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The detection of boron, either as boric acid or phenylboronic
acids, in natural or residual waters, still faces a number of
challenges. Here, we propose the use of 2,3,6,7,10,11-
hexahydroxytriphenylene as an optical sensor for boron,
using spectrofluorimetry or UV-visible spectrophotometry
detection. We evaluate this sensor for the quantification of
both boric acid and phenylboronic acid in aqueous solution.
The limit of detection of the sensor using spectrofluorimetry
is 10 ppb of boron for boric acid and 6 ppb of boron for
phenylboronic acid, with the interference of metal cations
efficiently eliminated by using a chelating agent such as
EDTA. The proposed method involves a very simple
experimental procedure and is easily amenable for use in field
work.

Boron is beneficial to human health and agriculture, but
only in trace amounts.'” In drinking water, boron is usually
present in concentrations below 0.5 mg/L (0.5 ppm), with the
World Health

concentrations in water for human consumption below 2.4 ppm
34

Organization recommending boron
and the European Union legislation establishing a maximum
permissible value of 1.0 ppm of boron.® On crops, the tolerated
boron level in irrigation water depends on the species, with
adverse effects being observed even below 0.5 ppm of boron
for some crops such as lemon.” Boron compounds are used in
many industrial applications, including the fabrication of soaps
and detergents, glass and ceramics, pesticides, fertilizers,
semiconductors, flame retardants, high duress compounds, and
pharmaceutical drugs.”* High boron contents in water might
result from residual waters discharge but also of leaching from
rocks and soils containing borates and borosilicates.”

The most sensitive methods for the analysis of boron
content in water are Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES), with a detection limit of 6
to 10 ppb, and Inductively Coupled Plasma Mass Spectrometry

(ICP-MS), with a detection limit of 0.15 ppb.>*’ However,
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these methods have several disadvantages, such as high cost,
non-portability, and the need of complex equipment.
Alternatively, spectrophotometric and spectrofluorimetric
detection using chemical sensors offer a simple and relatively
low cost alternative, with equipment available for portable use.
Generally, spectrofluorimetry methods allow greater sensitivity
than methods based on spectrophotometric detection. However,
relatively few examples of fluorescent boron sensors have been
described.®® Azomethine-H *'*'* and other molecules with
1619 are the most common optical boron
sensors, with reported detection limits around 10 ppb of boron.*
However, these methods are not simple to use, involving the
collapse of two chemical precursors (which have to be mixed or
produced by hydrolysis of Azomethine-H). '* Other detection
methods have been described, although used in much lower
scale, 117:8:10.12,15,20-29

Here we discuss the use of a new optical sensor for boron,
2,3,6,7,10,11-hexahydroxytriphenylene (L, Scheme 1), which
features a sensitivity of the order of the best boron sensors,
even at very low sensor concentration (1 uM), using a very
simple measurement procedure, readily adaptable for field use.
The sensor molecule L is readily available, having been used as
a precursor in the synthesis of discotic compounds for liquid
crystal mixtures *° and in supramolecular structures and
covalent organic frameworks.*'>*

similar structure

HO OH

HO OH
Scheme 1 Structure of 2,3,6,7,10,11-hexahydroxytriphenylene (L).
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27 Fig. 1 (A) Fluorescence emission spectra of L (1 uM) in the presence of
28 boric acid (1 mM, 11 ppm of boron) at different pH values (the thin dotted line at
29 A=388nm indicates the wavelength used in the titration curves); (B)

Fluorescence emission titration curves of L (1 uM) in the absence of boron
30 (—®-); in the presence of boric acid (1 mM, --00--); and in the presence of
31 phenylboronic acid (1 mM, +-<++), with the recommended analysis pH interval
32 marked in gray. The spectra were recorded at Aex =310 nm in NH3 buffer
33 (20 mM) in the presence of EDTA (10 mM), T = 23 °C.
34 . L
35 The absorption and emission spectra of L. depend both on pH
36 and on the amount of boron in solution. In fact, L. can
37 coordinate boron, in the form of boric acid or phenylboronic
38 acids, with the resulting complexes featuring absorption and
39 emission spectra different from free L. The change in
40 absorption and emission spectra can be used for the
41 quantification of boron at a fixed pH where coordination with
42 boron occurs. To avoid interference of other metal ions we use
43 EDTA, which chelates cations without interfering with boron
44 (which is in neutral or anionic form in water).
45 The fluorescence spectra of L (1 uM) in aqueous solution
46 (buffered with 20 mM ammonia and with 10 mM EDTA) at
47 several pH values (Fig. 1A and Fig. S1, ESI) show that, while
48 the fluorescence emission of free L is quenched at basic pH, a
49 significant enhancement is observed for these conditions in the
50 presence of both boric acid and phenylboronic acid. The effect
51 is very clear in the fluorescence titration curves (pH 3 to 12) of
52 L (1 uM) in the absence of boron and in the presence of boric
53 acid or phenylboronic acid (Fig. 1B), showing that at basic pH,
54 the presence of boric acid or phenylboronic acid causes a
55 significant increase in fluorescence intensity at pH~ 8 — 10
56 (grey area in Fig. 1B). The pH interval 8.5-9.5 provides
57 optimum conditions to use L as an off-on boron optical sensor:
58
59
60
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in the absence of boron the fluorescence of free L is almost
quenched, while the addition of boron results in a strong
increase in fluorescence intensity. The UV-visible absorption
spectra of L in the absence of boron and in the presence of
boric acid or phenylboronic acid (Fig. S2, ESI) also shows
intensity changes (with pH and with the concentration of boric
acid and phenylboronic acid) that can be used to quantify the
amount of boron. We believe the interaction between L and
boron happens in this pH range because while the medium is
basic enough to partially deprotonate L, it is still sufficiently
acidic to have boron in the non-hydroxylated form (pK, =9.15
for boric acid * and 8.8 for phenylboronic acid *°).

Samples of L (1 pM) in aqueous solution (with 20 mM
ammonia and 10 mM EDTA) at pH =9.1 and T = 23 °C show
increasing fluorescence intensity with the concentration of both
boric acid (Fig. 2) and phenylboronic acid (Fig. S3, ESI). The
limits of detection, defined as the lowest analyte concentration
that can be reliably detected, were calculated as the
concentration for which the difference between the spectra of L
in the presence and absence of boron equals three times the
peak-to-peak noise amplitude.’® For the experimental
conditions used here, the limits of detection are 10 ppb of boron

for boric acid, and 6 ppb of boron for phenylboronic acid.
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Fig. 2. (A) Fluorescence emission spectra (the thin dotted line at A =388 nm
indicates the wavelength used in the titration curves) and (B) the corresponding
fluorescence emission titration curves of L (1uM) as a function of the
concentration of boric acid (from 0 to 54 ppm of boron). The spectra were
recorded at Aexc =310 nm and 23 °C, in NHs buffer (20 mM, pH=9.1), in the
presence of EDTA (10 mM). Coordination of L with boron at basic pH leads to an
increase in emission intensity.
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For UV-vis absorption detection (Figures S4 and S5, ESI),
the spectral variations due to the concentration of boric acid and
phenylboronic acid at pH~9 are less pronounced than for
fluorimetric detection, and the limits of detection are 5 ppm of
boron for boric acid and 0.3 ppm of boron for phenylboronic
acid.

Although the selectivity of L towards boron in the presence
of other metal ions is low (the interference of calcium is shown
in Fig. 3), this can be easily circumvented by using an anionic
chelating agent. The chelating agent should not affect the
sensor response, and should not absorb or emit light in the
wavelengths used to measure the sensor response. EDTA meets
these requirements, since it complexes metal cations very
efficiently, but does not affect boron in the forms of boric or
phenylboronic acids since they have neutral or negative charge
in water (a mixture of these forms is found in water at the
working pH range of the sensor since their pK,, is close to 9).

The selectivity of L towards boric acid in the presence of
EDTA was tested by measuring the fluorescence spectra of L in
the presence of competing metal ions for several boron
concentrations (Fig. 4): at the calculated limit of detection of
the method (10 ppb of boron); at the maximum permissible
limits in drinking water (1.0 ppm of boron in EU ® and 2.4 ppm
of boron according to WHO recommendations **); and at the
FAO limits * for “sensitive” crops (0.5 — 1.0 ppm of boron) and
“moderately sensitive” crops (1.0 — 2.0 ppm of boron).

15
10 |-
3
(4]
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4
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0 B e
400 500 600
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Fig. 3. Fluorescence emission spectra of L in the absence of both ca® ions

and boron (black dotted line), L in the presence of Ca®* ions with no boron
(L+Ca*(no B), cyan), and L in the presence of Ca” ions and either boric acid
(L+Ca**+B(OH)s, red) or phenylboronic acid (L+Ca**+PhB(OH), green). The
spectra were recorded at Aexc =310 nm, with pH=8.9, T~23°C, 1uM of L,
1mM of Ca®, and 1 mM of either B(OH); or PhB(OH),. The remaining
fluorescence emission of free L at this pH (black dotted line) is further quenched
in the presence of ca®* (L+CaZ+(no B), cyan), as well as in the presence of both
Ca® and B(OH); (L+Ca®*+B(OH)s, red). Some emission is still observed in the
presence of both PhB(OH), and Ca** (L+Ca’**+PhB(OH),, green), although this is
lower than the observed emission in the absence of Ca** (Fig. S3, ESI, green curve
(1 mM = 11 ppm B)). The fluorescence intensity (at 388 nm) of L in the presence
of Ca® and phenylboronic acid is about 200 times that of free L when EDTA is
used, but only about 14 times that of free L if EDTA is not used.

We observed fluorescence intensities very similar to those
previously obtained in the absence of interfering ions, proving
that EDTA effectively eliminates the interference of metal
cations without affecting the performance of the sensor.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4. (A) Fluorescence intensity at 388 nm (Aexc = 310 nm) of L (1 M) upon
addition of B(OH); in NH3 buffer (20 mM, pH = 9) with EDTA (10 mM), T ~ 23 °C,
in the absence of interfering metal ions (no M) and after addition of 1000 equiv.
of various metal cations: Ca®*, Mg”’, Zn*", cd®, K'. For each metal, left to right
(white to black): no boron added; 10 ppb B; 0.5 ppm B; 0.75 ppm B; 1.0 ppm B;
2.0 ppm B; and 2.4 ppm B. (B) Fluorescence intensity at 388 nm in the absence of
interfering metal ions (®) and after addition of 1000 equiv. of ca” (0, Mg2+
(<), Zn** (x), €d* (V), and K* (A). A linear increase of the fluorescence intensity
with the concentration of B(OH); is observed for all cases. The fluorescence
intensity does not change significantly by addition of the metal cations in the
presence of EDTA, with the small differences observed being due to changes in
pH from the deprotonation of EDTA upon coordination of the metal cations.

The small fluctuations observed in the fluorescence
intensities are due to minor differences in pH arising from the
deprotonation of EDTA amine groups upon coordination of the
metal cations (the solution becoming slightly more acidic in the
cases of Ca®*, Mg* and Zn®*, which bind more strongly to
EDTA). Similar results have been found for phenylboronic acid
(Fig. S6, ESI).

We also addressed the possibility of determining boron in
solutions containing both boric and phenylboronic acids. We
first quantify the concentration of phenylboronic acid from its
absorption spectra (ESI, Fig. S7). Afterwards, we prepare
solutions with the concentration of phenylboronic acid
determined previously and increasing concentrations of boric
acid. This is then used as a calibration line from which the
amount of boric acid can be determined (ESI, Figs. S8 and S9).
It should be stressed that the endogenous form of boron is boric
acid,* and therefore, it is unlikely that a mixture of boric and
phenylboronic acid (or other boronic acids) occurs in nature.
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Conclusions

Using 2,3,6,7,10,11-hexahydroxytriphenylene we are able
to detect boric acid and phenylboronic acid in aqueous solution,
based on its enhancement of fluorescence (or changes in the
absorption spectrum) at basic pH (preferably at pH = 8.5 — 9.5).
The proposed method involves very simple experimental
procedures and has limits of detection of the order of the best
chemical sensors for boron (10 ppb of boron for boric acid and
6 ppb of boron for phenylboronic acid at pH=9.1, using
spectrofluorimetric detection at 23 °C) even at very low sensor
concentration (1 uM). Using spectrophotometric detection, the
limits of detection at pH~= 9.1, T =23 °C are 5 ppm of boron
for boric acid and 0.3 ppm of boron for phenylboronic acid.
Although the sensor itself can interact with metal cations, if
used in combination with a chelating agent such as EDTA,
these interferences are efficiently eliminated. This new
fluorescent boron sensor is part of an ongoing project to
develop a smart platform for boron sensing and removal from
natural and residual waters.
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