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/Abstract: Reversible and selective capture/detection of F~
ions in water is of the utmost importance, as excess intake
leads to adverse effects on human health. Highly robust
Lewis acidic luminescent porous organic materials have po-
tential for efficient sequestration and detection of F~ ions.
Herein, the rational design and synthesis of a boron-based,
Lewis acidic microporous organic polymer (BMOP) derived
from  tris(4-bromo-2,3,5,6-tetramethylphenyl)boron  nodes
and diethynylbiphenyl linkers with a pore size of 1.08 nm for

selective turn-on sensing and capture of F~ ion are reported.
The presence of a vacant p, orbital on the boron center of
BMOP results in intramolecular charge transfer (ICT) from the
linker to boron. BMOP shows selective turn-on blue emission
for F~ ions in aqueous mixtures with a detection limit of
2.6 um. Strong B-F interactions facilitate rapid sequestration
of F~ by BMOP. The ICT emission of BMOP can be reversibly
regenerated by addition of an excess of water, and the poly-
mer can be reused several times. D

Introduction

Reversible and selective detection/capture of excess F~ ions is
important due to its impact on human health and the environ-
ment."? The World Health Organization recommends F~ con-
tents in drinking water of less than 1.5 ppm, and overexposure
is known to cause dental fluorosis, osteoporosis, and other se-
rious health problems. Although several methods for the de-
tection and sequestration of F~ ions have appeared, low selec-
tivity, poor recyclability, leaching, and weak or no analytical
signal output demand the development of new materials that
show both selective and reversible readout fluorescence sig-
nals and sequestration of F~ ions.®’ Recently, small-molecule
sensors having vacant Lewis acidic centers have been studied
for colorimetric and fluorimetric sensing of small anions such
as F~ in organic solvents. However, they often suffer from
very low density of active sites and vulnerability to microenvir-
onmental conditions such as solvent, and the counterion-pair-
ing effect limits real-time monitoring of F.*) On the other
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hand, metal complexes and small organic molecular sensors
for F~ detection in solvents such as H,O, THF, and DMF have
been reported, but they suffer from poor reversibility, low recy-
clability, or difficulty regeneration.” Reversibility and easy recy-
clability are of the utmost importance for the commercializa-
tion and industrial application of a sensor. In this context, the
confined nanospaces enclosed by a high density of F~ binding
sites with fluorescence read-out signaling ability of solid
porous materials” have potential for rapid and selective detec-
tion of F~ ions. The insoluble nature of solid porous materials
facilitates heterogeneous-phase detection of F~ ions and
allows easy recovery of the sensor material from aqueous solu-
tions. Sensors based on inorganic-organic hybrid systems such
as metal-organic frameworks (MOFs) have been reported, but
their poor hydrolytic stability and limited regenerability due to
disintegration of the framework on F~ binding limits their ap-
plication.”! In this respect, porous organic polymer solid ad-
sorbents” such as conjugated microporous polymers (CMPs),
pioneered by Cooper et al.,"” have great potential for selective
sensing and capture of F~ ions, owing to their strong fluores-
cence signaling ability and pronounced chemical/thermal and
hydrolytic stability due to strong covalent linkages between
their building blocks. Flexibility in design and the availability of
large number of organic struts provides functionalized pore
surfaces for desired applications."” In addition, the ability to
host various guests in the confined environment of nanopores
offers guest-responsive modulation of optical and electronic
properties and can be exploited for sensing applications.'”
Among the CMPs,"™ heteroatom-containing conjugated
porous polymers in which electron-donor atoms such as N are
replaced by electron-deficient B centers have potential for the
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detection of F~ ions. Conjugation through the vacant p orbital
on boron would introduce characteristic photophysical and
electronic properties in the polymer. Therefore such a polymer
would have a potential as a nonlinear optical material, as an
electroluminescent and charge transporter in organic light-
emitting diodes (OLEDs)."¥ Herein, we report the rational
design and synthesis of a boron microporous organic polymer
(BMOP) containing methyl-protected triarylborane as node and
diethynylbiphenyl as linker for selective and turn-on fluores-
cent sensing and sequestration of F~ ions with excellent recy-
clability from aqueous solution. High-density Lewis acidic B
centers throughout the polymer facilitate selective and rapid
detection of small anions, which would significantly obstruct
intramolecular charge transfer (ICT) from the diethynylbiphenyl
linker to the empty p, orbital of boron. The ICT emission
changes to intense blue emission on binding of F~ ion to the
boron center at levels as low as 0.2 ppm in aqueous binary
mixtures. Furthermore, strong covalent linkages in the polymer
provide high hydrolytic stability and easy regeneration of the
sensor on addition of an excess of water.

Results and Discussion
Synthesis and characterization

BMOP was synthesized by Pd°/Cul-catalyzed Sonogashira C—C
coupling between tris(4-bromo-2,3,5,6-tetramethylphenyl)bor-
on nodes (Supporting Information, Figure S1) and 4,4"-diethy-
nylbiphenyl linkers (Supporting Information, Figure S2), as
shown in Scheme 1. The FTIR spectrum of BMOP, which shows
bands at 980, 1600, and 2100 cm™' corresponding to the C—B,
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Scheme 1. Synthesis of BMOP by Sonogashira C—C coupling between tris(4-
bromo-2,3,5,6-tetramethylphenyl)boron and diethynylbiphenyl.
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C=C, and C=C stretching vibrations, respectively*' (Support-

ing Information, Figure S3), confirmed the presence of both
node and linker moieties in the polymer. Furthermore, the
solid-state '*C CP/MAS NMR spectrum shows a moderate
signal at 90 ppm assigned to C of the C=C bond, suggests
bonding of the triarylborane node and 4,4'-diethynylbiphenyl
linker (Figure 1). Other peaks ranging from 120-150 ppm can
be assigned to the aromatic C atoms of phenyl rings,"*'® and
the peak at 19 ppm to aliphatic methyl substituents of the
phenyl rings.®'”! The presence of boron in BMOP was con-
firmed by X-ray photoelectron spectroscopy (XPS). The XP
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Figure 1. °C CP/MAS solid-state NMR spectrum of BMOP confirming the
linkage of node and linker through a C—C bond.

spectrum (Supporting Information, Figure S4), which showed
a B 1s peak centered at 189.90 eV and a Br 3p,, peak at
184.45 eV, suggested the presence of boron and free terminal
bromine of the triarylborane node in BMOP"® Powder XRD
measurements showed a broad peak at 20° indicating amor-
phous nature of BMOP (Supporting Information, Figure S5).

SEM images showed formation of clustered spherical parti-
cles of size varying from 100 to 300 nm (Supporting Informa-
tion, Figure S6). TEM images also revealed the presence of clus-
tered particles (Supporting Information, Figure S7) and, at
higher magnification, the presence of micropores in the parti-
cle (Figure 2a). Thermogravimetric analysis of BMOP showed
no appreciable weight loss up to 280°C, and further heating
resulted in steady weight loss (50%) up to 720°C (Supporting
Information, Figure S8), and constant mass was observed up to
1000°C. These results suggest the absence of any traces of
[PA(PPh,),] catalyst, and the remaining mass can be attributed
to the presence of oxides of boron and Pd® nanoparticles.
Such mass constancy is also observed in covalent organic
frameworks and metal-organic frameworks."” N, adsorption
measurements at 77 K showed a type | adsorption profile with
appreciable uptake in the lower-pressure range, and the final
uptake was 207 mLg™" (Figure 2b). Application of the BET
model to the N, isotherm in the range of P/P,=0.01-0.3 yield-
ed a surface area of 390 m*g™". A nonlocal DFT model fitted to
the N, adsorption isotherm gave an average pore size of
1.08 nm and thus signified microporous nature of the polymer
(Supporting Information, Figure S9). BMOP showed a CO,
uptake capacity of 90 mL (18 wt%) at 195 K up to 1 atm (Fig-
ure 2b, inset) and 60 mL (12 wt%) at 273 K up to 30 bar (Sup-
porting Information, Figure S10).

Photophysical studies

BMOP is a dark green compound in contrast to the white crys-
talline tris(4-bromo-2,3,5,6-tetramethyl phenyl)boron and 4,4-
diethynylbiphenyl precursors. The absorbance of BMOP is
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Figure 2. a) TEM image of BMOP showing micropores at higher magnifica-
tion (inset: electron-diffraction pattern). b) N, adsorption isotherms of BMOP
at 77 K (inset: CO, adsorption profile at 195 K).

broad and features two major UV/Vis absorption bands at 350
and 410 nm, which can be ascribed to m-nt* transition of the
linker part and m—p,(B) electron transition from the linker to
the empty p orbital of boron, respectively (Supporting Infor-
mation, Figure S11). In contrast to the blue emission of the
linker and non-emissive behavior of tris(4-bromo-2,3,5,6-tetra-
methylphenyl)boron, BMOP shows strong green emission with
a maximum at 520 nm (Supporting Information, Figure S11),
and the excitation spectrum shows two resolved bands at 350
and 410 nm. This large redshift in emission of BMOP clearly
suggests interaction between the extended linker (donor) and
the boron center (acceptor) through ICT via conjugation. The
ICT process was validated by solvent-dependent emission fea-
tures of the polymer; in a nonpolar solvent such as hexane,
BMOP shows local excited-state emission with a maximum at
410 nm originating from the extended linker, whereas in
a highly polar solvent such as water the emission maximum is
redshifted to 520 nm and assigned to ICT (Supporting Informa-
tion, Figure $12). The dependence of the emission maxima of
the polymer on solvent polarity demonstrates strong coupling
between donor and acceptor in the excited state. This strong
dependence of the emission maximum on solvent polarity in-
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dicates that the excited state is stabilized by polar solvents
due to the high dipole moment. Furthermore, no changes in
excitation spectra were observed on changing the solvent po-
larity, and this suggests weak coupling between donor and ac-
ceptor in the ground state (Supporting Information, Fig-
ure S13). The ICT behavior of BMOP was further studied by per-
forming DFT calculations on the boron precursor and the
smallest unit of the polymer (Figure 3a) by using the B3LYP

Figure 3. a) HOMO-LUMO energy level diagram of tris(2,3,5,6-tetramethyl-4-
bromophenyl) boron and the smallest unit of BMOP. b) ESP plot of the small-
est unit of BMOP after F~ binding (red and blue regions indicate high and
low electron density, respectively). c) Energy-minimized structure of
F~@BMOP showing the changes in bonding environment around the boron
center. Red: B, blue: C, green: F, silver: H.

functional and 6-31+ G(d) basis set, as implemented in Gaussi-
an 09. Molecular orbital plots of the node and smallest unit of
BMOP show that HOMO and LUMO are mainly localized on the
phenyl rings and boron center, respectively. TDDFT calculations
suggested that the ground state and optically allowed excited
state correspond to the HOMO and LUMO, respectively. This
clearly suggests that ICT from the linker to the empty p, orbi-
tal of boron occurs. The optical absorption of the smallest unit
(421.2 nm, f=1.2151) theoretically predicted by TDDFT calcula-
tions compares fairly well with the experimental value
(410 nm), and no changes in absorption maxima are observed
with changing solvent polarity (Supporting Information, Fig-
ure S13). Furthermore, electrostatic potential (ESP) maps of the
smallest unit of BMOP clearly reveal that the boron center is
highly electron deficient (Supporting Information, Figure S14).

Fluoride sensing and capture

On the basis of the principle that boron with empty p, orbital
in BMOP would accept electrons from anions, which would
perturb the ICT process and induce changes in the fluores-
cence signal, we studied the effect of F~ ions on the ICT emis-
sion of BMOP. No visible color change was observed in the
polymer on addition of F~ ions. Initial studies were done on
BMOP (5 um) dispersed in THF, and the changes in the emis-
sion of BMOP on incremental addition of F~ in the form of
tetra-n-butylammonium fluoride (TBAF, 13 mwm) in THF were re-
corded. As shown in Figure S15 of the Supporting Information,
the intensity of the emission band at 520 nm corresponds to
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decreased ICT on addition of F~ ions, and subsequently a blue
emission band appears at 420 nm and is enhanced with in-
creasing amount of F~ ions. It is expected that, when F~ binds
to boron, ICT is blocked and ICT emission decreased; however,
excitation of the linker results in st*-m emission localized on
the extended linker, that is, the tetramethylphenyl-fused 1,4-di-
ethynylbiphenyl unit. To confirm that the blue emission result-
ed solely from the extended linker, we calculated its excited-
state optical properties. The modified extended linker shows
an emission peak at 411 nm (1.9820 eV; Supporting Informa-
tion, Figure S16), which is close to experimentally observed
blue emission (420 nm). Also, the orbital diagram (LUMO and
HOMO) confirms that this extended linker shows the character-
istic 1*—7 emission peak (S1—S0; Supporting Information, Fig-
ure S17), which further support the hypothesis that the strong
blue emission of F -loaded MOP (F-@BMOP) indeed originates
from the extended linker, which signifies its importance for
turn-on sensing of F~ ions. The emission color of the solution
changes from green to intense blue on F~ binding (Supporting
Information, Figure S18). Furthermore, the ESP plot suggests
that, on complexation of F~, the boron center loses its elec-
tron-deficient character, and F~ becomes the low-electron-den-
sity species (Figure 3b and Supporting Information, Fig-
ure S19). We calculated the optimized structure for the F -
bound smallest unit (Figure 3¢). The F~ ion is indeed strongly
bound to the boron center by donating electrons to boron.
The B—F distance of 1.47 A in F-@BMOP is close to that of BF,~
(1.43 A) and suggests strong interaction between B and F and
the corresponding geometry shown in Figure 3c.

Detection of F~ in water is a challenge. The World Health Or-
ganization recommends that F~ ion content in drinking water
be lower than 1.5 ppm. However, BMOP does not show signifi-
cant change in emission spectra on incremental addition of
fluoride ion in pure water due to high hydration enthalpy
(Supporting Information, Figure S20). Hence, further experi-
ments were carried out in aqueous/organic solvent mixtures.
Initial experiments were done with BMOP (5 um) dispersed in
DMSO/H,0 (8:2) and titrated against TBAF (15 mm in DMSO/
H,O 8:2). Figure 4a shows a gradual decrease of the emission
intensity at 520 nm with simultaneous increase in the blue
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Figure 4. Changes in fluorescence spectra of BMOP on incremental addition
of F~ ion in a) DMSO/H,0 (8:2) and b) THF/H,0 (9:1). Inset: images of BMOP
dispersed in THF/H,O under UV light before and after F~ addition and rever-

sibility of the color change.
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emission intensity at 410 nm on addition of F~. The blue emis-
sion is ascribed to m*-m emission of the extended linker (see
above). Nevertheless, the detection limit was observed to be
about 20 ppm. On the other hand, THF/H,O in (9:1) is found to
be promising for detection of lower concentrations of F~ ions.
As shown in Figure 4b, similar blockage of ICT emission and
enhancement of blue emission from the linker was observed
on incremental addition of F~ (3.5 mm) to BMOP dispersed in
THF/H,0. Strikingly, similar fluorescence response of BMOP was
observed down to very low concentrations of F~. In the Stern—
Volmer plot showing the florescence response of BMOP versus
equivalents of fluoride ion (THF/H,O 9:1, initial concentration
of F7: 4.5x 10*m; Supporting Information, Figure S21), the in-
tercept or detection limit was found to be 2.6 pum. Interestingly,
BMOP shows appreciable fluorescence response even at lower
concentrations of F~ ions (final concentration: <2.6 um) on
soaking F~ with a dispersion of BMOP in THF/H,O for 15 min
(Supporting Information, Figure S22). This delayed fluorescence
response for such low concentrations of F~ may be attributed
to the longer diffusion time of F~ ion to interact with boron
present in the polymer. The binding constant for F~ ion to
BMOP was calculated from fluorescence titration data to be 1x
10°m~" (Supporting Information, Figure S23). It is noteworthy
that BMOP is highly selective for F~ ions (Supporting Informa-
tion, Figure S24) and shows no appreciable fluorescence re-
sponse to other anions such as CI~, Br~, I, NO;~, SO,*", and
CO,*". This high selectivity of BMOP to F~ ions may be due to
the sterically crowded binding environment created by the
ortho-methyl groups of phenyl substituents around the boron
center” The most striking feature of F~ ion sensing with
BMOP is its reversibility and sample recovery. Owing to the
large hydration enthalpy of the F~ ion,*”' addition of an excess
of water to F"@BMOP, regenerates the as-synthesized polymer
with complete restoration of green emission, and it can recov-
ered by simple centrifugation (Supporting Information, Fig-
ure S25).

To study the capability of BMOP in the sequestration of F~,
we carried out "F NMR spectroscopy on a solution of TBAF in
which BMOP was soaked (the insoluble nature of BMOP pre-
vented our studying of "B NMR spectral changes). A solution
of TBAF/[D¢]DMSO (5 mm) was added to BMOP (0.1 mg), the
mixture allowed to stand for 60 s, and BMOP removed by cen-
trifugation. The clear solution thus obtained was analyzed for
free F~ ions by '°F NMR spectroscopy (Figure 5). As expected,
the signal intensity of free F~ in solution decreased drastically
within 60 s, and soaking for a further 60 s resulted in complete
loss of the F signal in the NMR spectrum. This clearly suggests
that the F~ ion is indeed captured within the porous polymer,
and its coordination to a boron center is evident from the blue
emission of BMOP under UV light (Figure 5, inset). Further-
more, '"HNMR spectra of the filtrate at different intervals did
not show any peaks related to integral parts of the polymer
and thus clearly suggested no disintegration of the polymer
on F~ ion binding (Supporting Information, Figures S26 and
S27). To further prove the capture of F~ by the polymer, we
carried out elemental mapping of the F-@BMOP powder isolat-
ed by the centrifugation of the [Dg]DMSO dispersion. Elemental
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Figure 5. '°F NMR spectra of 5 mm TBAF solution in [Dg]DMSO a) before,

b) after 60 s, and c) after 120 s of soaking with BMOP (trifluorotoluene as
standard). Inset: Change of emission color of BMOP dispersion to blue after
120 s under a UV lamp.

mapping showed a uniform distribution of F~ throughout the
polymer matrix, which confirms that the F~ ion is indeed cap-
tured by BMOP through strong anion-boron interactions in
the micropores of the polymer (Figure 6). These results clearly
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Figure 6. Energy-dispersive X-ray analysis of a) BMOP and b) F-@BMOP,
showing the presence of F~ ions in the polymer. Elemental mapping of
F~@BMOP for ¢) C and d) F~, showing the presence of carbon and fluoride
ion, respectively, throughout the polymer matrix.

suggest that BMOP can not only recognize but also capture F~
ions. This selective recognition and capture or sequestration of
F~ ions in a m-conjugated porous polymer is unprecedented,
and the detection limits are low in comparison to discrete
compounds and porous scaffolds.?" We further tested the ca-
pability of BMOP to indicate the F~ ions present in Colgate an-
ticavity toothpaste by extracting it with THF/H,O. As seen in
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Conclusion

We have demonstrated the rational design and synthesis of
a Lewis acidic microporous organic polymer with high density
of functional boron centers as recognition sites for selective
detection of F~. The extended conjugation of the linker
through duryl groups facilitated turn-on fluorescent sensing of
F~ ion by the obstruction of ICT. BMOP shows a low detection
limit, and strong boron-fluoride interactions allowed facile se-
questration of F~ ion. We further believe that BMOP with
strong ICT emission could find applications in OLEDs and in se-
questration of CO, through Lewis acid-base interactions with
boron.
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