Current Analyticad Chemistry, JWS, [, 157-170

Anion Sensing Using Quinolinium Based Boronic Acid Probes
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Abstract: In this paper we review a series of water-soluble quinolinium boronic acid fluorescent probes,
sensitive to halide and cyanide anions. We have intelligently combined the well-known halide, in particular
chioride, bromide and jodide, sensing capability of the guinolinum nucleus with the fluoride or eyanide ion
binding boranic acid moiety, to afford a range of water-soluble probes sensitive to fluoride, chloride, bromide,
iodide and cyanide amons Tllesc new probes offer the most attractive capability of sensing all important
halides at ph i with a i p at the lethal threshold level of about
= 20-30 uM. Scm: of the probes such as the BAQBAs show spectral shifts and intensity changes in the
presence of fluoride and cyanide in a wavelength-ratiometric and colorimetric manner, enabling the detection
of these anion ations at visible lengths. Although the sensing mechanism is different for flucride
and eyanide a5 compared to the other halides {chloride, bromide and iodide), the results reveal that these
probes are in fact potential candidates towards the sensing of the all the halides and ¢ysnide. Also we have

construclcd Ihc corresponding control d
ive to fluerid
the boronic acid probes,

that have no boronic acid moiety and are therefore
and ide but are mildly sensitive to chloride, bromide and iodide, similar 1o that of
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1L INTRODUCTION

The design and develog of ci s for the
detection of analytes, such as anions, cations, saccharides,
ete., is an important topic of current cesearch [1]. The reason
for this interest is the importance of the detection and
quantification of such analytes in disciplines such as the life
sciences and environmental bio/chemistry. Among the anion
sensors developed, those displaying an optical signal
(transduction) are of special interest [2,3]. During the last
few years we have made considerable progress in the
development of anion fluerosensors for the detection of
cyanide, halides, etc, using boronic acid containing
fluorophores {4-9]. Subsequently in this review arficle we
primarily focus our attention on the anion sensing ability of
a few boronic acid probes developed recently in our
lahnmmry. in contrast fo their common role and application
in glucose | | {he-135

The importance of halide detection and quaniification can
quite simply be judged by the vast amount of literature
published over the last 20 or so years [14-18]. A clear
surmmary on e halide abundance a.n(’l the rmponancc of
each halide in anaiynca! envirg | and p I 1
sciences is described in a recent review amcie IN] Most
biclogical {luids are complicated mixtures, which include

saride deter
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g, fluoride, chloride, bromide, iodide.

inorganic electrolytes such as halide jons. In plasma and
muscle cells, electrolyte composition is normaily fairly
constant but in gastric/pancreatic juices, sweat, saliva and
urine it may vary considerably, particularly when affected by
llness. The elevated or reduced concentratioms of each
analyte might affect the normal body function. A good
example of this is Cystic fibrosis, which is caused because
of high concentration of chloride in patent’s sweat or saliva
as compared ta that of non-cystic fibrosis patents. Fluoride
is present in biclogical fluids and tissues and especially in
bone and tooth. Fluoride is easily absorbed but is slowly
excreted from the body, which can result in chronic
poisoning, acute gastric and kidney disorders, dental and
skeletal fluorosis and even death [14,15]. The physiological
significance of the fuoride, chloride and iodide is well-
known, but bromide is still considered either as & non-
essenitial trace element or a trace element with an unknown
function [19]. Todine is however, unlike bromine an essential
trace element in the human body [20]. The human body
contains an average of 14 mg of iodine, concentrated mostly
in the lhymi& gland. Todine conlaining hormones (thyroxin
and triladot ) strongly avange of biotogical
reactions and 10dl.n: deficiency results in thyroid disease
20].

Cyanide is known as the sixth halide and is often termed
cyunogen. The electronic struchure and chemical propenies of
cyanide are very similar to that of the halogens, However,
unlike the halides, cyanide is a notoriously toxic anion. The
toxicity of its salts has been exploited for many hundreds of
years. [t was not uatil 1782 that oyenide itself was
identified, isolated by the Swedish Chemist Scheele, who

© 2005 Bentham Science Publishers Lid,



1s8  Current Analytical Chemisery, 2005, Vol 1, No. 2

later himself died from cyznide poisoning [21]. More
recently cyanide was unguccessfully used as a chemical
warfare agent in World War 1, primarily because of the way
it was delivered [21], and is also thought to have been used
4gainst the inhabitants of the Kurdish city of Hama, Iraq
[22], and in Shahabad, Iran, during the Iran-Irag war [23].
Hased on recent cyanide history, acute cyanide poisoning
Continues (0 constitute @ ghreat for military forces in future
conventional and unconventional conflicts [21].

Cyanide is also readily used in industry in the making of
Dlastics, in the recovery of gold and silver from ores, and in
the electroplating of metals, such as silver, gold, plnlinum
and copper [21]. However, while r:yamde is used i in both
military and industrial applications ide poj g is
ot common, but can mare surprisingly occur fl'()m smoke
inhalation from residential and industrial fires [21,24,25],
Where the combustion of synthetic products thi contain
carbon &nd nitrogen, such as plastics and synthetic fibers,
telease cymnide. Cigarette smoke also contains cyanide, the
nonsmoker typically averages about 0.06 pg/mL (2,31 uM)
of cyanide in blood, where as a smoker typically averages
0,17 pg/mL (6.5 uM) [26],

The mechanism of cyanide poisoning is by absorption,
through the GI track, skin and lungs. Cyanide’s toxicity lies
in jts ability to inhibit oxygen utifization by celly, binding
tiy the active site of cytochrome oxidase [27,28], hence the
tissues with the highest oxygen requirement (brain, heart and
lungs) are the most affected by acute poisoning. There have
been numerous studies of fire viclims to asses the lethal
levels of cyanide [21,24,25,29]. Fire survivors have been
found to have < 20 M cyanide in blood, while vietims
were found to have levely greater than = 20-30 UM and in
some cases as much as 100 pM cyanide [21,29]. The
estimated intravenous dose that is fethal to 38 2 of the
exposed population (LDsg) of HCN for a man is 1.0 mg/ke,
and the estimated LDsy for liquid on the skin is about 100
mg/kg [21]. Hence any cyanide monitoring analytical
technique would need a cyanide dynamic range from only
few uM to < 30 uM to ensure physiological safeguard.

| and physiochemical methads for the
detection and determination of cyanide, fluoride and the
other halides such as potentiometric, chromatographic,
spectrophotometric, flow injection and electrochemical
analysis, to name but just a few, are available [30-54].
However, most of these systems are not cheap, portable and
indeed field deployable, most requinng the benefiis of an
analytical laboratory [30-54], '

It is well recognized that fluorescence techniques for
sensing, such as lifetime, intensity and wavelength-
Taliometric sensing [33,56] offer many advaniages in the
development of minfaturized, cheap, remote, accyrate and
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precise sensors for both laboratory and environmenta
sensing [$3,56). However, one copstraint with fluorescence
based sensing to date, has been the development of suitable
probes that show appropriate changes in their fluoresceng
properties at the required concentration range of a particular
analyte, in the present case cyanide and halide anions.

Halides are known to be quenchers of common organic
fluorophores [55). Fluorescence quenching (quinine in dilute
sulfuric acid by the addition of hydrochloric acid) was firg:
reported in 1869 by George Stokes, and is now commonly
attributed (o the dynamic quenching by aqueous chloride
ions [14]. Subsequently the quenching ability of the halides
is widely utilized as a sensing mechanism, and many halide
semsitive probes have subsequently been derived from
quinine derivatives, which display a modest sensitivity for
chloride duc to their relatively long lifetimes whep
quaternised. While the un-protonated quinoline nucleus is
only sparingly water soluble, its quaternised products are
readily water-soluble and have subsequently been the
transduction elements in many chloride/halide sensors [14].

It is not just the physiological significance of chloride
that drives workers to mostly report the chloride sensitivity
of some fluorescent probes, but hecause the quenching of
fluorescence is not a selective progess, and any fluorophore
quenched by chloride is also quenchied by bramide to
greater extent and also by iodide 1o an even greater extent,
Therefore, for dynamic quenching, the sensitivity of
fluorophores to halide is well knpwn to be I > Br > CI*,
The explanation of this effect lies in the fact that the
cfficiency of intersystem crossing to the excited triplet state,
promoted by spin-orbit coupling of the excited single
flucrophore and halide upon contart, depends on the mass of
the quencher atom, hence the expression “heavy-atom effece
is sometimes used [14,55]. It @5 for this reason tha¥ the
smallest-halide, fluoride, does not typically guench the
fluorescence. As such, traditional halide sensitive probes are
not very sensitive to fluoride and are therefore not suited for
detecting fluoride < 50 mM [14], Only a few fluorescent
probes can be found in the literatyre which are sensitive to
fluoride, all based on either the benzene or naphthaleng
backbane and therefore showing absorption in the deep UV
(= 270 nm), which is not practical for many sensing
applications [14,55,57]. Although water soluble zensor
systems are deemed important, a few systems based on ureq
and thiourea based fluorophores were reported recently which
show an optical response towards fluoride in organic media
[58,39]. The new sets of probes described in this paper are
readily water soluble and indeed show a selective fluonde
response. Similar to fluoride, cyanide is not readily knowy
as a dynamic quencher and hence most of the probes used far
halide sensing are not sensitive to the cyanide anion.
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Fig, {1} Equilibriwm involved in the interaction between the boronic scid group and fluoride or cyanide, where x denotes sither

cyanide or fluoride.
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Table 1. Photophysical Data for BMQBAs*, BMOQBAs®, BAQBAs® and Corr jing Control Compounds in Water at Room
Temperature
o-BMOQBA m-BMOQBA p-BMOQEBA BMOQ
g i) | 318, 346 3, 347 318, 346 318,347
hem (ouax) / nm 450 450 441 453
W 0.46 0.51 049 054
s 26.7 259 249 273
>BMOBA mBMOBA p-BMOBA BMOQ
habs (max) { nm 319 322 R a2 ;
A (max) { nm 427 427 427 427 —
o 0.043 0.025 0023 0.045
i ns? 401 in 2 0 159
_ -BAQBA m-BAQRA pBAQBA BAQ
Aahs (max) { nm 38t - 381 198 391
'_155, (max) / nm 546 o 546 560 | 546
o 0.04 0.038 0.036 oM
o/ mstd 240 235 238 248
B gogned From 12, 13 and 61 resg: . Ihcan A ifetime.

presented in (Table 1). Typical absorption and emission
band maximum of the probes can be seen at 319 and 427
nm. The large Stokes-shifted fluorescence-emission band of
= 100 nm is ideal for fluorescence sensing, allowing easy
discrimination of the excitation wavelengths [55]. All probes
were found to be readily water soluble and have both modest
quantum yields and lifetimes [12,13, 61].
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Fig. (4). Absorption and emission spectra of o-BMOBA in water.
Ahex = 320 nm. The spectra are rep ive of the

isomeric phenylboronic scid containing fluorophores and the
contral compound.

Representative emission spectra of o-BMQBA in water
with increasing concentrations of NaCl and the
corresponding Stern-Volmer plots in water with three
sodium halides are shown in (Fig. 5). BMQ and m- and p-
BMQBAs show a very similar response towards the anions,
The Kgy constants obtained using the relation I/Ty =

1+Ksp{Q] for the control compound BMQ and BMQBAs
are presented in (Table 2), where f and 7; are the fluorescence
intensity in the presence and absence of quencher, Q,
respectively. As it can be seen from the figure about a 6-fold
decrease is observed in o-BMOQBA fluorescence intensity by
the addition of 100 mM NaCl. The chloride response of all
the probes is very similar (Table 2). Subsequently, these
prabes show a greater response in the presence of bromide
and an even greater response to iodide due to the quenching
ability order of the halides as discussed in the introduction.
Accordingly, the fluorescence quenching mechanism is
simply attributed to mostly halide collisional quenching.
We also measured the lifetime for BMQ and the BMOQBAs
in water, in the presence of all three halides. The obtained
Kgy data from the respective Stern-Volmer plots, is shown
in (Table 2). The K5y values obtained from lifetime
5 are ller than that of intensity based
measurements indicating a small but significant static
quenching componént of the probes by the halides. This
behavior has previously been observed for quinolinum based
probes [14]. Accordingly, BMQ and BMQBASs are potential
candidates for the sensing of physiological chloride.

2.2. BMOQ and BMOQBA Probes

Fig. 6) shows the absorption and fluorescence emission
spectra for 0-BMOQBA in water. The other two isomers m-
and p-BMOQBAs and the control compound BMOQ show
very similar spectral features. The photophysical data of
BMOQ and BMOQBAS is shown in (Table 1). Typical
absorption and emission band maximum of the probes can
be seen at 318 and 345 and 450 nm respectively for these
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probes, The additional absorption band for these compounds
at = 350 nm compared to that of the BMOQBA probes is
attributed to the n—=* transition of the oxygen [60]. The
gxcitation independent emission band at = 450 nm indicates
only one ground-state species is present for both classes of
probes. The large Stokes-shifted fluorescence emission band
of = 103 om similer to the BMOBA probes is ideal for
fluorescence sensing, allowing easy discrimination of the
excitation wavelengths [55]. Additionally the relatively red-
shifted absorption band of these compounds compared to
that of the BM{) derivatives, has allowed us to use readily
available cheap light sources for time-resolved
measurements, such as LEDs. All probes were found to be
readily water soluble. Unlike BMQ and the BMOBAs,
BMOQ and the BMOQBAs have much higher quantum
yields = (1.3, and much longer lifetimes of around 25 ns in
water [12,13]. Interestingly, because of the longer lifetime of
dhese probes, the guenching ability 1owards halides is
expected 10 be more pronounced than the BMOBA probes.
Subsequently, we tested the halide sensing ability of the
BMOGQ and BMDQBA probes in water, in the presence of
halide. The representative emission spectra of 0-BMOQBA
in water with increasing concentrations of NaCl is shown in
(Fig. 7). The fluorescence intensity of the probes decreases
with increasing concentration of halides. (Fig. 7) also shows
the corresponding Stern-Volmer plots obtained for o-
BMOQBA in water with halide. The K¢y data for BMOQ
and BMOOQBAs is presented in (Table 2). The halide
response of the other two isomers m-BMOQBA and p-
BMOQBA and the contral compound BMOQ is very
similar to that of 0-BMOQBA, As we can see, about a = 9-
fold decrease in o-BMQBA fluorescence intensity is
observed by the addition of 100 mM NaClL As compared to
the BMQ and the BMQBA probes, these probes show a
more pronounced response (Table 2). .

We also measured the lifetimes of BMOQ and the
BMOQBAs in water, in the presence of halide, the obtained
Ksy values shown in (Tahble 2). The Kgp values obtained
from lifetime measurements are again relatively smaller than
that of intensity based measurements, indicating a small but
significant static fluorescence quenching component [14]. It
is interesting to compare the halide sensing ability of the
two sets of compounds di d here. B of the
significantly long lifetime of the BMOQ and the
BMOQBAs, then these probes are more sensitive to the
halides.

2.3, BAQ and BAQBA Probes

Afier having successfolly testmg vhe halide sensing
ability of the BMQ, and BMOQ series, discussed in
sections 2.1 and 2.2, we moved our attention towards BAQ
derivatives, (Fig 3}. These derivatives are constructed using
the stronger electron donating 6-amino substituent as
compared to the 6-methyl or 6-methoxy substituent as in the
BMQ or BMOQ classes of probes, respectively. Due to the
new substituent, BAQ derivatives show unique spectral
properties.

The ahsorption and emission spectra of these probes is
considerably red-shifted, (Table 1). The typical absorption
and emission band maximum of the probes are about 390
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nm 565 nm, enabling the use of many light sources. The
probes are readily soluble in water and show moderate
quantum yields [611.
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Fig. (5). Fluorescence emission spectra of o-BMOBA in water
with increasing concentrations of NaC| (tep). A., = 320 nm. The
corresponding Stern-Volmer plots for o-BMQBA with three
halides {bottom).

Subsequently, we tested the response of BAQ and
BAQBAs toward agueous chloride, bromide and iodide.
(Fig. 8) shows the fluorescence emission spectra of o-
BAQBA in water with increasing concentrations of sodium
iodide. The bottom panel of the figure shows the Stern-
Volmer plots for o-BAQBA for all three halides in water, As
expected, the steady-state Stern-Volmer constant for indide
was the largest, K5p-= 34 M), with bromide and chloride
very similar and substantially smaller than for iodide, 1.4
and 1.0 M- respectively. A very similar response is
observed for BAQ, and m- and p-BAOBAS in the presence
of halide. The K¢y data for the probes is presented in (Table
2). We also measured the lifetime/s of BAQBA probes in
the presence of halide to determine the dynamic quenching
components. Interestingly the dynamic Kgp values were
slightly smaller, = 27, 0.4 and 0.3 M"! for I', Br- and CI
respectively, suggesting a small, bul measurable, static
quenching component. A very similar finding that is noticed
with other systems discussed in the previous sections.
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Table 2. Stern-Volmer Constants (Kgp, M
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1) of the Probes Stodied with Halides in Water®

Probe
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Fig. (6). Absorption and emission spectea of o-BMOQBA in
water. The spectra are rep ive of the respective isomeric
phenylhoronic acid containing fluorophores and the control
compounds.

Our time-resolved studies have revealed that o-BAQBA
is bi-exponential in Millipore water with lifetimes of 1.87
and 2.97 ns, with amplllui.les of 0.52 and 0.48 respectively.
Botl the mean and ampli hted lifetimes were found
to be 2.52 and 2.39 ns respecuvely Interestingly, the lower
response of BAQBA towards aqueous halide can be
attributed to its reduced mean lifetime as compared to other
quinolinium type fuorophores [14], noting the weak
respotise towards aquepus CF, which could be particularly
advantages when using BAQBA in physiological fluids for
determining either aqueous fluoride or cyanide levels.

3. FLUORIDE AND CYANIDE SENSING

BMQ, BMOGQ and BAD, having no fluoride or cyanide
hinding boronic acid moiety, are insensitive towards these
anions of interest. Accordingly, the spectral properties of
these three probes are unaltered in the presence of fluoride or

cyanide. We give more comparative spectral evidence in this
regard while discussing the response of the boronic acid
probes towards fluoride or cyanide.

Fluorescence Iliandt;f

\

_-/""-F
o
[ 0 0 30
[Nax]/ mM

Fig. (7). Fluorescence emission spectra of o-BMOQBA in water
with increasing concentrations of NaCl (top). Ay, = 345 am. The
corresponding Stern-Volrer plots for o-BMOQRA (o water with
three sodium halides (bottom).
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Fig. (8). A repr ive fl spectra of o-
BAQRBA in water with increasing concentrations of Nal (top), A,
= 358 nm, and the corresponding Stern-Volmer plots with three
sodium halides (bottom). A very similar response is ohserved
for m-BAQBA and p-BAQBA with all three halides.

Table 3.

Dissociation Constants of the Probes with Fluoride
und Cyanide in Water

Prabe Fluoride (K, / mM%) Cyanide (Kp / mM?Y)
~BMOQBA 960 52.9 B
m-BMOHA ann _. o : ___EI...!]
p—BM{)QBA 1000 208

| e-BMOQBA 530 B 167 )
m-BMOBA 330 169
p-BMOQBA 500 159
0-BAQBA 40.0 83

| m-BAQBA 108 548
p-BAQBA 55.6 714

3.1. BMOQBA Probes

341, Fluoride Sensing

The emission spectra of o-BMQBA in water with
increasing concentrations of fluoride are shown in (Fig. 9).
The other two isomers m- and p-BMQBA show a very

Current Analytical Chemistry, 2005, Vol 1, No. 2 163

similar spectral response towards aqueous fluoride. The plots
based on the normalized fluorescence intensity versus the
fluoride concentration are shown in the bottom panel of
(Fig. 9). The nonlinear response of the plots shown in the
figure may be indicative of the complex binding interaction
of fluoride with the boronic acid group. The calculated
dissociation constants for all three probes with fluoride in
water are shown in (Table 3). The corresponding control
compound, not having a boronic acid group is nom-
responsive to fluoride,

Fluorescence Inlensity
B

42
38
30 i
= o g - e R
. a
o % ’
18 'U' . ., 0 _°
' s °

150 200 250 300

[NaF]/ mM

o 50 100

Fig. (). Fluorescence emission spectra of o-BMQBA in water
with increasing concentrations of NaF (tep). A, = 320 nm. The
fluoride response plots of all three isomers (bottom),

3.1.2. Cyanide Sensing
Intensity Based Cyanide Sensing

(Fig. 10) shows the emission spectra for the 0-BMQBA
probe for increasing cyanide concentrations in water, All
three isomeric boronic acid probes show a notable decrease
m fluorescence intensity with uM cyanide concentrations
[7]. BMQ is however relatively unperturbed, with a Stern-
Volmer constant of = 0.8 nM-!. We again plotted the
intensity ratiometric type plots for the data shown in (Fig.
10). (Fig. 10) shows an = |13-fold decrease in fluorescence
intensity with 30 pM cyanide for m-BMOQBA, ideal for
cyanide physiological safeguard monitoring. At the same
sodium cyanide concentration the fluorescence intensity of o-
and p-BMQBAs has reduced by factor of 9 and 7,
respectively. Subsequently, all three probes saturate at about
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40 uM MaCN, identifying the probes as potential candidates
for cyanide detection at physiological safeguard eveis [T].

Badugw og al.
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‘With notable changes in the fluorescence intensities of
Lhc probes in the presence of cyanide we questioned whether

E g 8

Fluorescence Intensity
R

0o 15 W H£ @ T W
Nalh] /M -

Fig. (10). Fluorescence emission spectra of o-BMQBA in water
with increasing concentrations of NaCN (top). A, =320 nm. The
cyvanide response of all three isomers (bottom).

ges in the mean lifetime of the probe would afso
provide for lifetime based sensing. Our r ng was based
on the results obtained with G-aminoqul'noﬁnimn probes
(BAQBAS), which show both spectral shifts and ntensity
changes in the presence of cyanide, allowing for both
excitation and emission wavelength-ratiometric cyanide
sensing (more in section 3.3) [4]. We have subsequently
measured the lifetimes of the BMQBA probes using the
well-known Time-correlated Single Photon Timing
Technigue, TCSPC [4]. (Table 4) shows the intensity decay
kinetics of BMQ and o-BMQBA., The control compound
BMOQ was found to be mono-exponential in water with a
lifetime of 2.59 ns. The presence of cyanide resulls in a
slight decrease in the lifetime, the Stern-Volmer quenching
constant = 0.4 M1, not unlike that determined from the
ity plots. The i y decay of 0-BMQBA was found
to be bi-exponential in water, with the mean lifetime
decreasing from 4.01 1o 3.22 ns in the presence of 50 uM
cyanide, a = 25 % change in mean lifetime which can not be
explained by dynamic cyanide quenching, and i3 therefore
attributed to the lifetime of the cyanide bound form.

1.2. BMOOQBA Probes

(Fig. 11) shows the fluorescence emission specira of o-
BMOQBA in water with increasing concentrations of
fluoride, the bottom panel of the figure representing the
fluoride tesponse of the three isomeric BMOQBAS, As
shown here in (Fig. 11)-bottom, the other two 1somers m-
and p-BMOBA show very similar spectral responses towards
aqueous fluoride, The response plots were again firted to the
fluoride binding isotherm yielding the dissociation constants
in the range 900-1000 mM3 (Table 3). The BMQBAs

Table 4. Multiexponential Intensity Decay of BMQ) and o-BMQBA®
e
-
Compound T2 (ns) i s
04646 474
0.4615 445 1
0514 | 475
a-BMOQEA 03265 3 6-\
03476 |
____._,_.Llj.ﬁl
{ a35ef |
— 0320 | 3]20
BMO

*hpy = 372 nm, emission was collected with a 416 nm cut-off filter. BMO £, = 314 M The free colimns indicate that the intensity ueuay was nop described well by the

addinian of an extra decay tiths, 33,
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discussed in the last section, show relatively lower Kp
values as compared to the corresponding BMOQBAs. The
control compound BMOQ, again having no boronic acid
group, is non-responsive to the fluoride anion.

Fluorescence Inlensity

p-BMOQBA
°  m-BMOQBA =
10 o-BMOQBA
8

& " . .

4 ¥ -
L S s v ¥

21 vy # v 7

swysyy I -

S
o 50 100 150 200 250 300

[NaF] /mM 5

Fig. (11). Fluorescence emission spectra of 0-BMOQBA in water
with increasing concentrations of NaF (top). A, = 345 nm. The
fluaride response of all three isomers (bottom).

3.2.2. Cyanide Sensing

(Fig, 12} shows the emission spectra of 0-BMOQBA in
water for it ing eyanide cone ions, with A, = 345
nm. As the cyanide concentration increases, the emission
band at 450 nm decreases. For the control compound,
BMOQ, we typically observed only a very slight decreasc in
emission intensity for increasing cyanide concentrations,
which we have auributed to the dyvamic fluorescence
quenching by cyanide, noting that BMOQ does not possess
& boronic acid group and therefore can not bind cyanide as
postulated in our recent reports [4,5,7]. By plotting the
intensity of BMOQ in the presence of cyanide, normalized
by the intensity in the absence of cyanide, we were
subsequently able to determine the Stern-Volmer quenching
constant to be = 3 nM-!

For the data shown in (Fig.12)-top, again we were able
to comstruct intensity ratiometric type plots, ie. the
intensity in the absence of cyanide divided by the intensity
in the presence of cyanide, (Fig. 12)-bottom. Imerestingly
the m-BMOQBA isomer shows a much stronger response to
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cyanide with a 10-fold intensity change with as little as 20
pM cyanide. Similar to results obtained with BMOBAs we
were able to determine the cyanide dissociation constants for
the ortho, meta and para boronic acid probes to be 52.9,
84.0 and 208 uM?, (Table 3y, noting the wmits WM o
mol? dm™ based on the eguilibrium shown in (Fig.. 1),
These responses are most encouraging and suggest the use of
these isomers for physiclogical cyanide safeguard. In
addition, m-BMOQBA may find applications for cyanide
determination post-mortem for fire victims, where cyanide
levels exceed the = 20 uM lethal concentration threshold

[21].
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Fig. (12). Fluorescence emission spectra of 0-BMOGQBA in water
with increasing concenmations of NaCN (top). A, = 345 nm. The
cyanide response of all three isomers (bottom).

To understand the different responses of the isomers
towards cyanide it is informative to consider the charge
neutralization-stabilization mechanism of these probes
described in the (Fig. 2). Upon binding, the electron density
on the boron atom of the probe is increased facilitating the
pamal neutrahzatmn of the positively charged quaternary

gen of the linium moiety, The quaternary nittogen
not only reduces the pK, of the probe [10-13], but also
stabilizes the boropate-cyanide complex formed upon
cyanide addition. The differences in cyanide sensitivity
between the isomers is explained by either their through-
space or through-bound interactions with the positively
charged nitrogen, the mefa form of the probes thought to
interact via hoth mechanisms [4-T].
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Table 5. Multiexponential Intensity Decay of BMOGQ and 0-BMOQBA*
T

Componnd [CN] 7 pM ty {ns) o 13 (ns) o = (ns) <) | o
1] 2671 L0 -— e 26.71 6.7 ].33__

o 5 2633 Lo - —_ 26?]3 2633 1.13

__[n 2634 1.0 - it 26.34 3634 121

BMOOBA 15 | 2619 LD - - 26.19 26.18 130
25 2478 .o mas -— 24..7_3 2478 1.23 N

- 35 1324 0.0160 15.54 CI,US'_‘C_P 15.53 5.4 !_1_" )

45 0,326 0.0184 | 25.10 0.9816 25.09 24.64 1.46

50 0.455 0.0176 1520 0.9824 25.19 2476 - 1.41
] 2730 1.0 e - 1730 2730 1.08 ]
5 2704 .1 i} - | - 2704 27.04 I.]ﬂ_ ]

il 674 1.0 == : Ae= 26.74 26.74 112

B -I i5 26.53 (£ - el 2\&5_3 26.53 B 106
[_ 2!] 2625 Lo e —— -25..25 2625 1.14 o

| 25.86 1.0 - 1586 25.86 1.17

| 4 2537 Lo — = 2531 2537 1.05

! 50 25.00 1.0 - - 25.00 25.00 - 1.16
Bhey, = 372 nim, emission was collected with 2 316 nm cut-ofT filier. BMOQ Kgy-= 1840 M-1. The free columns indicate Gt the intensity decay was not deseribed well by

the widition of an extra decay time, T2

The dissociation constant values for o-BMQBA and o-
BMOQBA are 16.7 and 52.9 mM?3, respectively.
Subsequently, this difference in the cyanide sensing ability
of the o-BMQBA and 0-BMOQBA is explained similarly to
that described in the last paragraph. The relatively strong
donating substituent ~OCHj reduces the positive charge
density on the quinolinum nitrogen center more effectively
than the -CH;y group does. Accordingly, BMQBAs with a

mote positively charged nitrogen center, stabilize the anionic
[-B(-)X5] formed upon binding cyanide, yielding the lowered
Kp values for the BMQBAs.

Fi Lifetime-based Cyanide Sensi

The lifetime of o-BMOQBA was found to be
monocexponential in water with a lifetime of 26.71 ns,

“{Table 5). However in the presence of cyanide the intensity

v
-
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Fig. (13). Fluorescence absorption (top left) and emission (top right) spectra of o-BAQBA in water with increasing concentrations of
MaF. }, = 358 nm. The excitation (bottom left) and emission (bettom right) ratiometric plots for all three BAQBAs with fluoride.
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decay 15 biexponential with a much shorter component now
present, = 300-450 ps. This has the result of reducing the
mean hfetime by 4-8 % over the range of physiological
cyanide importance. Inierestingly these measurements were
undertaken with a pulsed UV LED with an emission
centered at 372 nm, suggesting the utility of the new probes
for potential use in low power, feld-deployable poson
safeguard devices. Similar findings were observed for the
other isomers.

The lifetime of the control compound BMOQ is
monoexponential borh in water and in the presence of
cyanide, decreasing from 27.30 — 25.0 ns with up to 50
WM cyanide. In comparison, the lifetime of o-BMOQBA in
water was found to be slightly shorter, 26.71 ns. We
caleulated the dynamue Sterm-Wolmer constant 0 be = 2 M-
I, which is very similar to the value obtained from the
intensity-hased measurements. Interestingly the presence of a
much shorter litetime component for o-BMOQBA  with
cyanide, supgests more than a simple collisional quenching
process is present. Given this, and the fact that the intensity
rapidly decreases in the presence of cyanide, we speculate
that the cyanide bound probe has both a short lifetime, and a
significantly reduced quantum yield as compared to the
unbound probe form |7).

The BMOQBAs typically display a greater dynamic
range for sensing, with notable changes obse¢rved in the
cyanide concentration range 5 - 60 uM. The BMOQBA’s arc
highly water-soluble and can be prepared in 2 one step
synthesis [13]. The = 350 nm absorption band readily
allows for UV LED excitation or even 370 / 400 nm laser
diode excitation, which would not be possible with the
BMOBA's. The long litetime of the BMOQBA's (= 26 ns)
aceounts for the cyanide collisional quenching, also ohserved
with the control compeund BMOQ. Subsequently, these
probes are likely to be susceptible to other interferences such
as agueous, chloride or avygen (L4551,

The BMQBA probes also show notable changes in
fluorescence intensity in the presence of 30 uM cyanide, 14
Lo B-fold, for the orthi — para isomers respectively. Unlike
the BMOOBA probes, this chass of probes shows a b
exponential lifetime in water, and a relatively much shorter
mean lifetime {4.01 ns) that decreases 25 % with the
addition of 50 pM cyanide, The lifetime reduction is
thought to be due to the cyanide bound form, gven the very
minor changes observed with the control compound BMQ,
Interestingly, these probes are not likely to be perturbed
much by other collisional quenchers due to their short
lifettmes. With regard to fluorescence lifetime sensing, these
changes are readily detectable using simple and cheap
instrumenation [35]. One particular disadvantage of these
probes however, is their requirement for UV exeitation at
320 nm, which while possibfe with LEDs as shown here,
timits their practical use in rapid analysis, portable, field
deployable devices, areas of active research [55,61].

3.3 BAQBA Probes

3.3.4. Fluoride Sensing

Fig. 13) shows the absorption and emission spectra of o-
BAQBA in Millipore water with increasing concentrations
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of Auoride. As the concentration of flusride increases, the
absorption band at = 388 am decreases while the band ar =
342 nm increases. We can also see a significant change in
the 388 nm band with cach 5 mM fluoride increment. A
similar response with fluoride is observed for m and
para-BAQBAs. Subsequently, (Fig. 13) —bottom left shows
the absorption wavelength ratiometric plol of the 342 and
388 nm bands for all three BAQBAs with fluoride. A linear
response to fluonde was typically observed up o ahout 100
mM fluoride. As can be seen, the dynamic range for Tuoride
sensing IS wapresaive where 2 = 6-fold change in Aqyy Mg
oceurs up 1o = 200 mM fuoride tor o-BAQBA

A

Fig. (14). (A) Photograph of three vials containi
concentrations of o-BAQBA and 0, 50 and 300 mM f
to right respectively (B) A photograph of two vials
equal amounts of o-BAQBA in water with 0 and 10 mM sodiur
cyanide, left and right respectively.

The Ruorescence emission of o-BAQBA shows similar
behavior. (g, = 358 nm) (Fig. 13)-top right, where the
intensity of the band at 546 nm decreases while the emission
band at 430 nm increases, noting the visible emission of the
fuoride complexed form at 430 nm as compared to the red-
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shifted emission of the uncomplexed form at 546 nm. This
colorimetric response can also be seen visually as shown in
(Fig. 14) where the three vials containing equal amounts of
0-BAQBA in water with 0, 50 and 300 mM fluoride; the
vial having no fluoride exhibits a greenish-yellow color and
becomes slightly clear by adding 5¢ mM fluoride and
eventually becomes completely colorless by the addition of
360 mM fluoride. For the data shown in [Fig. 13) — top
right, we constructed the fluorescence emission ratiometric
respanse, (Fig. 13) - bottom right. Again we were able to
determine the dissociation constants of the probes with
flueride, {Table 3). Interestingly, the ratiometric response
plats, (Fig 13)-bottom panels, show different dynamic
sensing ranges, reflecting the differences in extinction
coefficients and quantum yields of the F- unbound and
bound forms respectively.

We measured the lifetmes of o-BAQBA separately
through two Jong pass filiers, 416 and 546 om, 1o
investigate the lifetime changes during fluoride
complexation, (Table 6) shows that the lifetime of the

Badugu et ul,

uncomplexed fluoride probe form, i.e. visualized using the
546 nm fong pass filter, remaias biexponential upon Auoride
addition, where the mean lifetime changes from 2.52 —
2.32 ns by the addition of 300 mM NaF. However, when we
consider the lifetime of both bound and unbound forms
using the 416 nm long pass filter, we find the intensity
decay data is best described by a 3-exponential funetion with
a short component now evident, which increases in
amplitude (0t)) as the concentration of fluoride is increased.
This short component, < 200 ps, is attributed to the fluoride
hound form, shown after 358 nm steady-state illumination at
450 nm in (Fig. 13). As expected the amplitude weighted
lifetime changes notably, from 240 — (.84 ns, an = 25 %
change. This suggests the possibility of lifetime based
fluoride sensing using these new fluorescent probes. Similar
results were found for all three BAQBA probes.

3.3.2. Cyanide Sensing

Very similar to that observed with flueride, all three
isomers show an excitation and emission wavelength-
raliometric Tesponse towards the cyanide anion. A

Takle 6. Mulfiexpopentia) Intensity decay of BAQ and o-BAQBA
.
Compound | [Fluoride] / uM | ¥pins) | o 2 (ms} ‘ @
BAG [ 1.48 1 AR L

=L

| 1

"Long pass fiters; Epo notable improvement in fit could be obwmined mflu a 3-exp Function. Similar values were alse found for the mera- and para-BAGBA probes
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Fig. (15). Fluorescence absorption (top left) and emission (lup right} spectra of 0-BAQBA in wat:r with increasing concentrations of

Yenath

WalM. hex =358 nm. The excitation {bottom 1eft) and
with cyanide.

representative absorption and emission spectra of o-BAQBA
in water with increasing concentrations of ::ya.n.id:: and the
corresponding length-ratiometric plols ol d with
Aigg/Asgs nm and [566"1450 nm are shown in (Fig. 15). For
companson the ratiometric plot of the control compound is
also included in (Fig. 15). The absorption or fluorescence
spectra of BAQ are unchanged by the addition of the
cyanide. However, all three boronic acid probes show similar
response to cyanide. Interestingly, m-BAQBA shows a
relatively much stronger response with a greater dynamic
sensing range than o-BAQBA and m-BAQBA, (Fig. 15)-
bottom panel. By comparing (Fig. 15)-bottom right and left,
we can see that a greater change is observed for the
ratiometric absorption measurements, reflecting the
difference in the extinction coefficient and the quantum
vields of the cyanide unbound and bound forms,
respectively. The di iation ¢ lculated from the
plots for o-, m- and p-BAQBAs are 833, 5.88 and 7.14
uM?, respectively (Table 3). The probes saturate below 20
UM cyanide, suggesting the probes as potential candidates to
monitor lethal cyanide levels.

The BAQBA probes also show a colorimetric-type
response (0 cyanide as shown in (Fig. 14). The two vials
contain equal concentrations of o-BAQBA, with both zero
and 10 uM NaCN respectively. It can be readily seen from
the figure that the color change can be casily visualized,
suggesting the use of these BAQBA probes for simple
colorimetric cyanide determination.

The dual emission bands have enabled us to clearly
resolve the lifetime of both the cyanide bound and unbound
probe forms where we concluded that the bound form had a
much shorter lifetime, a few hundred ps, in comparison to
the unbound form which had a mean lifetime of 2.59 ns.
The detailed time-resolved data for 0-BAQBA and BAQ in
waler with cyanide has been recently reported by us [4].

right) Iy ic plots for all three BAQBAS

4. CONCLUSIONS

In this review article we have demonstrated a rationale for
constructing new anion probes based on two different
transduction mechanisms of sensing. These new probes are
unique in that they couple both the halide quenching ability
of the quinolinium nucleus, with the ability to chelate both
cyanide and fluoride, which can’t otherwise be readily m:fnd
by other fluorescence means, The new probes are readily
water-soluble, have high quantum yields and have the
dynamic sensing ranges main stream within the
concentration ranges of both physiological and industrial
importance. To some degree, these ranges are also somewhat
tunable.
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ACRONYMS AND SYMBOLS

BAQ = N-{Benzyl}-6-aminoquinolinium bromide
BMOQ = N-(Benzyl)}-6-methylquinolinium bromide
BMOQ = N-{Benzyl}-6-methoxyquinolinfum bromide
o-ym-yor = N-(2-, 3-, or 4-Boronobenzyl}-6-amino-
p-BAQBA quinolinium bromide
=y M=, 0T = N-(2-, 3-, or 4-Boronobenzyl}-6-methyl-
p-BMOQBA quinolinium bromide

-y m- 0r = N-(2-, 3-, or 4-Boronobenzyl)-6-methoxy-

p-BMOQBA  guinolinium bromide



170 Current Analytical Chemistry, 2005, Val. 1, No, 2

LED = Light Emitting Diode

SPQ = N-{3-sulphopropyl)-6-methoxyquinolinium
TCSPC = Time-Correlated Single Photon Counting
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