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Abstract

The absorption and fluorescence properties of three monoaza crown ether (either 15-crown-5 or 18-crown-6 substitutpdsitithe 4
3-hydroxy- and 3-methoxy-flavone compounds in the presence of protons, alkali metal and alkaline earth cations are reported. The
corresponding ‘4dimethylamino-flavones were also studied for comparison. All the compounds protonate in moderate acid (tens of mM
H™) with significant changes in emission only being observed for the 3-methoxy derivatives. The crown ether compounds bind the alkaline
earths with binding constants of the order of @@ mol~! and with two moles of metal ion being bound at high concentrations.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction transfer) states as fluorescent probes and sensors—TICT
molecules are one example of systems which can exhibit
Among the various methods employed for sensing chem- two or more emission bands]. Other possibilities include
ical species, fluorescent sensors offer distinct advantages irmolecules which undergo excited state intramolecular pro-
terms of sensitivity, selectivity and their ability to be applied ton transfer (ESIPT)6] or excimer formatiorf7].
as remote sensors. There is considerable current interest The 4-dialkylamino derivatives of 3-hydroxy- and 3-me-
in the design, synthesis and characterisation of fluorescentthoxy- flavone (particularly ‘4N,N-dimethylamino-3-hydro-
sensors for both charged and neutral species particularlyxyflavone (la) and 4-N,N-diethylamino-3-hydroxy flavone
with biomedical and environmental applications in mind (2a)) are believed to undergo both ESIPT and to form TICT
and the field has been extensively revieW&H In particu- states[8]. Our experience with these systems, which can
lar, there has been continuing effort in the development of be quite highly fluorescent, suggested that the replacement
fluoroionophores which link a cation-selective ligand with of the dialkylamino function with an aza crown ether could
a fluorescent probe for monitoring low concentrations of produce a ratiometric fluorescent sen§@f; a conclusion
alkali and alkaline earth metal cations in solution, with real reached completely independently by Roshal efldl,11]
biological applications in ming2]. Additionally, Wang and Wu have reported a related system
Fluorescent sensors which exhibit two (or more) emis- with a 12-crown-4 ring attached at the 3-hydroxyl position
sion bands, whose relative intensity changes in the presencd12]. Indeed, the sensitivity of the fluorescence spectra of
of an analyte, are particularly attractive. Létard et[al. these flavonols to their environment has suggested their po-
have succinctly pointed out that the intensity ratio of the two tential use in a variety of applications, including sensing of
bands can be related to analyte concentration and will be hydrochloric acid[13], metronidazolg14] and the water
unaffected by variations in sensor concentration (e.g. due tocontent of acetongl5], as probes of protein-binding-sites
photobleaching) or changes in the intensity of the excitation [16], membranefl 7] and micelleg18] and as potential laser
light. Rettig and Lapouyadf4] have reviewed the use of dyes[19]. Klymchenko et al. have elaborated the structure
molecules which form TICT (twisted intramolecular charge of 2a by replacing the dimethylaminophenyl moiety with
a diethylamino-benzofuran group, producing a system with
* Corresponding author. Tel:+1-443-482280; fax:+1-443-48355. significantly red-shifted absorption and emission properties
E-mail address: rgbrown@glam.ac.uk (R.G. Brown). [20].
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The emission properties ola and 2a (in acetoni- 8.23 (d, 1H, H). Anal. Calcd for GeH32NO7: C, 66.35; H,
trile/benzene mixtures) were first reported by Swinney and 6.87; N, 2.98%. Found: C, 66.21; H, 6.50; N, 2.89%.
Kelley [21] and by Chou and co-workef$9,22] The spec- All organic solvents were spectroscopic grade from
tra exhibit two emission bands whose position and intensity Aldrich and were used as received. Water was doubly dis-
are strongly solvent and temperature depeng2tl—24] tilled and purified by ion exchange. Alkali metals and alka-
Both compounds are generally more fluorescent than theline earths were all employed as their perchlorates (Analar
parent 3-hydroxyflavone, especially in polar solvents, and grade) from either Fisher Ltd or Aldrich and were used as
the ESIPT process which converts the excited “normal” received.
species N to the proton-transferred tautomet B closely Absorption spectra were recorded on a Hewlett-Packard
intertwined with intramolecular change transfer.2a and HP8452A diode array spectrometer and fluorescence
3a, Nemkovitch et al[25] suggest that charge and proton spectra on a SPEX Fluoromax. All spectra were cor-
transfer alternate in the excited state, ie following excitation rected for the wavelength-dependent response of the
of N*, the main excited state charge transfer event precedesspectrometer. The concentrations of the flavones used in
ESIPT, but there is further excited state charge transferthe measurements were always in the range 1.0-2.0
following the proton transfer. We have proposed that TICT 10> mol dm3.Fluorescence decay profiles were measured

state formation competes with ESIRg], which may also
explain the difference in properties betwednand a close
analogue where the 3-oxygen is linked to thep@sition of
the phenyl ring with a methylene bridg24].

In this paper we report the results of our investigations of
the properties of several-dialkylamino-3-hydroxyflavones

in the presence of positively charged ions. The compounds

investigated are '4\,N-dimethylamino-3-hydroxyflavone
(1a) and its 3-methoxy derivativelf) together with two

analogues where the dimethylamino group is replaced by

an aza crown ether; either a 15-crown-5 ett8r dnd 3b)
or an 18-crown-6 ethe#§).

2. Experimental

Compoundsla and 1b were prepared according to
the published proceduref8]. Compounds3a and 4a
were prepared fromN-phenyldiethanolamine via the
N-phenylaza-15(18)-crown-5(6) (using the methods of Dix
and Vogtle [26] and Schultz et al[27]), their 4-formyl
derivatives[26] and subsequent coupling of the latter with
2-hydroxy-acetophenone to yieBh (m.p. 133.8-134.5C)
and4a.

3a'H NMR (250 MHz, CDC}): § 3.57-3.77 (s-t, 20H,
crown ether), 6.71(d, 2H#5), 6.82 (s, 1H, OH), 7.32 (t,
1H, Hy), 7.50 (d, 1H, H), 7.59 (t, 1H, k), 8.10 (d, 2H,
Hx g), 8.20 (d, 1H, H). Anal. Calcd for GsHx9NO7: C,
66.50; H, 6.49; N, 3.10%. Found: C, 66.71; H, 6.57; N,
2.79%.

4a 'H NMR (250 MHz, CDCb): § 3.66-3,72 (m, 24H
crown ether), 6.74 (d, 2H, #l5), 6.89 (s, 1H, OH), 7.42 (t,
1H, H7), 7.65 (dd, 2H, He), 8.25 (dd, 1H, H).

Anal. Calcd for G7H33N08: C, 64.90; H, 6.60; N, 3.10%.

Found: C, 64.73; H, 6.64; N 3.35%

3b was prepared by methylati¢8] of 3a and was recrys-
tallised from ethyl acetate/hexane to yield a cream yellow
powder (m.p. 156.9-157°%).

1H NMR (250 MHz, CDb): § 3.64-3.84 (s-t, 20H, crown
ether), 3.89 (s, 3H, C¥J, 6.76 (d, 2H, H 5), 7.26 (t, 1H,
Hv), 7.37 (d, 1H, K), 7.51 (t, 1H, &), 8.10 (d, 2H, H &),

by the time-correlated, single photon counting technique
[28] using synchrotron sources and instrumentation at the
Daresbury Laboratory, Warringtof29] and HASYLAB,
Hamburg[30]. The decay profiles were analyzed by com-
puter convolution and the “goodness of fit” decided on the
basis ofx2 values and the distribution of residuals.

3. Results and discussion

The aim of this work was to study the properties of aza-
crown ether substituted derivatives of 3-hydroxyflavone and
assess their suitability as fluorescent sensors for metal ions.
As the mechanism of the sensing action would involve inter-
ference with the charge transfer interaction of the nitrogen
of the aza crown ether with the 3-hydroxyflavone system,
it was first decided to study the protonation properties of
the compounds. Protonation of the nitrogen atom should
completely remove the possibility of lone pair donation into
the hydroxyflavone system; similar to the effects that might
be anticipated if the aza crown ether ring were complexed
to a metal cation.

4. Protonation properties of 1a, 1b, 3a and 3b

The effect of acidity on the absorption and emission prop-
erties ofla, 1b, 3a and3b was studied in aqueous ethano-
lic solutions (50/50, v/v) by varying the amount of added
hydrochloric acid. Forla and 1b, the ionic strength was
maintained at a constant 1.0 mol dfwith sodium chloride
solution, but for3a and3b, which can complex with sodium
ions, the ionic strength varied with the concentration of hy-
drochloric acid. In all four cases the behaviour of the absorp-
tion spectra of the aqueous ethanolic solutions was the same;
the most intense UV-Vis absorption band in the region of 400
nm decreased in intensity with increasing acid concentration
and was replaced by a pair of new absorption bands in the
300-360 nm region. The spectral changes occurred largely
over a range of acid concentration between 1 mmaot#m
and 1 moldnT2 and the final absorption spectra were very
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Fig. 1. Absorption spectra dib (concentration 40x 10~° mol dm3) in 50/50 (v/v) ethanol/water at [H of 0, 0.005, 0.01, 0.05, 0.1 and 0.25 moldn
The arrows indicate the changes of peak intensity with increasing acidity.

similar to those of 3-hydroxyflavone (fata and 3a) or no compensating increase in emission elsewhere in the spec-
3-methoxyflavone (folb and3b). A typical set of absorp-  trum. This reflects the fact that when the possibility of TICT
tion spectra are shown kig. 1for compoundlb. pKj, values state formation is removed by protonating the dialkylamino
were calculated for all four compounds from the spectra and group, 1a and 3a still undergo ESIPT and, by coincidence,
are givenirirable 1 For both pairs of compounds, the ground the emission spectra of the TICT and ESIPT states are spec-
state of the hydroxy derivative is more easily protonated than trally similar. The fluorescence quantum yield of the lat-
the methoxy. In addition, the two dimethylamino compounds ter is smallef8], however, thus accounting of the decrease
are more easily protonated than the two aza crowns. Thein intensity. Analysis of the emission spectral intensities as
latter presumably reflects the different steric interactions be- a function of [H"] yielded pK} values of 2.11 and 1.50
tween the amino substituents and theahd B- hydrogens (Table ). These are essentially identical to the ground state
on the phenyl ring whereas the former observation is associ-values indicating that the distribution of excited state species
ated with the ability ofla and3a to undertake a wider range is determined by the absorption spectrum. This finding is in
of inter- and intra-molecular hydrogen bonding interactions. accord with the rapidity with which the “normal” LE state
Fluorescence spectra (excited at the isosbestic point in theundergoes ESIPT6] or is converted to the TICT stafé]
absorption spectra) were measured over the same range ofind the short lifetimes of the latter.
acid concentration. The emission spectralafand 3a in 1b, however, exhibits the expected emission behaviour
aqueous ethanol comprise single bands peaking at approxin that as the [H] is increased, TICT state emission in
imately 530 nm and 520 nm respectively. The emission in- the 450-650 nm wavelength range is replaced by LE emis-
tensity of both compounds decreased steadily as thg [H sion peaking at approximately 400 nrRig. 2); ESIPT is
was increased and shifted slightly to the red, but there wasimpossible in1b. Once again the f;; value of 1.71 is
found to be very similar to the ground stat&yp Fig. 2
shows very clearly the excellent separation between the two
emission bands. It is also pleasing to note that the two
emitting species exhibit similar emission intensities, allow-

Table 1
pKp values for compoundéa, 1b, 3a and 3b

Compound Ko PKG ing accurate ratioing of the relative intensitidd should

la 2.20 211 therefore be a viable ratiometric fluorescent proton sen-
1b 178 171 sor for concentrations between 0.1 and 0.001 mat#im
3a 1.35 1.50

Compound3b behaves in a similar manner ftd for the

3 0.79 126 most part but there is a greater discrepancy between the
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Fig. 2. Fluorescence spectraXif (concentration 40x 10~° mol dm~3) in 50/50 (v/v) ethanol/water at [H of 0, 0.005, 0.01, 0.05, 0.1 and 0.25 moldfn
The arrows indicate the changes of peak intensity with increasing acidity.

ground and excited staté&kp values suggesting that there is  singlet states are not quenched as they are in aqueous or

a further interaction betwee3b and protons in the excited aqueous/organic solvents. Both compounds exhibit a single

state. absorption peak above 250nm in acetonitrile; withayx

Fluorescence lifetimes were measured farand 1b as values of 400nm and 382 nm f@a and 3b respectively

a function of acid concentration under the same conditions and a log of 4.49 for both compounds3a exhibits dual

as the emission spectra described above. Unfortunately, theemission bands in acetonitrile with peaks at approximately

lifetimes of both compounds in mixed aqueous/organic sol- 510 and 565nm, wherea3b exhibits a single band at

vents are much shorter than in pure organic solvgBfs 480 nm. The fluorescence decay profile for the latter is a

and, in the case ofb are at (or below) the resolution of clean single exponential of lifetime 2.50 ns wher&asis

the equipment. For this compound, at all emission wave- biexponential with the majority (97%) of the decay in a

lengths and acidities studied, the fluorescence decays araelatively short-lived component of approximately 400 ps

dominated by a short-lived component of 150-200 ps. In the and the remainder in a longer-lived component&.5 ns.

case ofla however, in 1.0 mol dm® sodium chloride, a sin- Addition of alkali metal or alkaline earth perchlorates to

gle exponential decay with a lifetime of 600 ps is observed. the acetonitrile solutions o3a and 3b led to three kinds

As the acidity of the medium is increased, the decays be- of behaviour as far as the absorption spectra are concerned.

come biexponential—the two components having lifetimes K™ and Cs appeared to have no effect on the absorption

of 200 and 600 ps (using global analysis of the data)—with spectrum of3a up to concentrations of 50 mM. Higher

the shorter lived component becoming more important with concentrations of the two ions were achieved in 50/50 (v/v)

increasing [H]. The relative proportions of the two com- acetonitrile/water mixtures but, once again, no significant

ponents correlate quite well with the concentrations of the changes in the absorption spectra were observed.The sec-

neutral and protonated forms bé. ond kind of behaviour is typified by the spectral changes for
3ain the presence of bariuniig. 3) and is the most com-
monly observed behaviouBq with Li*, Nat, C&* and

5. Complexation of 3a, 3b and 4a with alkali Ba?t and3b with all the metal ions used in this study). The

metal and alkaline earth cations main absorption band decreases in intensity as the metal ion
concentration increases and is replaced by new absorption

The complexation of the two 15-crown-5 compourids features at shorter wavelength. This behaviour3arand

and 3b with alkali metal and alkaline earth cations was with Ba?* has been previously reported by Roshal et al.

studied in acetonitrile. The metal perchlorates are soluble in[11]. These spectral variations allowed the calculation of

this solvent up to high mM concentrations and the absencebinding constant$31] for the various ionophore/metal ion

of any significant amounts of water means that the excited combinations which are reported Table 2
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Fig. 3. Absorption spectra da (concentration 50 x 10~> mol dni3) in acetonitrile in the presence of B3 concentration range 0.0-3.0 mmold#n

The arrows indicate the changes of peak intensity with increasing'|Ba

The final kind of behaiour was unique to compowal
with Mg2*. Here the initial change in the absorption spectra
was the appearance of a shouldgg{x =~ 470 nm) on the red
edge of the main absorption band concurrent with a decrease
in intensity of the latter Kig. 4). These changes are quite
“clean” up to a M@+ concentration of the order of 1 mM.
At higher Mg concentrations a third absorption feature,
intermediate (in wavelength terms) between the other two,
appears. Again, this behaviour has been reported by Roshal
et al.[11], and binding constants have been calculated.
These spectral changes have been attrib{t&{l to 3a
binding 2 moles of M&". The first ion binds to the carbonyl
group and a deprotontated 3-hydroxyl group and the second
ion binds to the aza crown ring¢hemes 1 and)2The need
for the 3-hydroxyl group to deprotonate to allow the #ig
to bind explains why similar behaviour is not observed for
3b. In all the other combinations that we have studied, the

Table 2
Binding constantsKs) for 3a, 3b and4a with alkali metal and alkaline
earth cations in acetonitrile

Metal ion 3a logKg 3blogKs dalogKsg
Lit 2.6 2.4 -
Nat 1.8 2.0 -
K+ <0.5 2.1 -
Cs* <0.5 2.2 -
Mg+ 4.4 (2.2%), 2.9 (0.83) 2.4 3.8, 1.9
cat 4.0 3.7 5.0, 1.1
Ba2t 3.4 (2.8), (0.8%) 3.0 4.9,0.9

2l iterature values from refl11].

o)
OR
0
NR,
o)
OR
0

[
N
Q
la:R=H,R'=CH; 0 :
1b: R=R'=CHs o}
2a: R=H, R'= C,H;
2b: R = CH;, R' = C,H;

3a:R=H,n=1 n

Scheme 1. Structures of cited compounds.
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Fig. 4. Absorption spectra @ (concentration D0x 10~° mol dmi3) in acetonitrile in the presence of Mify, concentration ranges; (a) 0.0—1.0 mmoltdin
(b) 1.0-10.0 mmol dm?d.

metal ion binds to the aza crown ether moiety first. Roshal behaviour for3a with either B&" or C&* but this may be a

et al. [11] report that B&" also forms a double complex consequence of our not using sufficiently high metal ion con-
with 3a but in the reverse order to Mg, ie the first B&+ centrations. We are concerned at the discrepancy between
ion binds to the aza crown and the second to the carbonylthe binding constants calculated here and those reported by
and deprotonated 3-hydroxyl group. We did not observe this Roshal et al[11] (Table 2 although we note that the two

o} H
\\/O Ca?* or Ba?* 0
—_—
CI Cﬂ |
C 2+ B 2+ o
a“" or Ba' K\O’» O K\O,w
N

E vz O
o\\/O o\\/O _}

Scheme 2. The species produced on binding alkaline earth catiBes (end 4a).
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values for3a with Mg?* that we report vary by the same 3ain acetonitrile exhibit peaks at approximately 500 nm and
two orders of magnitude from the corresponding literature 565 nm. At low concentrations (0-3.0 mM) of &aor B&+,
values. We are unable to account for these differences. these two bands merge into orfed. 5 and then, at higher
Somewhat surprisingly, the emission propertieS8aand concentrations (10 — 100 mM), greatly increase in intensity
3b in acetonitrile in the presence of the Groups | and Il and slightly blue-shift. Roshal et al11] report identical
metal ions bear little resemblance to the behaviour observedbehaviour for3a with Ba?+. Despite the different mecha-
in the presence of Hdescribed above. In the case3hfthe nism which is operating wheBa complexes with M§", the
emission of the uncomplexed compoungh{x ~ 480 nm) emission spectra at first sight appear to change in a simi-
undergoes a slight blue shift (up to 10 nm) and decreases inlar manner to that described above foP€and B&+. The
intensity by up to an order of magnitude depending on the formation of the initial complex ([M§"] = 0-20uM) is
metal ion present and its concentration. This may be com- accompanied by a swift merger of the two emission bands
pared with the much larger band shift and retained emissionof free 3a into a single band peaking around 520 nm, al-
intensity in the presence ofH(Fig. 2). The biggest effects  though the longer wavelength of the two initial bands is
are caused by the dipositive alkaline earth ions in the order clearly present as a shoulddtig. 6). At higher concentra-
[Ca?t] > [Mg?t] > [Ba2t] » [M1]. This does not quite fol-  tions (100uM-10 mM), increased emission intensity is ac-
low the same order as the binding constants, but it is clear companied by the appearance of a new emission band around
that the size of the binding constant is only one of the fac- 470 nm which combines with the 520 nm band to cause the

tors which affect the emission intensity since™Liwhich overall emission maximum to shift to shorter wavelengths.
has the same measured binding constant @litlas M+, Again, these observations parallel those reported by Roshal
has only about 1% of the effect of the same concentration et al.[11].

of Mg?t on the3b emission. The fluorescence decay profile 3 in acetonitrile is vir-

At low concentrations4100uM) of M2+, the reduction tually identical to that oRa in the same solvent—a biexpo-
of the emission intensity db yields a linear Stern—Volmer  nential decay with lifetimes of 380 ps and 3.0-4.0 ns which
plot with apparent quenching rate constants of 3.80, is dominated by the former (>95% of the decay) at all emis-
1.1 x 10! and 6.6x 1019dm® mol~1s1 for Ba2t, Mg?* sion wavelengths. As a consequence the longer lived com-
and C&t, respectively. At higher concentrations the linear- ponent is somewhat poorly defined in terms of its lifetime.
ity is lost and the emission intensity tends towards a plateau Addition of Mg?+ does not appear to affect the biexponen-
value. These apparent Stern-Volmer rate constants are mucltiality of the decay or the lifetime values, but the relative
larger than would be expected on the basis of diffusion con- intensity shifts in favour of the longer-lived component, eg
trol and suggest that other processes are also operating. Infrom 70%/30% at 0.5 mM Mg to approximately 50%/50%
deed, on the basis of thesKalues inTable 2 the observed at 2.5mM to 15%/85% at 10 mM.
guenching can largely be ascribed to static quenching as a The behaviour ofla in the presence of the alkaline earth
result of the ground state complexation that occurs in the O cations is virtually identical to that dda as far as the ab-
— 100p.M concentration range. This is backed up by mea- sorption and emission properties are concerned. However,
surements of the fluorescence lifetime3tf as a function the binding constants for the three metal ions are different
of metal ion concentration (specifically ¥tt) which pro- to those for3a (Table 2 and here we also observe the bind-
duce a picture rather different to that provided by the emis- ing of a second cation at higher concentrations ot'Cand
sion spectra. The lifetime of uncomplex®l in acetonitrile Ba?t; as observed by Roshal et §l1] for 3a with Ba®*
is 2.50 ns (clean, single exponential fit). As fgions are (but not observed by us for this combination). Fluorescence
added to the solution, the fluorescence decay continues tdifetime data forda was recorded over a wide range of{#]
be adequately fitted by a single exponential but the lifetime and at discrete wavelengths across the emission spectrum.
decreases. However, the observed decrease in fluorescencehe observed behaviour is similar to that féa at lower
lifetime is only a fraction of the observed decrease in fluo- metal ion concentrations in that there is a shift in inten-
rescence emission intensity. For example, in the presence ofity from a short-lived lifetime component (400-500 ps) to
20 mM Mg?t, the emission intensity @b is about one-fifth a longer-lived one (3.65 ns). However, at higher concentra-
of the intensity of the uncomplexed compound, whereas thetions of the metal ions, the decay profiles are wavelength
fluorescence lifetime has only decreased to 2.14 ns (a re-dependent and exhibit a rise component in some of the de-
duction of 14% compared to 80% in the emission inten- cays. This data will be reported in depth at a later date.
sity). The variation of lifetime with [Md"] also appears to The compounds reported here have similar binding con-
follow a Stern-Volmer relationship over the concentration stants for the alkali metal and alkaline earth cations to
range studied (0—20 mM) with a quenching rate constant of those reported by Valeur and co-workers for a monoaza-15-
3.3 x 10°dm®mol~1s~1. This value is much more in line  crown-5 attached to a benzoxazinone (BOZ-crown) or a
with that expected for a diffusional quenching process. dicyanomethylenepyran (DCM-crowf82]. The three alka-

The fluorescence spectra 8& only exhibit significant line earth dications bind to a monoaza-15-crown-5 with sta-
changes in the presence of the alkaline earth cations, how-bility constants of the order of £@m® mol~! and the alkali
ever these changes are quite drastic. The spectra of the freenetals Lit and Kt with stability constants approximately
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Fig. 5. Fluorescence spectra & (concentration 50 x 10~°> mol dm3) in acetonitrile in the presence of 83 concentration range 0.0-3.0 mmoldtn
The arrows indicate the changes of peak intensity with increasing"|Ba

two orders of magnitude lower. These stability constants The two hydroxyflavone-crown8a and 4a offer an
appear to be roughly independent of the attached chro-interesting variation on the properties which are usually
mophore and fluorophore—as long as the latter does notobserved for crown-linked compounds in that the complex-
contribute to the binding of the metal ion. In cases where ation of two metal ions per crown compound extends the
the chromo/fluorophore also binds to the metal ion (e.g. in concentration range over which complexation occurs. In
a number of coumarin-linked 15-crown-5 molecu[88]) addition, the observed spectral changes allow clear differen-
the stability constants are increased. tiation between the binding of the first metal ion (when the
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Fig. 6. Fluorescence spectras (concentration D0x 105 mol dm~3) in acetonitrile in the presence of ¥, concentration range 0.0-10.0 mmoldm
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