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Abstract

Luminescent properties of 5-chloro-8-hydroxyquinoline (CHQ) free and appended to the amines in diaza-18-crown-6
(A218C6) were determined. These properties were compared to those of bivalent alkaline earth and post-transition metal ion
complexes of the appended macrocycle (CHQ-A218C6). The luminescent properties were found to be pH dependent. In the
pH range 3 to 7, CHQ-A, 18C6 forms luminescent complexes with only Zn>* and Cd**. At higher pH values, luminescent
complexes were formed with Mg+, Ca>*, Sr2*, and Ba**. No luminescent complex was formed by Hg>* over the pH

range studied. This lariat macrocycle could find application as a chemosensor for several of the metal ions studied.

Introduction

The need for selective, sensitive sensors for a variety of
analytes is well recognized. Metal ions constitute an im-
portant set of target analytes for sensor development [1]
because, while many are essential for biological processes,
specific metal ions cause environmental and health concerns
when present in uncontrolled amounts. A first step in the
preparation of effective sensory devices is the development
of effective chemosensors. By taking advantage of fluores-
cence modulation of 8-hydroxyquinoline derivatives upon
metal ion complexation and the ion recognition properties
of macrocyclic ligands, we have prepared multiple effective
chemosensors for metal ions [2]. Compounds 1 and 2, with
the quinoline groups attached through the C-7 position, se-
lectively bind and respond to Hg?t and Mg?*, respectively
[2a, 2b]. Compound 3, with the quinoline group attached
through C-2, is an effective chemosensor for Ccd*t [2c].

Compound 4 [3], closely related to Cd>* chemosensor
3, shows remarkable selectivity for Ba?™. In fact, log K,
for the 4-BaZt complex formation is 12.2 in methanol, over
five log units greater than that for any of the other ten
metal ions tested [3, 4]. Insights into this selectivity may
be offered by the solid state structure of the 4-Ba** com-
plex in which 4 adopts a ‘pseudo-cryptand’ conformation,
effectively encapsulating the ion [4].

We hoped to take advantage of the selectivity of 4 for
Ba’T in the development of a selective chemosensor for
this species. Consequently, we investigated the photophys-
ical properties of 4 and its complexes with different metal
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ions. In our earlier work [2a, 2b], we observed that pH
dramatically influenced the fluorescent properties of metal
complexes of 1 and 2. For metal ion complexes of these
compounds to fluoresce strongly, deprotonation of both 8-
hydroxyquinoline groups, resulting in formation of neutral
metal ion complexes, was necessary. The formation of
complexes of Hg”" and Mg>t with 1 and 2, respectively,
lowered the pK;, values of the quinoline hydroxyl groups
to below 7. Consequently, at pH values of ~7 fluorescent,
neutral complexes formed.
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In the crystal structure of the 4-Ba?t complex, the
quinoline hydroxyl groups remained protonated [4]. We
hypothesized that if the quinoline hydroxyl groups in the 4-
Ba’*t complex were deprotonated then the complex would
fluoresce. Consequently, we began an investigation of the
UV and fluorescence response to pH of 4 and a variety of
its metal ion complexes. Also, as a means of better un-
derstanding the photophysical properties of 4, we studied
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the influence of pH on the fluorescence of 5-chloro-8-
hydroxyquinoline (CHQ, 5) in protic and aprotic solvents.
Due to the limited solubility of 4 in water, the protic solvent
methanol was used in the studies. We have observed that
metal ion selectivities in methanol correlate well to those in
water [5]. As a consequence of using methanol, the reported
pH values are apparent pH values.

Results and discussion

We investigated the photophysical properties of 5 at vari-
ous pH values to identify characteristic signals that could
be used to monitor UV and fluorescence responses to pH in
more complex macrocyclic systems. The absorption spec-
trum of § changed considerably upon either protonation of
the quinoline nitrogen or deprotonation of the phenolic oxy-
gen, yielding in both cases qualitatively similar responses.
Under acidic or basic conditions in methanol, 5 gave a new
broad absorbance extending into the visible region (centered
at 380 nm for the anionic form and at 382 nm for the pos-
itively charged form), while the band from the neutral form
at 329 nm disappeared. In addition, upon N-protonation or
OH-deprotonation, the band at 245 nm shifted to 258 nm.

The pK, values for nitrogen and hydroxyl deprotonation
processes of protonated 5 were determined by following the
dependence on pH of the absorbances at 258 and 380 nm in
methanol. The same profile was found for both wavelengths
giving pK, values [6] of 2.1 and 12 for deprotonation
of the nitrogen and hydroxyl groups, respectively. These
values are similar to those determined for 2 in methanol
[2b] and they do not differ much from those observed for
8-hydroxyquinoline in methanol [7].

In methanol, 5 showed only a very weak luminescence
band at 434 nm ({® = 2 x 10_3) which, after deproton-
ation (>pH 12), was strongly red shifted (Apax = 540 nm,
® = 2 x 1073) with almost no change in the fluorescence
quantum yield. The quenching effect of excited state proton
transfer processes on 8-hydroxyquinoline has been reported
to be responsible for the weak luminescence signal in protic
solvents; some contribution of intramolecular proton trans-
fer processes has also been observed [8]. We carried out
additional experiments in acetonitrile designed to prevent
excited state proton transfer processes involving the solvent.
While only small changes in absorbance were observed for
the protonated and neutral species on going from methanol
to acetonitrile, the anionic species, obtained by deprotonat-
ing the chromophore with tetraecthylammonium hydroxide,
was strongly luminescent (Apax =574 nm, & = 3.4 x 1072).
This result suggested that the protic nature of methanol
played a central role in quenching the excited state of 5.

The effects of protonation and deprotonation were also
determined with macrocycle 4. In this compound four basic
(two macroring nitrogen atoms and two quinoline nitro-
gen atoms) and two acidic (two hydroxyl groups on the
quinolines) centers are present in the molecule and, as
a consequence, more complicated behavior was expected.
In methanol basic solutions (pH > 12), we observed that
deprotonation of the two hydroxyl groups led to spectral
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Figure 1. Absorption spectra of methanol solutions of 4 at pH 7 ( ) and
12(----- ). Inset: Absorption intensity profiles at 264 nm (O) and 310 nm
(@) vs. pH.

changes very similar to those seen for 5, i.e., the appear-
ance of bands corresponding to the quinolate (Figure 1).
Plots of absorbance of 4 at 264 and 310 nm vs. pH revealed
variations in absorbance at ca. pH 5.0, 8.5 and 11 (inset,
Figure 1). The former two variations were interpreted as
arising from changes in the protonation states of the nitro-
gen atoms in 4. The identities of the nitrogens involved in
these protonation state changes were elucidated by obser-
vation of the absorbance of 4 at low pH. At pH 1.0, the
band at 264 nm, characteristic of the protonated quinoline,
was not observed. Consequently, the minor changes in the
absorption spectrum of 4 observed upon changing the pH
from 9.0 to 1.0 were likely due to the protonation state
changes of the two nitrogen atoms in the macrocyclic por-
tion of the molecule. Protonation of these tertiary amines
only slightly influenced, presumably via hydrogen bonding
interactions, the absorption properties of the two chromo-
phores. Apparently, protonation of the quinoline nitrogens
in 4 was hindered by the presence of the protonated amines
on the macrocycle. Protonation of these nitrogen atoms was
observed in acetonitrile; after addition of a thousand-fold ex-
cess of trifluoromethanesulphonic acid, the bands indicative
of the protonated quinoline nitrogens appeared.

The pH dependence of the luminescence properties of
4 proved to be very interesting. Similar to 5, ligand 4 was
only weakly luminescent in methanol solution even in the
bisquinolate form. In acetonitrile, the addition of a limited
amount of base resulted in formation of a monoquinolate
form, which gave an absorption band indicative of the de-
protonated CHQ group. However, the monoquinolate proved
to be only weakly luminescent. At higher pH, the second
CHQ group was apparently deprotonated and a significant
enhancement of a luminescence band (centered at 567 nm)
was observed. The lack of luminescence from 4 contain-
ing one quinolate group suggested that deprotonated and
neutral CHQ groups within 4 interact causing fluorescence
quenching.

Titration experiments of 4 with Ba>+ demonstrated how
strongly the fluorescence response to complexation could be
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Figure 2. Absorption intensity profiles at 310 nm vs. pH of methanol solu-
tions containing 4 (@) and equimolar amounts of BaZt (M) and Mg2+ ions

(V).

influenced by pH. At pH 10, addition of Ba®T to 4 led to
a strong increase in the fluorescence at 561 nm, while at
pH 7 no enhancement could be detected. Changes in the
absorption spectrum of 4 suggested that effective complexa-
tion occurred with Ba?T at both pH values. To gain a better
understanding of the properties of 4 as a fluorescent chemo-
sensor, the absorption and luminescence spectra of 4 (1.5 x
10~> M) in methanol in the presence of one molar equiv-
alent of metal ions were recorded at incrementally varied
pH values between 2 and 12. Metal complexes were formed
with Mg+, Ca?*, Sr**, Ba?*, Zn?*, Cd** and Hg”*. Be-
cause 4 had shown high selectivity for Ba>*, complexes of
4 with the alkaline earth cations were selected for study. As
described, other 8-hydroxyquinoline appended macrocycles
formed strong complexes with Zn*>*, Cd** and Hg?*, and
consequently complexes of 4 with these metal ions were
selected for study.

In the presence of Mg?*, the absorption spectrum of 4
between pH 2 and 7 appeared similar to that of 4 alone (Fig-
ure 2). This result suggested that no complexation took place
under acidic conditions, which is consistent with our earlier
findings in which we found no measurable heat of complex
formation for 4 with Mg?* [3]. Upon increasing the pH of
the solution above 7, the behavior of 4 with Mg2+ differed
from that observed with 4 alone. In particular, the pK, value
for deprotonation of both CHQ groups was 8.3, as compared
to ca. 12 for the free ligand [6]. In addition, in the presence
of Mg?*, deprotonation caused a much stronger increase of
the luminescence intensity at 546 nm, indicating that at pH
> 8.3 a strongly fluorescent, neutral 4-Mg>* complex was
formed (Figure 3 and Table 1). Ligand 2, in which the CHQ
groups were attached through quinoline position 7 instead
of 2, also formed highly fluorescent complexes with Mg+
(Amax = 540 nm, ® = 4.2 x 10_2); however, the deproton-
ation/complexation process was observed at even lower pH
(ca 6.0), giving a more stable species (log K, = 6.8 [3]).

The behavior of 4 in the presence of Ba’* was very dif-
ferent from that in the presence of Mg?*. In the presence
of Ba2t, the UV absorbance at 310 nm was relatively con-
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Figure 3. Normalized luminescence intensity profiles (Aexc = 321 nm,

Aem = 555 nm) vs. pH of methanol solutions containing 4 and equimolar
amounts of BaZ™t ), Sr2t (m), Ca?t (V), and Mg2+ (e) ions.

Table 1. Photophysical properties of 4 and its complexes with metal ions

in methanol

Amax®  €* )\maxb @b ™
(nm) (M_1 cm_l) (nm) (ns)

4 264 87,800 530 3x 1073 2.0
347 9,000
378 8,300

4Mg?t 264 89,300 546 151072 74
346 7,900
386 8,000

4Ca?t 268 86,800 556 6 x 1073 34
348 8,300
391 8,100

482t 268 84,300 557 5% 1073 2.9
348 8,400
391 8,100

4Ba2t 267 83,200 561 3x 1073 2.0
348 8,200
398 8,500

47Zn*t 268 88,200 556 1.1x1072 62
346 6,500
394 7,300

4Cd*t 268 87,800 587 3x 1073 2.5
348 7,800
401 8,000

4Hgt 272 77,800 595 <lx103 -
352 7,600
418 7,200

4 Absorption (pH 10).
b Fluorescence (pH 10).

stant in the pH region between 2 and 6 (Figure 2), with an
extinction coefficient similar to that observed for the neut-
ral macrocycle (i.e., 4 alone between pH 6 and 10). The
decrease in absorbance at 310 nm by 4 at pH < 6 was cor-
related with protonation of the macroring nitrogen atoms;
consequently, the lack of change in absorbance of the 4-
Ba’T complex below pH 6 suggested that complexation of
Ba®* prevented protonation of the two macroring nitrogen
atoms even under acidic conditions. This conclusion is con-



126

2000 L 20
o™ ®
e
1500 o N
£ o @ =
= R
s ~J
2 1000 { O(M ° 10 5
= 0 o g
swio o 0 © ® 0.5
)
@
o®
vle @ e 0089 0.0
20 40 6.0 80 10.0 120
pH

Figure 4. Absorption (A = 267 nm, O) and luminescence (iexc = 321 nm,
Aem = 561 nm, @) intensity profiles vs. pH of a methanol solution
containing 4 and equimolar amounts of Ba?t.

sistent with formation of a stable Ba’* complex at low pH.
As has been discussed, formation of this Ba’> complex does
not induce deprotonation of the two neutral CHQ groups
[4], and as expected, the absorption bands indicative of the
anionic form of the CHQ group were not observed from the
4-Ba’* complex in the pH 7 region. Upon increasing the
pH, deprotonation of the hydroxyl groups took place in two
distinguishable steps. These steps resulted in changes in the
absorption intensity at 267 nm (Figure 4). A related pat-
tern was observed in the fluorescence of the complex as pH
increased (Figure 4). The system remained non-fluorescent
when one of the hydroxyl groups was deprotonated. How-
ever, deprotonation of the second hydroxyl group, resulting
in formation of a neutral complex, caused a large fluores-
cence enhancement at 561 nm (Figure 4). This behavior is
consistent with that observed with the free ligand in acet-
onitrile, i.e., deprotonation of both CHQ groups in 4 was
required for fluorescence. By analogy with 4, we hypothes-
ized that when one of the CHQ groups was deprotonated,
interaction with the other CHQ group caused fluorescence
quenching. Following this argument, the CHQ groups in the
4-Ba’* complex must have interacted sufficiently to cause
quenching of the excited state of the deprotonated CHQ
groups (in the solid state [4], the CHQ groups in the 4-Ba>*
complex overlap significantly).

The behavior of 4 in the presence of Ca** and Sr>*+
was similar to that with Ba2t; i.e., the complexes only be-
came fluorescent under mildly basic conditions. Changes
in fluorescence intensities were attributed to deprotonation
of the CHQ hydroxyl groups. Surprisingly, Ba>*, with the
highest log K, value with 4 [3], apparently lowered the
pKas of the hydroxyl groups in 4 less than Mg+, Ca®* and
Sr>* (Figure 3). Consequently, the 4-Ba’T complex became
strongly fluorescent at pH values higher than those at which
the complexes of 4 with the other alkaline earth ions became
fluorescent.

In the presence of Zn>* and under acidic conditions (pH
< 3), the absorption spectrum of 4 was nearly identical to
that of the free ligand. However, at pH ~3 complexation
apparently took place as observed by changes in the ab-
sorption and fluorescent properties of 4 (Figure 5). Alkaline
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Figure 5. Luminescence (Aexc = 321 nm, Aem = 560 nm) intensity profiles
vs. pH of a methanol solution containing 4 and equimolar amounts of Zn%t
(v, Cd** (@), and Hg?T ().

earth ion complexes with 4 were only fluorescent when the
CHQ hydroxyl groups were deprotonated, and we attributed
the increase in fluorescence of 4 in the presence of Zn>* to
formation of the neutral complex. A further increase and a
shift in the fluorescence band of the 4-Zn>* complex was
observed beginning near pH 5. Unfortunately, it was not
possible to unambiguously identify the process that leads to
this increase in fluorescence near pH 5. However, a reas-
onable explanation is that interaction of Zn** is stronger
with the CHQ groups than with the macroring, leaving the
nitrogen atoms in the macroring to be protonated at low pH.
The change in fluorescence at pH 5 might be due to the de-
protonation of the macroring nitrogen atoms followed by a
reorganization of the structure of the complex.

In the presence of Cd*t and at low pH (> 4.5) the
dependence of the luminescence intensity of 4 on the pH
conditions followed almost the same pattern as that seen
for 4 in the presence of Zn>*. This result suggested a very
similar behavior for 4 in the presence of these two ions.
The primary difference between these complexes was that
the luminescence of the 4-Cd** complex did not increase
significantly at higher pH.

Changes in the absorption spectrum of 4 in the pres-
ence of Hg?" suggested that a complex formed (Table 1).
However, even at pH > 7 the complex was not fluores-
cent (Figure 5). A possible rationale for this observation is
that complex formation of 4 with Hg?* did not result in
a concomitant decrease in the pK, values of the CHQ hy-
droxyl groups. Consequently, a fluorescent complex was not
formed.

Under basic conditions (e.g., pH 10), Mg?*, Ca?*, Sr*t,
Ba’*t, Zn?*, Cd** and Hg>* formed neutral complexes with
4 (Table 1). Absorption and fluorescence bands character-
istic of the deprotonated chromophores were observed for
the complex of 4 with each metal ion, although the exact
positions of these bands and their relative intensities varied
slightly. Among the alkaline earth ions, an interesting trend
was observed: the lowest energy absorption band and the
fluorescence Amax were red shifted in the presence of ions
with larger radii. It is notable that a similar behavior has
been observed for 6 in which only one CHQ group is present,



demonstrating that such an effect cannot be due only to an
interaction between two CHQ groups. This trend may be due
to interactions of the metal ions with the CHQ groups and
the resulting varied stabilization of charge transfer excited
states. The strong red shift concomitant with deprotonation
of the CHQ hydroxyl groups suggests a partial charge trans-
fer in the lowest energy excited state of the anionic CHQ
species. Because larger cations form more stable complexes
than the smaller ions, the larger cations presumable interact
more strongly with the CHQ oxygen atoms and facilitate
stabilization of the fluorescent excited state.

Conclusions

Ligand 4 forms stable complexes with a variety of metal
ions including Mg?*, Ca®*, Sr**, Ba®>*, Zn?*, Cd?>* and
Hg?*. These complexes display different charge and pho-
tophysical properties, depending on the pH conditions. In
the pH range from 3 to 7, 4 forms luminescent complexes
only with Zn** and Cd** ions and could find application
as a chemosensor for these two metal ions. At higher pH
values, luminescent complexes can also be formed with al-
kaline earth metal ions. The behavior of 4 in the presence
of metal ions is remarkably different than that observed for
other structurally similar ligands (e.g., 1-3), and it can give
complementary information concerning the presence of the
different metal ions in solution. This complementarity may
be applied to the development of arrayed sensory devices,
and we are pursuing the application of the useful properties
of 4 in the development of metal ion sensors.

Experimental

Ligands 1[12],2—-4 [3] and 6 [13] were prepared as reported.
The experiments reported were performed in MeOH solution
and the pH was controlled by addition of methanol solutions
of trifluoromethansulfonicacid and/or tetraethylammonium
hydroxide.

Absorption spectra were recorded with Perkin Elmer
lambda 40 and lambda 16 spectrophotometers. Uncorrected
emission, and corrected excitation spectra were obtained
with an Spex Fluorolog spectrofluorimeter. The fluores-
cence lifetimes (uncertainty £5%) were obtained with an
Edinburgh single-photon counting apparatus, in which the
flash lamp was filled with D,. Luminescence quantum
yields (uncertainty 15%) were determined using sulfate
in 1 M H,SO4 aqueous solution (@ = 0.546 [9]) as a refer-
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ence. In order to allow comparison of emission intensities,
corrections for instrumental response, inner filter effects,
and phototube sensitivity were performed [10]. A correc-
tion for differences in the refraction index was introduced
when necessary. The determination of binding constants was
performed as described [11].
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