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Post-polymerization modification and release of
functional groups based on an NIR light-emitting
organoboron n-conjugated polymer

@ and Kazuo Tanaka (2 *3°

Masashi Nakamura, (=) ¢ Masayuki Gon
We developed a near-infrared (NIR) light-emitting organoboron m-conjugated polymer that can be
functionalized through post-polymerization modification with click chemistry. The perpendicularly
protruding substituents at the boron center are reactive and almost electronically independent from the
polymer main chain. These properties allow the quantitative chemical modification of functional groups
as side-chains even after polymerization, without any influence on the main-chain properties. In
particular, to the best of our knowledge, we first demonstrate that the boron-fused azobenzene
complex can release the introduced functional units at the boron center upon treatment with reactive
agents, such as nucleophilic bases and photo-radical initiators. We observed that the release of pyrene
side-chains can be monitored by the disappearance and appearance of the NIR and blue emissions,
respectively, even for water-dispersible polymer nanoparticles. This study provides a novel design
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Introduction

Post-polymerization modification (PPM) is a powerful method
for combining multiple functions and improving the perfor-
mance of polymeric materials. A single precursor can be easily
transformed into diversely functionalized polymers, enabling
the fine-tuning of properties with less demanding synthetic and
purification steps compared to the traditional approach of
polymerizing functionalized monomers."” In addition, PPM
allows the introduction of functional groups that are incompa-
tible under the polymerization conditions. Click chemistry,
represented by copper-catalyzed alkyne-azide cycloaddition
(CuAAC), is one of the most prevailing synthetic approaches
for PPM because of its excellent reliability toward various
substances with high yield and superior selectivity.® Further-
more, selective and orthogonal PPM is achieved by combining
different types of reactions, such as thiol-ene,” thiol-yne,"” nitrile
oxide-olefin cycloaddition,"* pentafluorophenyl substitution,"
and sulfur(vi) fluoride exchange."® These synthetic approaches
have provided multifunctional platforms, especially for drug
delivery, such as polymer-drug conjugates with targeting
agents'*™” and theranostic materials that combine diagnostic
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strategy for stimuli-responsive theranostic systems based on NIR-fluorescent n-conjugated polymers.

and therapeutic units in one polymer system.'®' Such a “one-

for-all” approach shows promise as a strategy for achieving a
simplified fabrication process and good reproducibility compared
with the conventional “all-in-one” approach, in which different
functional materials are integrated into nanoparticles (NPs)
through covalent or non-covalent interactions.”® In general, the
“all-in-one” approach is easy to implement and has broad sub-
strate applicability. However, it is difficult to avoid competing
effects among the included components, which may reduce repro-
ducibility. In contrast, the “one-for-all” approach provides better
reproducibility owing to the use of multifunctional platforms based
on the sophisticated molecular design. Therefore, there is a need to
design new multifunctional platforms to meet various demands.

Near-infrared (NIR, >700 nm) fluorescence (FL) imaging is
a powerful diagnostic technique owing to its deep-tissue pene-
tration ability and high spatial and temporal resolutions.>*>
To date, theranostic agents that combine NIR light-emitting
small molecules for diagnosis with polymer-drug conjugates
for therapy have been reported.”®>® In addition to n-conjugated
fluorophores based on small molecules that have been actively
studied, fluorescent m-conjugated polymers are beneficial in
terms of their high brightness, attributed to the superior light-
absorption property derived from their extended m-conjugated
system.?® However, very few theranostic agents in which drugs
or some therapeutic units are conjugated to NIR-fluorescent
n-conjugated polymers have been reported. This is likely due to
a lack of monomers that satisfy both the NIR FL and PPM
requirements.
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Our group has recently reported a novel class of donor-
acceptor (D-A)-type m-conjugated polymers capable of highly
efficient NIR fluorescence.***' The key building block is a
boron-fused azobenzene complex (BAz) created by a tridentate
azobenzene ligand and boron.?” The intrinsic strong electron-
accepting ability of BAz plays a critical role in achieving the
narrow energy gap between the frontier molecular orbitals,
thereby enabling NIR FL in the resulting polymer. In addition,
the simple modification of BAz can enhance its electron-
accepting character’® and extend the fluorescent property of
the resulting polymer into the second NIR (NIR-II, >1000 nm)
region.** Furthermore, the m-conjugated system of the main
chain and the perpendicularly protruded substituents at the
boron center are almost electronically independent. Based on
this structural feature, additional functions could be intro-
duced via modification at the boron center without compro-
mising the NIR FL property of the polymer main-chain.**>*’

Meanwhile, stimuli-responsive properties can be imparted
by incorporating reactive parts to the resulting polymers, lead-
ing to on-demand drug release and elaborate sensing systems
for some in vivo reactants. Boron is one of the potential
elements capable of serving as the responsive unit because of
its unique reactivity with nucleophiles, and a series of sensing
materials have been established based on fluorescent organo-
boron compounds with n-conjugated systems.**** In addition,
materials including boron are beneficial as carriers in boron
neutron capture therapy (BNCT).**™** If the release of the
functional units introduced at the boron center, triggered by
external stimuli, is coupled with changes in the FL property,
quantitative information on drug distribution and concen-
tration could be obtained, as well as real-time monitoring of
treatment progress.

The implementation of molecular functionalization at the
boron center using click chemistry has been reported. Work-
entin, Gilroy and coworkers performed the CuAAc reaction
with dialkynylborane complexes of the bidentate formazanate
ligand."® They achieved the asymmetric functionalization of
the boron-stereogenic compounds by the enantioselective
CuAAc reaction.”” Therefore, the system is still epoch-
making in terms of the development of n-conjugated poly-
mers with both PPM capability and NIR FL. Here, we demon-
strate PPM of the substituents at the boron center in an NIR
light-emitting n-conjugated polymer composed of an azide
group-substituted BAz derivative. When pyrene was loaded
onto the boron center via the CUAAC reaction, energy transfer
from the pyrene to the polymer backbone occurred, resulting
in the observation of only NIR FL from the polymer backbone.
Through treatments with nucleophilic bases or radicals, the
boron atom was eliminated from the conjugated system, and
a concomitant decrease in the NIR and an increase in the
blue FL from the pyrene were observed. As a result, the
release of the boron unit can be monitored through both
NIR emission quenching and blue emission enhancement.
Furthermore, these releasing behaviors were able to be rea-
lized in the water-dispersible NP using a surfactant triggered
by ultraviolet (UV) light irradiation. By leveraging the
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structural features and reactivity of boron, new controlled-
release systems can be established.

Results and discussion
Synthesis and characterization

The synthetic procedure is shown in Fig. 1a. First, the BAz
derivative with an azide group at the boron center (N;-Br) was
obtained by the condensation reaction between the azobenzene
tridentate ligand (OH-Br)*° and potassium 4-(azidomethyl)phe-
nyltrifluoroborate. This reaction was conducted with diisopropyl-
ethylamine (DIEA) as a base and trimethylsilyl trifluoro-
methanesulfonate (TMSOT{) as a Lewis acid in acetonitrile
(MeCN) at room temperature, affording a 28% isolated yield.
Next, the Migita-Kosugi-Stille cross-coupling polymerization
was carried out with 5,5'-bis(trimethylstannyl)-3,3’-dodecyl-2,2'-
bithiophene (BT)*®*’ under a catalytic condition using Pd,(dba);
(dba = dibenzylideneacetone) and 2-dicyclohexylphosphino-
2',4' 6'-triisopropylbiphenyl (XPhos). Reprecipitation with the
obtained polymeric products from methanol afforded the D-A
n-conjugated polymer (P-N;-BT) in 70% isolated yield. The PPM
of P-N;-BT was conducted by the CuAAC reaction with
1-ethynylpyrene, copper() bromide (CuBr) as a catalyst and
N,N,N',N" N"-pentamethyl-diethylenetriamine (PMDTA) as a
base in tetrahydrofuran (THF). Unreacted 1-ethynylpyrene was
completely removed via high-performance liquid chromatogra-
phy (HPLC), and the pyrene-modified polymer (P-py-BT) was
prepared in 31% isolated yield. Although the click reaction is
known to proceed almost quantitatively, some losses occurred
during the purification processes to obtain pure P-py-BT. The
'H NMR spectrum of P-py-BT indicated that the CuAAc reaction
proceeded quantitatively (Fig. 1b). Gel permeation chromatogra-
phy (GPC) was conducted with polystyrene standards using
chloroform (CHCl;) as an eluent, and the chromatogram of P-
py-BT after HPLC was almost identical to that of P-N;-BT,
suggesting that decomposition was negligible during the reac-
tion (Table 1). The slight decrease in the calculated molecular
weights in P-py-BT might be attributed to the alteration of the
polymer hydrodynamic radius derived from the functionalized
bulkier side-chains. All synthesized compounds showed good
solubility in common organic solvents, such as THF, CHCl;, and
dichloromethane (CH,Cl,), and good stability in ambient atmo-
sphere. The chemical structures were confirmed by 'H, *C{'H}, "'B
NMR spectroscopy, high-resolution mass spectrometry (HRMS),
and elemental analyses (see the SI).

Optical properties

To evaluate the optical properties of the obtained polymers, we
evaluated their UV-vis-NIR absorption spectra, FL spectra, and
absolute FL quantum yields (®g;) in THF solution. The longest
wavelengths of absorption and FL maxima (Z,ps and Agp,
respectively), as well as the emission efficiency, of P-py-BT were
identical to those of P-N;-BT, indicating that PPM hardly
affected the optical properties of the polymer main-chains.
(Fig. 2a, b and Table 2). In the absorption spectra of P-py-BT,
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Fig. 1 (a) Synthetic scheme for P-py-BT. The regiorandom polymers are obtained, and only one representative structure is shown here. (b) *H NMR
spectra in CDCl;z (400 MHz), and chemical structures of P-N3-BT and P-py-BT. Red circles indicate the signals of the methylene protons adjacent to the

azido group for P-N3-BT and the 1,2,3-triazole group for P-py-BT.

Table 1 Molecular weights and isolated yields of P-N3-BT and P-py-BT

M4 M, MM, n? Yield/%
P-N;-BT 15.1 38.3 2.54 17 70
P-py-BT 14.4 30.9 2.15 13 31

Determmed by gel permeation chromatography (GPC) with polystyrene
standards. ” Number-average degree of polymerization.
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Fig. 2 UV-vis-NIR absorption, normalized FL, and normalized EX spectra
of (top column) P-N3-BT and (bottom column) P-py-BT in THF (1.0 x
107> M per repeating unit), excited at 348 and 647 nm for the FL spectra
and monitored at 769 nm for the EX spectra.
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Table 2 Optical properties of P-N3-BT and P-py-BT in THF (1.0 x 107> M
per repeating unit)

Japs/MM  Ae/nm (gfem ' MY Jp %nm e’ /%
P-N;-BT 647 647 (81860) 769 7.1
P-py-BT 647 647 (72 080) 769 7.2

348 348 (42140) 769, 407, 387  6.6°—°

¢ Excited at ey )ex excitation wavelength. b Absolute FL quantum
y1e1d excited at Aex. ¢ The @, value of emission from 660 to 950 nm.
4 The @y, value of emission from 360 to 550 nm. ¢ Not detected.

an extra broadband peak at 348 nm derived from triazole-
substituted pyrene was observed. Upon excitation of the pyrene
moiety, the same NIR emission band was detected as that
obtained upon excitation of the m-conjugated system of the
polymer backbone. Although the blue emission of the pyrene
was observable, it was too weak to estimate the emission
efficiency. The excitation (EX) spectra of P-py-BT detected at
the maximum FL wavelength were similar to the corresponding
absorption spectra, including the broadband in the UV region,
derived from pyrene. These results clearly indicate that energy
transfer from the pyrene to the polymer backbone occurs.?”
From FL lifetime measurements (Fig. S1), P-N;-BT and P-py-BT
showed similar averaged FL lifetimes (t,, = 0.27 ns for P-N3-BT
and t1,, = 0.28 ns for P-py-BT) upon excitation at longer absorp-
tion bands with a 504 nm laser diode while monitoring the NIR
emission (/g = 769 nm). On the other hand, P-py-BT exhibited
a slightly longer average FL lifetime (t,, = 0.31 ns) than P-N3-BT

Mater. Chem. Front.
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(trav = 0.27 ns) upon excitation at shorter absorption bands,
including the absorption band of the pyrene unit, with a
375 nm laser diode while monitoring the NIR emission (A, =
769 nm). Furthermore, when monitoring emission from the
pyrene unit (Ag, = 407 nm) in P-py-BT, the very short lifetime
component (t < 0.01 ns) was dominant (95%). These results
also indicate that energy transfer proceeds from the pyrene to
the polymer backbone in P-py-BT.

Next, we conducted decomposition tests to assess stimuli-
responsive behavior in terms of changes in the optical proper-
ties. Nucleophilic bases and radicals were selected as reactants
that could attack the boron moiety. To ensure the reactivity of
these reactants and the solubility of P-py-BT, purified THF
without any undesirable radical species was used as a
solvent.”®

At first, the responsiveness was evaluated by treatment with
300 equivalents of nucleophilic bases toward the repeating unit
of P-py-BT. Tetrabutylammonium hydroxide (TBAOH) was
selected as the base because the hydrophobic cation has a high
affinity for organic solvents and hydrophobic n-conjugated
polymers. As shown in Fig. 3a, a gradual change in the solution
color from blue to reddish purple was observed after adding
TBAOH. In the UV-vis-NIR absorption spectra, Z,ps shifted from
647 nm to 568 nm with a large decrease in the molar extinction
coefficient (g) after 1 hour of incubation following base addi-
tion. In the FL spectra in Fig. 3b, the NIR FL completely
disappears following base treatment, and intense blue FL
appears instead. This is because the pyrene moiety is released,
and subsequently, emission from the pyrene moiety is recov-
ered. According to the GPC profiles, a broad peak derived from
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the fragmentated polymer products was observed after the base
treatment, as well as a peak originating from the pristine
polymer (Fig. S2). Thus, the decomposition likely started from
the nucleophilic attack of the base to the boron or the azoben-
zene moieties, followed by the release of the boron moiety from
the polymer main chain, accompanied by the partial decom-
position of the polymer main chain.

Next, we investigated the responsiveness toward radicals.
To generate radical species in situ, 100 equivalents of a
photo-radical generator, 2,2-dimethoxy-2-phenylacetophenone
(DMPA), toward the repeating unit of P-py-BT were added, and
UV light at 365 nm was applied for 5 min with a transillumi-
nator. Interestingly, the longest absorption band completely
disappeared, and the solution turned colorless from light blue
in P-py-BT with DMPA after the UV irradiation (Fig. 3c). In the
GPC profile of the solution treated with the radical, the original
high-molecular-weight peak disappeared and shifted to a lower-
molecular-weight region. In addition, the NIR FL was annihi-
lated, and intense blue emission appeared (Fig. 3d). In contrast,
absorption and NIR FL spectra were maintained in the absence
of DMPA even with UV light irradiation (Fig. 3c and d). These
results suggest that the release of the introduced pyrene occurs
simultaneously with the decomposition of the m-conjugated
system in the polymer main-chain.

To gain further information on the pathways of the above-
mentioned two reactions with the base and radical, we exam-
ined the decomposition products by HRMS using model com-
pounds BT-py-BT and BT-OH-BT (Fig. 4). According to the data,
the signal attributable to an aniline analogue, which results
from the hydrolysis of the azobenzene moiety, was detected
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Fig. 3 (a) UV-vis-NIR absorption and (b) FL spectra of P-py-BT in THF (1.0 x 10™> M per repeating unit) before and after base treatments, excited at
349 nm. (c) UV-vis-NIR absorption and (d) FL spectra of P-py-BT in THF (1.0 x 10> M per repeating unit) before and after UV irradiation under the
condition with or without DMPA, excited at 349 nm. Red lines (pristine) and gray lines (after 5 min without DMPA) overlap.
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Fig. 4 Plausible decomposition mechanism. Molecular weights obtained from the HRMS spectra of the decomposition products.

from BT-py-BT but not from BT-OH-BT under the same condi-
tions. Although there have been no reports on the hydrolysis of
azo groups, to the best of our knowledge, it is proposed that the
azo group could be hydrolyzed by activation through boron
coordination. Considering the fact that the high molecular-
weight polymers remained in the GPC profiles (Fig. S2), the
release of the boron moiety might prevent the hydrolysis of the
azo groups and the subsequent decomposition of the polymer
main chain.

Next, we examined the reaction products after the introduc-
tion of the radical generator. After UV irradiation with the THF
solution of BT-py-BT with DMPA (10 eq.), significant mass
signals attributable to nitrosobenzene and nitrobenzene analo-
gues were detected, which result from oxidation of the azoben-
zene moiety. These chemical species were not observed in the
CHCI; solution, suggesting that the peroxides present in trace
amounts in THF may be responsible for generating the oxidized
products. In addition, BT-OH-BT was observed as one of the
decomposition products with 10 eq. of DMPA, while it was not
detected with a larger amount of DMPA (100 eq.). This implied
that both the oxidation of the azo group and the desorption of
the boron atom occur, and the latter might be the faster
reaction. The decomposition products derived from the boron
substituents, which could be formed by the reaction with

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

oxygen radicals and peroxides, were also detected. However, it
could be argued that these species derived from the boron
moiety are merely fragments generated during the ionization in
HRMS since the same species were found in the pure BT-py-BT
solution subjected to neither DMPA addition nor UV irradiation.

Finally, the validity of the substance-release system triggered
by UV irradiation was investigated in water. We fabricated a
clear aqueous solution of an NP containing P-py-BT and DMPA
(100 eq.) with the nanoprecipitation method, aided by the
amphiphilic polymer DSPE-PEG(2000)-amine (Fig. 5a). The
detailed preparation methods of the NPs are shown in
the Electronic SI. The pristine NP exhibited NIR FL with @y,
of 3.1% even in water upon 349 nm excitation. After about
30 seconds of UV irradiation (365 nm) with a handy lamp, the
solution turned colorless and simultaneously began to show
blue FL (Movies S1 and S2). Finally, the reaction seemed to
reach completion after 2 minutes of irradiation. We monitored
the dispersion state with dynamic light scattering (DLS) and
transmission electron microscopy (TEM) (Fig. S3). Accordingly,
it was shown that the average hydrodynamic diameter of the
pristine NPs was 50-60 nm with monodispersity, and the
monodisperse nature was maintained after photoirradiation.
The absorption and FL spectra before and after UV irradiation
are shown in Fig. 5b and c, respectively. As observed for the

Mater. Chem. Front.
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(a) Schematic of the NP components. NPs are formed with hydrophobic and hydrophilic interactions and are able to be homogeneously

dispersed in water. (b) UV-vis-NIR absorption spectra and (c) FL spectra of the NPs in water (1.0 x 10~> M per repeating unit) before and after UV
irradiation with or without DMPA, with excitation at 349 nm. Red lines (pristine) and gray lines (after 2 min without DMPA) overlap.

experiment in the THF solution, the longest absorption band
around 630 nm and the NIR FL band completely disappeared,
and a simultaneous enhancement of the blue FL band was
observed. In addition, the spectral change was hardly detected
for the NP without DMPA. Therefore, it was clarified that the NP
can release the introduced functional units at the desired
timing in water. In summary, it can be demonstrated that P-
py-BT possesses a mechanism that allows a turn-on/-off beha-
vior, reflecting a release of the functional units modified
through PPM and the degradation at the boron part.

Conclusion

We developed a novel organoboron n-conjugated polymer that
can be functionalized after polymerization. The azide groups at
the boron center isolated from the m-conjugated system were
able to be quantitatively modified by the CuAAC reaction even
after polymerization, and the intrinsic NIR light-emitting prop-
erty of the polymer main-chain was preserved. This method
potentially allows us to introduce appropriate biological target-
ing agents and therapeutic substances. Focusing on the reactivity
of the boron moiety, we discovered that the pyrene-introduced
polymer (P-py-BT) exhibited release behavior, as evidenced by the
FL response. Upon treatment with the base or the radical, a
simultaneous decrease in the NIR FL and increase in the pyrene-
derived FL were detected because of the elimination of the boron
moiety and recovery of emission from the released pyrene
moiety. The mechanistic study using HRMS and GPC suggested
that the main decomposition route starts at the boron moiety;
while the scission of the polymer main-chain can occur under

Mater. Chem. Front.

basic conditions, it proceeds fully under radical conditions.
Remarkably, the substance release in water triggered by UV
irradiation and the associated change in the apparent and
fluorescent color were achieved in the NP of P-py-BT. By using
two-photon absorption techniques guided by NIR fluorescence,
selective radical generation within deep tissue and the monitor-
ing of the subsequent release of drugs by the decrease in the NIR
emission can be expected. This research provides a positive
proof-of-concept for multifunctional theranostic reagents that
exhibit stimuli-responsive and NIR light-emitting properties,
offering potential for real-time monitoring applications in bio-
medical and BNCT fields.
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