
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redshifted region were observed in the photoluminescence
spectra of the borafluorene polymers compared to those in
the solution state. Intermolecular interactions, such as π−π
stacking, should be induced, and slight peak shifts were
observed.

To evaluate the energy levels of the frontier orbitals,
cyclic voltammetry was employed using the borafluorene
polymers in the film state (Table 3, Supplementary
Fig. S12). The energy levels of their highest occupied
molecular orbitals (HOMO) and lowest unoccupied MO

(LUMO) were calculated from the onset of the oxidation
and reduction waves using the following equations [48]:

EHOMO ¼ �4:8� Eox;

ELUMO ¼ �4:8� Ered:

The energy levels of the frontier orbitals for all
borafluorene polymers decreased relative to those of the
gallafluorene polymers. In particular, the LUMOs of the
borafluorene polymers were substantially lower. Boron

Fig. 1 UV–Vis absorption (solid lines) and photoluminescence
(excited at λabs, max, dashed lines) of a 1.0× 10−5 M CHCl3 solution
and films of a poly-BfO, b poly-BfFlu, and c poly-BfBTH.

d Photographs of the polymers in chloroform under visible (top) and
UV light (λ= 365 nm, bottom) irradiation (Color figure online)

Table 2 UV–Vis absorption and
photoluminescence data for the
borafluorene polymers

λmax,abs (nm)a,b ε (cm−1 M−1)a,c λmax,abs (nm)d λmax,FL (nm)a,e ΦF
f λmax,FL (nm)d,e ΦF

d,f

O 370 3.82× 104 372 416 0.52 416 0.06

Flu 395 7.01× 104 388 422 0.80 428 0.09

BTH 403 3.64× 104 405 491 0.29 510 0.02

aDetermined in chloroform (1.0× 10−5 M)
bAbsorption maxima
cMolar extinction coefficients at the absorption maxima
dDetermined with the film samples
eFluorescence maxima with the excitation at λmax,abs
fAbsolute quantum yield
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has a larger electronegativity than gallium. Therefore,
these stabilization effects may result from the weaker
electron-donating property of boron compared to that of
gallium [49, 50].

The morphology of the polymers in the film states was
evaluated from the X-ray diffraction analyzes. The profiles
are shown in Fig. 2. The peaks corresponding to alignment
of the polymer backbones were observed at ~2θ= 20° for
all borafluorene polymer films. A significant peak was only
observed at 2θ= 5.1° in the poly-BfO film. The sharp dif-
fraction peak may originate from the regular structures of
the aligned side chains in poly-BfO. For gallafluorene
polymers, broad, and weak peaks were observed at ~19°
compared to those for the borafluorene-based polymers
(Supplementary Fig. S13). These data suggest that the
borafluorene polymers may have higher crystallinity than
the gallafluorene polymers. Electrostatic intermolecular
interactions may have been formed due to the strong

electron-withdrawing properties of the boron atoms.
Therefore, the boron atoms may contribute to improving the
crystallinity.

Conclusion

A series of alternating copolymers with borafluorene were
synthesized using palladium-catalyzed Suzuki–Miyaura
cross-coupling reactions. The tetracoordinated states of the
boron atoms were maintained after polymerization. Based
on the optical measurements, the electronic properties of the
conjugated polymers were evaluated and compared to those
of gallafluorene polymers with the same skeleton. Extension
of the π-conjugated system along the polymer backbone
was observed, and higher quantum emission efficiencies
were obtained from the borafluorene polymers than from the
gallafluorene polymers. The electron-withdrawing property
of the boron atom led to deeper LUMO levels relative to
those in the gallafluorene polymers. Moreover, based on
morphology analyzes of the film states, poly-BfO can par-
tially form a crystalline state. In summary, this study
demonstrates that electronic and structural alterations can be
induced in conjugated polymers by replacing the type of
heteroatom in the same element group.

Acknowledgments This work was partially supported by the Noguchi
Institute (for K.T.) and a Grant-in-Aid for Scientific Research on
Innovative Areas “New Polymeric Materials Based on Element-Blocks
(No.2401)” (JSPS KAKENHI Grant Number JP24102013).

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

References

1. Chujo Y, Tanaka K. New polymeric materials based on element-
blocks. Bull Chem Soc Jpn 2015;88:633–43.

2. Gon, M, Tanaka, K, Chujo, Y. Recent progress in the develop-
ment of advanced element-block materials. Polym J. https://doi.
org/10.1038/pj.2017.56

3. Tamada M, Iino T, Wang Y, Ide M, Saeki A, Furuta H et al. Facile
synthesis of dimeric Aza-BODIPY analogues from electron-
deficient bislactams and their intriguing optical and electro-
chemical properties. Tetrahedron Lett 2017;58:3151–4.

4. Shiina Y, Karasaki H, Mori S, Kobayashi N, Furuta H, Shimizu S.
A novel isoindole-containing polyaromatic hydrocarbon unex-
pectedly formed during the synthesis of meso-2,6-dichlorophenyl-
substituted tribenzosubporphyrin. J Porphyrins Phthalocyanines
2016;55:1049–54.

5. Ooyama Y, Hato M, Enoki T, Aoyama S, Furue K, Tsunoji N
et al. BODIPY sensor for water based on photo-induced electron
transfer method with fluorescence enhancement and attenuation
systems. New J Chem 2016;40:7278–81.

6. Miki K, Enomoto A, Inoue T, Nabeshima T, Saino S, Shimizu S
et al. Polymeric self-assemblies with boron-containing near-

Table 3 Electrochemical properties of the borafluorene polymersa

Eox (V)
b Ered (V)

c EHOMO (eV)d ELUMO (eV)e Eg (eV)
f

poly-BfO 0.61 −1.98 −5.41 −2.82 2.59

poly-BfFlu 0.68 −2.20 −5.48 −2.60 2.89

poly-BfBTH 0.49 −1.99 −5.29 −2.81 2.48

aMeasured by cyclic voltammetry of polymer films cast on ITO
substrates. The measurement was carried out in an acetonitrile solution
containing LiClO4 (0.10 M) as a supporting electrolyte with a Pt wire
electrode, a Ag/AgCl reference electrode, and a ferrocene/ferrocenium
external standard at room temperature using a scan rate of 0.01 V/s
under Ar
bEstimated from the onset of the first oxidation wave (vs Fc/Fc+)
cEstimated from the onset of the first reduction wave (vs Fc/Fc+)
dEHOMO=−4.8−Eox
eELUMO=−4.8−Ered
fEg= ELUMO−EHOMO

Fig. 2 X-ray diffraction of poly-BfO, poly-BfFlu, and poly-BfBTH in
their film states on a slide glass after 2 h of annealing at 120 °C (Color
figure online)

200 T. Matsumoto et al.

http://dx.doi.org/10.1038/pj.2017.56
http://dx.doi.org/10.1038/pj.2017.56


infrared dye dimers for photoacoustic imaging probes.
Biomacromolecules2017;18:249–56.

7. Saikawa M, Nakamura T, Uchida J, Yamamura M, Nabeshima T.
Synthesis of figure-of-eight helical bisBODIPY macrocycles and
their chiroptical properties. Chem Commun 2016;52:10727–30.

8. Okada D, Nakamura T, Braam D, Dao TD, Ishii S, Nagao T et al.
Color-tunable resonant photoluminescence and cavity-mediated
multistep energy transfer cascade. ACS Nano 2016;10:7058–63.

9. Suenaga, K, Tanaka, K, Chujo, Y. Design and luminescent
chromism of fused boron complexes having constant emission
efficiencies in solution, amorphous and crystalline states. Eur J
Org Chem. 2017;2017: https://doi.org/10.1002/ejoc.201700704.

10. Ohtani, S, Gon, M, Tanaka, K, Chujo, Y. Flexible fused
azomethine–boron complex: thermally-induced switching of
crystalline-state luminescent property and thermosalient behaviors
based on phase transition between polymorphs. Chem Eur J.
2017;25: https://doi.org/10.1002/chem.201702309.

11. Yamane H, Ohtani S, Tanaka K, Chujo Y. Synthesis of furan-
substituted aza-bodipys having strong near-infrared emission.
Tetrahedron Lett 2017;58:2989–92.

12. Yamaguchi M, Ito S, Hirose A, Tanaka K, Chujo Y. Control of
aggregation-induced emission versus fluorescence aggregation-
caused quenching by the bond existence at the single site in boron
pyridinoiminate complexes. Mater Chem Front 2017;1:1573–9.

13. Suenaga K, Tanaka K, Chujo Y. Heat-resistant mechan-
oluminescent chromism of the hybrid molecule based on boron
ketoiminate-modified octa-substituted polyhedral oligomeric sil-
sesquioxane. Chem Eur J 2017;23:1409–14.

14. Yamaguchi M, Ito S, Hirose A, Tanaka K, Chujo Y. Modulation
of sensitivity to mechanical stimulus in mechanofluorochromic
properties by altering substituent positions in solid-state emissive
diiodo boron diiminates. J Mater Chem C 2016;3:5314–19.

15. Yeo H, Tanaka K, Chujo Y. Tunable optical property between
pure red luminescence and dual-emission depended on the length
of light-harvesting antennae in the dyads containing the cardo
structure of BODIPY and oligofluorene. Macromolecules
2016;49:8899–904.

16. Yamane H, Ito S, Tanaka K, Chujo Y. Preservation of main-chain
conjugation through BODIPY-containing alternating polymers
from electronic interactions with side-chain substituents by cardo
boron structures. Polym Chem 2016;7:2799–807.

17. Suenaga K, Yoshii R, Tanaka K, Chujo Y. Sponge-type emissive
chemosensors for the protein detection based on boron
ketoiminate-modifying hydrogels with aggregation-induced blue
shift emission property. Macromol Chem Phys 2016;217:414–7.

18. Braunschweig H, Kupfer T, Direct functionalization at the boron
center of antiaromatic chloroborole. Chem Commun
2008;0:4487–9

19. Yuan Z, Taylor NJ, Ramachandran R, Marder TB. Third-order
nonlinear optical properties of organoboron compounds: mole-
cular structures and second hyperpolarizabilities. Appl Organomet
Chem. 1996;10:305–16.

20. Wakamiya, A, Mishima, K, Ekawa, K, Yamaguchi, S. Kinetically
stabilized dibenzoborole as an electron-accepting building unit.
Chem Commun. 2008:579–81.

21. Araki T, Fukazawa A, Yamaguchi S. Electron-donating tetra-
thienyl-substituted borole. Angew Chemie Int Ed
2012;51:5484–7.

22. Sun Y, Ross N, Zhao S-B, Huszarik K, Jia W-L, Wang R-Y et al.
Enhancing electron accepting ability of triarylboron via π-con-
jugation with 2,2’-bipy and metal chelation: 5,5’-Bis(BMes2)-2,2’-
bipy and its metal complexes. J Am Chem Soc 2007;129:7510–1.

23. Bonifácio VDB, Morgado J, Scherf U. Polyfluorenes with on-
chain dibenzoborole units−synthesis and anion-induced photo-
luminescence quenching. J Polym Sci Part A Polym Chem
2008;46:2878–83.

24. Matsumi N, Naka K, Chujo Y. Extension of π-conjugation length
via the vacant p-orbital of the boron atom. synthesis of novel
electron deficient π-conjugated systems by hydroboration poly-
merization and their blue light emission. J Am Chem Soc
1998;120:5112–3.

25. Yamaguchi S, Shirasaka T, Akiyama S, Tamao K. Dibenzoborole-
containing π-electron systems: remarkable fluorescence change
based on the ‘on/off’ control of the pπ−π* conjugation. J Am
Chem Soc 2002;124:8816–7.

26. Yin, X, Liu, K, Ren, Y, Lalancette, RA, Loo, Y-L, Jäkle, F.
Pyridalthiadiazole acceptor-functionalized triarylboranes with
multi-responsive optoelectronic characteristics. Chem Sci. 2017;
8:5497–505.

27. Pawar GM, Sheridan JB, Jäkle F. Pyridylborates as a new type of
robust scorpionate ligand: from metal complexes to polymeric
materials. Eur J Inorg Chem 2016;2016:2227–35.

28. Ren Y, Jäkle F. Merging thiophene with boron: new building
blocks for conjugated materials. Dalton Trans
2016;45:13996–14007.

29. Tanaka K, Chujo Y. Advanced luminescent materials based on
organoboron polymers. Macromol Rapid Commun
2012;33:1235–55.

30. Entwistle CD, Marder TB. Applications of three-coordinate
organoboron compounds and polymers in optoelectronics. Chem
Mater 2004;16:4574–85.

31. Hudson ZM, Wang S. Impact of donor−acceptor geometry and
metal chelation on photophysical properties and applications of
triarylboranes. Acc Chem Res 2009;42:1584–96.

32. Ito S, Hirose A, Yamaguchi M, Tanaka K, Chujo Y. Size-
discrimination for volatile organic compounds utilizing gallium
diiminate by luminescent chromism of crystallization-induced
emission via encapsulation-triggered crystal-crystal transition. J
Mater Chem C 2016;3:5564–71.

33. Ito S, Hirose A, Yamaguchi M, Tanaka K, Chujo Y. Synthesis of
aggregation-induced emission-active conjugated polymers com-
posed of group 13 diiminate complexes with tunable energy levels
via alteration of central element. Polymers2017;9:68–78.

34. Matsumoto T, Tanaka K, Chujo Y. Synthesis and optical prop-
erties of stable gallafluorene derivatives: investigation of their
emission via triplet states. J Am Chem Soc 2013;135:4211–4.

35. Matsumoto T, Onishi Y, Tanaka K, Fueno H, Tanaka K, Chujo Y.
Synthesis of conjugated polymers containing gallium atoms and
evaluation of conjugation though four-coordinate gallium atoms.
Chem Commun 2014;50:15740–43.

36. Matsumoto T, Takamine H, Tanaka K, Chujo Y. Synthesis of air-
and moisture-stable dibenzogallepins: control of planarity of
seven-membered rings in solid states by coordination to gallium
atoms. Org Lett 2015;17:1593–96.

37. Matsumoto T, Tanaka K, Chujo Y. High HOMO levels and nar-
row energy band gaps of dithienogalloles. RSC Adv
2015;5:55406–10.

38. Matsumoto T, Takamine H, Tanaka K, Chujo Y. Synthesis and
characterization of heterofluorenes with five-coordinated group 13
elements. Chem Lett 2015;44:1658–60.

39. Chen R-F, Zheng C, Fan Q-L, Huang W. Structural, electronic,
and optical properties of 9-heterofluorenes: a quantum chemical
study. J Comput Chem 2007;28:2091–101.

40. Blouin N, Leclerc M. Poly(2,7-carbazole)s: structure−property
relationships. Acc Chem Res 2008;41:1110–9.

41. Allard N, Aïch RB, Gendron D, Boudreault P-LT, Tessier C,
Alem S et al. Germafluorenes: new heterocycles for plastic elec-
tronics. Macromolecules 2010;43:2328–33.

42. Tanaka S, Imoto H, Yumura T, Naka K. Arsenic halogenation of
9-arsafluorene and utilization for As−C bond formation reaction.
Organometallics 2017;36:1684–87.

Synthesis, properties and structure of borafluorene-based 201

http://dx.doi.org/10.1002/ejoc.201700704
http://dx.doi.org/10.1002/chem.201702309


43. Matsumura Y, Ishidoshiro M, Irie Y, Imoto H, Naka K, Tanaka K
et al. Arsole-containing π-conjugated polymer by post-element-
transformation-technique. Angew Chem Int Ed 2016;55:15040–3.

44. Matsumoto T, Tanaka K, Tanaka K, Chujo Y. Synthesis and
characterization of heterofluorenes containing four-coordinated
group 13 elements: theoretical and experimental analyses and
comparison of structures, optical properties and electronic states.
Dalton Trans 2015;44:8697–707.

45. Tokoro Y, Nagai A, Chujo Y. Synthesis of highly luminescent
organoboron polymers connected by bifunctional 8-
aminoquinolate linkers. J Polym Sci Part A Polym Chem
2010;48:3693–701.

46. Matsumoto, T, Takamine, H, Tanaka, K, Chujo, Y. Design of
bond-cleavage-induced intramolecular charge transfer emission
with dibenzoboroles and their application to ratiometric sensors

for discriminating chain lengths of alkanes. Mater Chem Front
2017;1:2368–75.

47. Matsumoto T, Tanaka K, Chujo Y. Synthesis and characterization
of gallafluorene-containing conjugated polymers: Control of
emission colors and electronic effects of gallafluorene units on π-
conjugation system. Macromolecules 2015;48:1343–51.

48. Yeo H, Tanaka K, Chujo Y. Isolation of π-conjugated system
through polyfluorene from electronic coupling with side-chain
substituents by cardo structures. J Polym Sci Part A Polym Chem
2012;50:4433–42.

49. Gibson GL, McCormick TM, Seferos DS. Effect of group-14 and
group-16 substitution on the photophysics of structurally related
donor–acceptor polymers. J Phys Chem C 2013;117:16606–15.

50. Gibson GL, Seferos DS. “Heavy-atom” donor–acceptor con-
jugated polymers. Macromol Chem Phys 2014;215:811–23.

202 T. Matsumoto et al.


	Synthesis, properties and structure of borafluorene-based conjugated polymers with kinetically and thermodynamically stabilized tetracoordinated boron atoms
	Abstract
	Introduction
	Results and discussion
	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




