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ABSTRACT

A lanthanide luminescent probe that was functionalized with quinoline-alkylated diaza-18-crown-6 showed dual-component recognition of
concentrations of H * and K at four independent pH ranges, including in the physiological pH window. Moreover, it exhibited pH- and [K -
independent long-lived lanthanide luminescent lifetimes in aqueous solution.

The sensitive detection of concentrations of i€ essential between the diseases and concentrations ‘ohKd H" in
in many fields, such as analytical, biomedical, and diagnostic diagnosing these diseases in their early stages, it is crucial
science, since the variation of serum potassium concentratiorto prepare a sensor to monitor the concentration of K
is closely related to hypertension, stroke, and cardiovascularand pH values simultaneously in vivo. Recently, consider-
diseasé. Previous work reported that low extracellular K able successes have been achieved in developing luminescent
concentration promotes tumor growtland that the extra-  chemosensors based on well-defined'Eand TIB* mac-
cellular pH values of tumors (ca. 6-4.8) are generally more  rocyclic complexes, which provide the advantages of high
acidic than those of normal extracellular tissue (ca. ¥.4). thermodynamic and kinetic stability, as well as unique
Due to the importance of investigating the relationship characteristics such as long-lived excited states (~ms), long
D (2 Grimm R . 31 Neaton 3. .- Elmer. P. 3. Svendsen K. H.- emission wavelengths (58050 nm), large stokes shifts, and
Le\(/ira,(?.); Sgg]aT’M.s HSIIa?fd, I?.?\(/)V?t’te; L.':].; gqlggrm'anl,yD.vgr.‘! li(e)fnr’on,'P.” line-like emission bands (3680 nm band-widej.In this
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dual-component recognition ofttand K in four indepen-
dent pH windows. Furthermore, an unusually long-lived
(~1.8 ms) luminescent lifetime was observed to remain
constant in a wide pH range 222.5, which is very useful

in TFA. The targetingfrbL2 was afforded from the reaction
betweenL2 and Th(COs)s.

To show that the population of the ¥0(°D,4, 20 500 cm'?)
by the pendant chromophore via energy transfer is possible,

in overcoming the disturbances induced by auto-fluorescencel.1's triplet state was measured as 23696 énfor the

and light scattering from the physiological environmemht
the best of our knowledgélbL1 is the first luminescent
probe that can monitor two bioactive cationic species
simultaneously in multiple pH windows with variations of
characteristic Th luminescent intensity.

The synthesis of.nL1 and[MeTbL1] *I~ is shown in
Scheme 1. The reaction of cyclen with halideachieved

Scheme 1. Synthesis ol.nL1 andMeThbL1
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the monoN-alkylated cyclen3 with a satisfactory yield.
Treating 3 with tert-butyl bromoacetate afforded. Sub-
sequent deprotection gavd that reacted with L{COs);
to afford the corresponding complexé®bll, Eull,”
and GdL1. Refluxing TbL1 with methyl iodide gave
[MeTbL1] *I~ as a precipitate. The preparationTdfL2 is
similar to that of LnL1 (Scheme 2). The treatment of
electrophilel0 with cyclen achieved the monig-alkylated
productll. The reaction of1 with tert-butyl bromoacetate
gavel2 which resulted irn_2 after the deprotection process

Scheme 2. Synthesis ofTbL2
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unprotonatedsdLl at 77 K (glycerol: 0.05 M borate/HCI
buffer= 5:4, pH= 8.8)8 The absorption spectrum dbL1
was highly pH dependent. In alkaline solution (pH 12.5),
the absorption bands occurred at 228, 281, and 303 nm. A
pH vs absorption titration profile ofbL1 gave a sigmoidal
curve in accordance with simple ion-binding equilibira
extending over two pH units. TheKp of 5.1 (+£0.2) was
determined, and attributed to the protonation of quinoline
nitrogen moiety. Excitation at 313 nm gave pH dependent
ligand-based fluorescence. A broad baig.{ = 393 nm)
was efficiently enhanced upon acidification, with the,ok
the excited singlet state of the quinoline as 5.2 (£0.2).
The pH-dependent P luminescence was evaluated in
aqueous solution & 0.1 M NMe,ClO,4, 293 K) (Figure 1).
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Figure 1. pH-dependent Tb luminescence intensity profile for
TbL1 and MeTbL1] "I~ (inset) at 545 nm (1uM, 0.1 M
NMe,ClO,, excited at 313 nm).

Only a weak TB* emission was observed at 489, 545, 584,
and 620 nm for théD,—'F; (J = 6, 5, 4, 3) transitions after
excitation at 313 nm in both strong acidic (pH ©.8.0) and
alkali (pH 8.8-12.5) solutions, whereas two neighboring
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bell-shaped curves with maximal intensity at pH 2.05 (LE || A

~ 15) and 5.8—6.2 (LE~ 9), consisting of four slopes
between pH 1.62.1 (a), 2.13-3.4 (b), 3.76.0 (c), and 6.2

9.2 (d), were obtained by plotting the intensity of tlg—"Fs
transition as a function of the pH values (in the pH range of
1.0—9.5). This intriguing and unique switching profile was
fully reversible in the pH range of 1-:612.5. The pKvalues

of 4.8 (£0.2) and 7.6 £0.2) were determined for slopes (c)
and (d), which were assigned to the protonation of heteroaryl
nitrogen and tertiary amine, respectively. It is noteworthy
that the slope (d) just transpired over the physiological pH
range. In terms of slope (b), a meaningfid zould not be
determined, but it could be related to the protonation of the
amide nitrogen. As expected, after the methylation of the
nitrogen atom in the chromophore, the lanthanide emission
of [MeTbL1] "I~ showed little variation in the pH range of
3.0—12.5 (Figure 1, inset). The hydration number (q) for
TbL1 was evaluated by measuring the3THuminescent
lifetime in HO and BO. Astonishingly, its lifetimes, =
1.7—-1.8 and 2.72.9 ms in HO and BO, which givesq ~ Figure 2. 3D matrix showing Tb luminescence behavior as a
0.7) were not only pH independent in the wide pH range function of pH and [KT] in aqueous solution (1M TbL1, 0.1 M
2.2—12.5 but also much longer than those of previously NMe,CIO,, excited at 313 nm).

reported TB" complexes with similar coordination structures
(0.1-1.1 ms in HO, pH= 7.4)? Upon further acidification
(pH 1.0—2.2), both the luminescent intensity and lifetime
of TbL1 decreased significantly andjavalue about 1.6 was
given, which implies that the coordinated amide oxygen was
protonated and that two water molecules were bound to the
Tb3* center. To investigate this distinctive luminescent life-
time, TbL2 with pendant aza-15-crown-5 (Scheme 2) was
prepared. Its luminescent lifetime was even longer and totally
pH independent = 2.0 and 3.4 ms in pD and QO
respectively, givingq = 0.7) in the wide pH range of
1.0—12.5. The long-lived and pH-independent luminescent
lifetime suggests the existence of second sphere H-bonding
interactions through which the crown ether shields the metal
center from its interactions with water molecul@syhich _
offers a design strategy for lanthanide chelates possessing
long-lived and steady lanthanide luminescent lifetimes in ™ pH=63 ™ pH=22
agueous solution.

Study of the dual-component sensing behaviofbE1 1.5
was conducted upon Kin a wide pH range of 0.:812.0
(Figure 2). TB* emission was silent and immunized to the .
added K in the alkali (pH 9.2-12.0) solution. Interestingly, ‘E; 0.9
in contrast to the quenching of the emission in the pH range
of 1.0—3.4, TB* luminescence was enhanced gradually in ~ 0-6
the pH range of 4.49.0 upon addition of K from 0 to 0.5 0.3
M. Notably, the Th-luminescent lifetime remained invariable noion K' Ca® Na© Mg* Li*
in the K* titration process. According to the three-dimen- Figure 3. Lanthanide luminescence intensity B5L1 (1 x 10°5

sional model (Figure 2), an ?XClUSive Co_ncemra}tion of either \y upon selected bioactive cations at pH 6.3 and 2.2, respectively
K* or H' can be detected discretionally in four independent (excited at 313 nm).

pH windows, especially in the physiological pH window
(6—8) if the Th luminescent intensity and the other compo-
nent’s concentration (Hor K*) are known in advance. We  results, similar cation dependent Th luminescent changing
assume that the dual-component sensing behavidbbl patterns were monitored upon addition of,Wa', Li*, C&*,

is derived from the intramolecular energy transfer efficiency, and Mg*. During the titration processes, the luminescence
which is not only determined by the protonation or depro- intensity was enhanced at pH 6.3, while it quenched
tonation of nitrogen atoms with different pk/alues in simultaneously at pH 2.2. Notably, the enhancements or

specific pH window$S!! but also by the variation of the
crown ether ring’s conformation and rigidity during the
complexation process, which changes the oxidation potential
of the receptof®1?

The selectivity ofTbL1 for K* over other bioactive cations
is particularly important because these cations in body fluids
can bind with crown ether competitively and, hence, interfere
with the response of potassium ion. The luminescence
profiles of TbL1 in the presence of selected cations are
shown in buffered solutions with pH values of 6.3 and 2.2,
respectively (Figure 3). On the basis of the experimental
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guenching induced by Kwere much more significant than
that induced by other cations add@dt seems thaffbL1
can perform satisfactory selectivity toward kb the physi-
ological pH range of around 6.0—7.4.

As indicated in Table 1, compared to the luminescent
silence ofTbL2, which is short of chromophore, the highest

Table 1. Photophysical Properties L1 andTbhL2 at
Selected pH Values

pH DrpL® (QE) DrpL1-K© PrpL2 log K,*
0.9 0.008 (1.14) 0.007 <0.001 e
2.0 0.037 (5.29) 0.0015 <0.001 e
3.8 0.016 (2.29) 0.016 <0.001 e
5.9 0.024 (3.43) 0.038 <0.001 e
7.4 0.018 (2.57) 0.022 <0.001 1.63
9.6 0.007 0.007 <0.001 1.84
MeOH 0.023 0.038 <0.001 2.14

aLuminescence quantum yields obtained by comparison with quinine
sulfate in 0.1 N HSQy, Aex = 313 nm.PpH-induced quantum yield
enhancements (e.g., QE Pspecific pH valué®Ppro.6). ¢ In the presence of 0.5
M K*. dThe binding constants of thEbL1—K™* interaction were deter-
mined according to logk= log[(lr — lemin)/(Irmax — 1F)] — log[K*].
€ Spectroscopic change is too small to permit measurement.

value of quantum yield ofbL1 (0.037—0.038) appeared at
pH 2.0 with the absence of 'Kand at pH 5.9 with the
presence of 0.5 M K This value is five times greater than
the values measured in strong acidic (pHD.8) and alkali
(pH > 9.0) solutions. This fact provides further confirmation
that the intramolecular energy transfer efficiencyTafL1
can be determined by pH and {Kcorporately.

In summary, we have described a novefTlhuminescent
complex that shows dual-component recognition ofatd

ological pH window, with long-lived luminescent lifetime
that remains constant as a function of pH and][ik aqueous
solution. Furthermore, by carefully choosing appropriate
chromophores, ionophores, and proton receptors in the
modular ligand system, it is possible to develop a dual or
even multiple component EBn luminescent sensor for
signaling selected cations in a specific pH window with
higher sensitivity and selectivity.
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