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General introduction

General introduction

Public health problems such as Alzheimer, Menkes and Wilson’s diseases caused by
environmental contaminants are growing worldwide concerns. Researches led by chemists
and biologists have discovered that various metal ions are very closely related to life
processes. For example, accumulation of excessive heavy metal ions such as Hg*", Cd*", Cu*"
and Pb>" in human body leads to various deleterious effects on health problems due to their
high toxicity, while some of the other metal ions such as K™ and Ca”*"are necessary for the
functions of living cells. In order to understand the relationships between the metal ions and
human health, determining and trafficking trace amount of metal ions in vitro and vivo have
become the key issue for both the chemists and biologists. Fluorescence imaging is definitely
one of the most powerful tools. To meet this demand, design and synthesis of versatile
fluorescent probes with high sensitivity and high selectivity for the target analytes thus
becomes the most attractive research field in chemistry and biology. Moreover, development
of fluorescent chemosensors promotes the on-site and real-time detection which is quite

important for the environmental monitoring.

In the first chapter, we introduce the concept of fluoroionophore as selective
chemosensors and review the basic principles that have been widely used in molecular
recognition. Selective chemosensors for Hg*™ and Cu”" were utilized as examples to elucidate

the applications of these principles.

The second and third chapter describe design, synthesis, photophysical and complexation
study of fluorescent chemosensors based on 1,2,3-triazole moiety. Click reaction, mainly
referring to Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of azides and alkyenes, has
provided us with great convenience in organic synthesis. The resultant 1,4-disubstituted
1,2,3-triazole group has been demonstrated to be a very flexible moiety in fluoresencent
chemosensor. The roles of triazole can be concluded as following: (i) acts as part of the
conjugated fluorophores; (ii) provides binding site for target analytes; (iii) contributes as a
linker. In order to have a better understanding of 1,2,3-triazole group, it was conjugated with a
series of fluorophores, such as fluorescein, NBD, rhodamine, pyrene, and benzothiadiazole.
The second and third chapter are then organized by the functions of triazole in these

fluorophores: (1) when the triazole was coupled with fluorescein, new fluorophores with
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triazole group as the linker were constructed; (2) for NBD- and rhodamine triazole derivatives,
triazole group acted as the most important binding site; (3) in pyrene derivative, seven triazole
units were assembled on the B-cyclodextrin and complexation properties of the resultant
ensemble was investigated; (4) when triazole was conjugated with benzothiadiazole as part of
the fluorophore, the effects of the number of triazole, the substituent position and the terminal
amino acid group were examined and the metallo-responsive properties of the different
benzothiadiazole-triazole fluorophores were studied and here triazole group functions as the
co-binding sites. Through our study, the functions of the triazole group in fluorescent

chemosensors have been clearly elucidated.

The fourth chapter deals with the design and synthesis of fluorophores consisting of
calix[4]arene framework functionalized with dansyl fluorophore. Previous work in our lab, an
A-D (acceptor-donor(donor as binding site)) type fluorophore containing BODIPY was used
to selectively detect potassium in EtOH/H,O mixed solution. By retaining the binding motif,
we designed and synthesized a new ligand with D-A (donor-acceptor (acceptor as binding
site)) type fluorophore with dansyl instead of BODIPY to study its photophysical and
complexation properties. Sulfonation of its calix[4]arene moiety gave a water soluble
fluorophore. At the beginning, we intended to investigate the influence of additional sulfonate
groups on the binding response to K'; however, unfortunately this ligand showed no response
to K" in pure water. Anyhow, this new ligand with four sulfonate groups exhibited strong
binding affinity to AI'" under weak acidic conditions through the formation of colloid
particles AI(OH)s. Detailed spectral investigations were carried out to illustrate the binding

process.

The fifth chapter is our preliminary investigation on modulation of cation binding in the
excited state. The first part is based on the fullerene moiety attached with an aza-15-crown-5.
Fullerene moiety has been widely reported to be an excellent electron acceptor due to its small
organization energy and when incorporated with various donors long-live charge separated
species were detected. Based on these phenomena, a new ligand composing of fullerene and
aza-15-crown-5 was synthesized and used for studying photointeruption of cation binding
through the formation of charge separated state. The second part of this chapter summarizes
the preliminary investigation of a dyad consisting of betaine pyridinium and aza-15-crown-5.
Dipole moment inversion after laser excitation is thought to promote the translocation of

cation from benzimidazole moiety to aza-15-crown-5 moiety.
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Chapter 1. Introduction of Molecular Fluorescence and Fluorescent Chemosensors Design

1.1. Introduction of molecular fluorescence'>

When light interacts with matter, the photons can be absorbed, scattered or will not
interact with the material and pass straightly through it, depending on the properties of the
composition of the object and the wavelength of the light. Before introducing the basic
concepts of absorption and fluorescence spectra, different types of electronic transitions are
presented by the example of formaldehyde, as presented in Figure 1-1. An electronic
transition takes place when an electron from an orbital of the molecule in the ground state is
excited to an unoccupied orbital with higher energy level. The energy level of these electronic
transitions generally follows the order: n—»n* < n—n* < n—c* < c—oc*. With respect to
absorption and fluorescence spectroscopy, two important type of orbital are considered: the
Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO). Both refer to the ground state of the molecules and the greater the extent of the
7 electron system, the lower energy of the low-lying m-n* transition and consequently the

larger the wavelength of the corresponding absorption band.
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Figure 1-1. Energy level of molecular orbital in formaldehyde and possible electronic transitions.

The Perrin-Jablonski diagram (Figure 1-2) displays all the possible photophysical
processes in a molecular system: photon absorption, internal conversion, fluorescence,
intersystem crossing, phosphorescence. The singlet electronic states are denoted as S, Si,

S,,...and triplet states, Ty, T»,....

1.1.1. Light absorption

Absorption is known as a process by which the energy of a photon is taken up. It’s a very
fast process (107"s) with respect to all the other processes in Figure 1-2, so that there is no
concomitant displacement of the nuclei according to Franck-Condon principle.
Experimentally, the efficiency of light absorption at a wavelength by an absorbing medium is

characterized by the absorbance 4(A) or the transmittance 7(A). In many cases, the absorbance
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of a sample follows the Beer-Lambert law, as presented in eq. 1-1:

0

A\) =log—L=¢(M)lc (eq. 1-1)

S~

Where I, and I, are the light intensities of the beam entering and leaving the absorbing

medium, respectively; €(A) represents the molar absorption coefficient (usually expressed in

L mol" em™), ¢ is the concentration of (in mol L") of chromophore and / is the

absorption path length (in cm).
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Characteristic times

Absorption: 10™"s Vibrational relaxation: 107 - 107" s
Fluorescence : 1077 - 107" s Intersystem crossing: 107°-10%s
Internal conversion: 1077 -107"s Phosphorescence: 10°-1's

Figure 1-2. Perrin-Jablonski diagram and illustration of the relative positions of absorption, fluorescence

and phosphorescence spectra.

1.1.2. Molecular fluorescence

Upon absorbing a photon, electron of a molecule in the ground state is excited to an
orbital with higher energy level followed by the vibrational relaxation to the O vibrational
level of S; singlet state within a time scale of 107°-107"'s. Emission of the photons
accompanying the S;—S, relaxation is called fluorescence and often its characteristics do not
depend on the excitation wavelength. It should be noted that the fluorescence spectrum

locates in the higher wavelength region when compared with its absorption spectrum due to
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the energy loss in the interconversion process, as shown in Figure 1-2. The variation of
wavenumbers between the maximum of the first absorption band and the maximum
fluorescence is called the Stokes shift, which is related to the solvents used for investigation.
In highly diluted solution, the fluorescence intensity is proportional to the concentration of

fluorophore:

1, =kI,(h, )@ ,e(L,)IC (eq. 1-2)

exc exc

where k is the proportionality factor, /,(A, ) is the light intensity at the excitation

exc

wavelength; €(A,_) is the molar absorption coefficient of the fluorophore at the excitation

wavelength, / the optical path in the sample and C the concentration of the fluorophore; @, is

fluorescence quantum yield.

After light excitation, the electrons in the excited state can be deactivated by different
pathways: internal conversion, fluorescence emission, intersystem crossing, and probably
electron transfer, and energy transfer. Lifetime as another important characteristic of
fluorescence represents the average time of the molecules in the S; excited state. According to
the classical chemical kinetics, the deactivation rate of the excited molecules is expressed as
the following differential equation (eq. 1-3) in the case of one component:

[’ 4%
o

= (k, + 1k, )['4*] (eq. 1-3)

where ['4*] represents the concentration of the excited molecules at S; state, k° and &’

are the rate constants for radiative deactivation S;—S, with fluorescence emission and
non-radiative process such as internal conversion and intersystem crossing, respectively.

Integration of eq. 1-3 yields the time evolution of the concentration of excited molecules
['4*], as shown in eq. 1-4. ['4*],is the concentration of excited molecules at time 0 after

pulse light excitation.

['4*%]=["4*], exp(—L) (eq. 1-4) With 1, :; (eq. 1-5)
. Kk,

N

The fluorescence quantum yield @ is the ratio of the number of the emitted photons to the
number of absorbed photons, that is the fraction of the excited molecules that deactivate to
ground stat Sy with emission of fluorescence photons, expressed as eq. 1-6. The fluorescence

quantum yield is usually determined by comparison with a fluorescence standard, as depicted
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in Chapter 6 (Experimental section).

ks
O, =—L—=k't._ (eq. 1-6
F k}g +k;:’ r-s ( q )

When a population of fluorophores is illuminated by a linearly polarized incident light,
those whose transition moments are oriented in a direction close to the electric vector of the
incident beam are preferentially excited. Fluorescence anisotropy is caused by the anisotropic
distribution of the excited fluorophores. The changes in the direction of the transition moment
during the lifetime of excited state will cause decrease of anisotropy. Several reasons are
proposed for depolarization, such as Brownian motion, torsional vibrations and energy
transfer to another molecule with different orientation. Therefore, fluorescence polarization
measurements can provide useful information on the molecular mobility, size, shape, and
flexibility of molecules, fluidity of a medium and order parameters. As presented in Figure

1-3, the components of fluorescence intensity that are parallel and perpendicular to the

electric vector of the incident light are denoted as [, and I, respectively. The polarization

state of fluorescence is characterized either by polarization ratio p (eq. 1-7) or emission

anisotropy 7 (eq. 1-8). Their relationship is shown in eq. 1-9.

I

AL gy 2T g1y
1+1, ' L+21,

p

rzz—p (eq. 1-9)
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observation

Figure 1-3. Usual configuration for measuring fluorescence polarization.

1.2. Fluorescent chemosensor design

Detection of biologically and environmentally important metal ions has attracted much
attention of chemists and biologists. The fluctuations of metal ions in the blood fluid are

closely related to the functions and diseases.”* With the advance of the analytical techniques,

- 10 -
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various approaches such as flame photometry, atomic absorption spectrometry, ion sensitive
electrodes, electron microprobe analysis are now available for the detection of metal ions.’
However, many of them require complicated sample pretreatment, high cost and sophisticated

instruments. Moreover, many of them are not able to work in living samples.

In the context, fluorescent chemical sensors display several advantages in terms of

e . .. . . . 6.7.8.9
sensitivity, selectivity, response time and fluorescence imaging.” ™

Its great simplicity also
brings us the possibility of on-site and real-time detection. Therefore, great efforts have been
devoted to the development of fluorescent chemosensors for detection of metal ions. As
shown in Figure 1-4, a fluorescent chemosensor comprises of a fluorophore and an ionophore
linked with/without spacer.” The fluorophore acts as the signal transducer, which convert the
recognition event into the photophysical changes, such as spectra, fluorescence quantum yield
and lifetime. These changes are due to the perturbation of photoinduced processes such as
electron transfer, charge transfer, energy transfer, and formation of excimer. With respect to
ionophore, it is the recognition moiety that mainly determines the binding selectivity and
sensitivity. The specific interactions between ionophore and guests are often based on the
noncovalent bonding, such as hydrogen bonding, metal complexation, m-m stacking,
hydrophobic forces and electrostatic interactions.'® It is affected by the characteristic of cation,
solvent environment, pH, and ionic strength. Regarding the integrated fluoroionophore, some
atoms from the fluorophore may participate to the binding processes. Therefore, sensing
selectivity and sensitivity are dependent on the whole structure of fluoroionophore. Following
we will present how different principles can be utilized in fluorescent chemosensors design
according to the literatures.

Fluoroionophore

Spaced
fluvrophore ionophore

Integrated o

Signalling moiety Recognition moiety
Photophysical Selectivity complex
change stability
(Spectra, quantum yield, lifetime)
Cation control of photoinduced processes Ligand topology

Electron transfer Characteristic of cation
Charge transfer Solvent, pH
Energy transfer lonicstrength
Formation of excimer

Figure 1-4. Illustration of fluoroionophore.
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1.2.1. Photoinduced electron transfer

A series of fluorescent sensors for cations and anions has been developed based on this
principle. Figure 1-5 depicts the electronic transitions before and after complexation with
cations. Upon excitation of the fluorophore, an electron in HOMO goes to LUMO. Under this
condition, if there is an orbital from another part of this fluoroionphore with energy level
between HOMO and LUMO of the fluorophore, a PET from this full orbital to the HOMO of
the fluorophore can take place, and a further electron transfer from the LUMO of the
fluorophore to the external orbital retrieves the stable ground state. As a result, the excited
electron deactivates by non-radiative pathway and results in fluorescence quenching. Upon
complexation with cation, the energy level of external orbital is reduced to lower than that of
HOMO of the fluorophore and consequently the electron transition from full external orbital
to HOMO of the fluorophore is suppressed and cause fluorescence enhancement. Typically,
the cation receptor involves aliphatic or aromatic amines as quenchers, in which the PET can

take place from amino group to fluorophore and quench its fluorescence intensity.

LUMO + LUMO _l_
o —-l_;—_ hw

74
F

¥
HOMO _’_ HOMO [ ' I

Excited Fluorophore  Free Receptor Excited
Acceptor Donor Fluorophore

Weakly fluorescent Strongly fluorescent

Bound
Receptor

Figure 1-5. Cation recognition based on fluorescent PET sensors (reductive electron transfer).

The thermodynamic feasibility of the excited singlet state electron transfer reaction can be
calculated by employing Rehm-Weller equation (eq. 1-10). If the AG'is negative, then the
electron transfer is thermodynamically possible.

2
e

(eq. 1-10)

D*/D Al A solv

AG'=E’. —-E° —AE,(A)-AH,, —
4rer

Where AG’represents variations of the standard free enthalpy of the electron transfer,

0 0 . . A
E,.  andE . are standard electrode potential of donor (D) and acceptor (A), respectively;

-12 -
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AE,(A)1s singlet excited energy of the fluorophore, AH

solv

is enthalpy of solvation effect, e

is the electron charge, ¢ is the dielectric constant of the solvent, and ris the distance

between two ions.

In the other case, PET process can take place in the bound complex when the energy level
of LUMO of the transition cation is between HOMO and LUMO of the fluorophore. As show
in Figure 1-6, in this case fluorophore acts as electron donor. Upon excitation of the
fluorophore in the complex, the excited electron can deactivate through an electron transfer to
LUMO of transition metal ions. As a result of this non-radiative pathway, the emission of the
fluorophores is quenched. The thermodynamic feasibility can also described by Rehm-Weller
equation as follow (eq. 1-11):

2

0 0 0 €
AG' =E°. —E" . —AE, (D)-AH_, — (eq. 1-11)
o - 00 sol :
D* /D A4 Y Arxer
LMo —— Mo ——
| '-\
\\
hv a
HOMO y HOMO ’
Excited )
Fiuorophore Excited Fluorophore 0 o) o
Boner Acceptor
é
Strongly fluorescent Weakly fluorescent

Figure 1-6. Cation recognition based on fluorescent PET sensors (oxidative electron transfer).

Spectral properties of fluorescein derivatives have been extensively studied by using PET
mechanism. For PET-1, in the excited state electron transfer from aromatic amino group to
xanthene moiety leads to its low fluorescence quantum yield.!' Upon complexation with Hg*",
the PET process is suppressed, accompanied with strong fluorescence enhancement. As we
depict in Figure 1-7, an OFF-ON type of Hg”" selective fluorescent chemosensor was
developed. In contrast, ligand PET-2 exhibited strong fluorescence quenching upon
complexation with Hg*", which was attributed to electron transfer from dansyl fluorophore to
Hg”" in the complex.'””> An ON-OFF type chemosensor based on different PET mechanism
was constructed. According to this principle, large numbers of fluoroionophores have been

developed by changing the fluorophore and/or changing the binding motif.'*'*'*>'*!" It should

S13-
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be noted that generally the absorption spectrum of the fluorophore does not change after

complexation with metal ions when the sensing mechanism is based on PET process.

PET-1 PET-2

Figure 1-7. PET type OFF-ON (PET-1) and ON-OFF (PET-2) Hg*" chemosensors.

1.2.2. Photoinduced charge transfer

The photoinduced charge transfer is a phenomenon when an electron-donating group
(-NH_, -NMe,, -CH30) is conjugated with an electron-withdrawing group (>C=0, -CN), upon
excitation of a fluorophore, an electron will move from one orbital to the other, accompanied
with by an instantaneous change in the dipole moment of the fluorophore. The higher the
polarity of the solvent, the lower energy of the relaxed state and the larger red shift of the

emission spectrum, which is called as the positive solvatochromism.

Based on the close relationship between the microenvironment and spectral properties of
the ICT type fluorophore, it can thus be anticipated that cation interaction with the donor or
acceptor moiety will also change the photophysical properties of fluorophore by affecting the
charge transfer efficiency. Utilization of the PCT type fluorophores in cation sensing then
have two different manners: for the first case cations interact with acceptor group and for the
other case the cations complex with donor group. These two different binding modes can give

distinguished spectral changes.

In the case of cation interacting with the acceptor group, complexation enhances the
electron withdrawing character of the acceptor, resulting in red shift of the absorption
spectrum and increased molar absorption coefficient. The fluorescence spectrum in principle
shifts in the same direction as that of absorption spectrum. The other emission parameters are
accordingly changed. The red shift of spectra generally is explained by the cation-stabilized
excited state of the fluorophore. As shown in Figure 1-8, in the free ligand PCT-1,
intramolecular charge transfer in coumarin moiety from amino group to carbonyl group

T 18 . .
occurs upon excitation. © Complexation between cation and carbonyl group causes
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enhancement of intramolecular charge transfer and consequently both the absorption and
fluorescence spectra show remarkable red shift. This principle is widely used in colorimetric
and fluorescent detection of metal ions."

#Interaction with the acceptor group

S1
1 red
S, - — i
CF
CFs (\o/\ : NN
A N j X j 0
. AP
N 070\ ¢ \JO ol
(W
PCT-1 M"™c PCT-1

Figure 1-8. Cation recognition based on fluorescent ICT sensors (interact with acceptor group).

In contrast, when the cation binds to the donor group of fluoroionophore, it reduces its
electron-donating character and meanwhile decreases the conjugation of the © system, which
is expected to result in blue shift of the absorption spectrum and decreased absorption
extinction coefficient. However, the fluorescence spectrum often undergoes with a much
slighter blue shift when compared with that of the absorption spectrum. This phenomenon can
be attributed to the photodisruption between cation and donor group.® Upon excitation,
charge transfer from the donor group to the acceptor produces partially positive character of
donor group and thus decreases its binding ability with cations. The emissive species may
actually come from the loose complex or the free ligand, which has been evidenced by
transient absorption technique. For instance, when azacrown are conjugated with strongly
electron-withdrawing merocyanine to construct PCT-2 (Figure 1-9), intramolecular charge
transfer from the amino group to dicyanomethylene group is reduced upon complexation with
cations.”’ Large blue shift was observed in the presence of cation, meanwhile slight blue shift
of the fluorescence took place. Such kind of chemosensors has been constructed for selective

. . 22,2
detection of metal ions.*>%
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#Interaction with the donor group ‘ o
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Figure 1-9. Cation recognition based on fluorescent ICT sensors (interact with donor group).

1.2.3. Energy transfer

Energy transfer from an excited fluorophore (donor) to another fluorophore (acceptor) is
possible when the emission of the donor partially overlaps with the absorption of the acceptor,
as shown in Figure 1-10. Two different pathways are available for the occurrence of energy
transfer. Radiative transfer refers to the photons emitted by donor absorbed by an acceptor.
The transfer efficiency depends on the spectral overlap and the concentrations. In the diluted
solution, this approach is not important. For the second pathway, non-radiative transfer results
from short- or long-range interaction between fluorophores. It requires interaction between a
donor fluorophore and acceptor fluorophore beside the spectral overlap, which is also called
resonance energy transfer (RET) or excitation energy transfer (EET). Non radiative energy
transfer can result from different interaction mechanisms. Forster type is based on long-rang
dipole-dipole Coulombic interaction, in which the initially excited electron on the donor
return to the ground state orbital on donor and simultaneously an electron on the acceptor is
promoted to the excited state; while Dexter’s type based on electron exchange between donor
and acceptor is only available in short range due to the requirement of orbital coupling, as

shown in Figure 1-11.

Dener Acceptor D“f‘“r_ Acceptor
absorption  gpsprption  &Mission eTissiun

arbitrary units

200 300 400 500 600
wavelength (nm)

Figure 1-10. Spectral overlap between donor emission and acceptor absorption.
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Figure 1-11. Mechanism of energy transfer, FOrster and Dexter type.

According to the Forster theory, the energy transfer rate can be calculated by eq. 1-12 and
1-13:

1 R
k== (eq 1-12)
Ty T

RS- 9000(In10)x DY,
’ 1287°N n'*

I:ID(/%)g(/i)/I“dﬂ (eq. 1-13)

where k represents the energy transfer rate constant, 7, is lifetime of donor in the absence
of transfer, R, is Forster radius, ris the distance between donor and acceptor, x’is the
orientation factor, @) is the fluorescence quantum yield of the donor in the absence of
transfer, N, is Avogadro number, n is average refractive index of the medium in the
wavelength range where spectral overlap is significant, /(A1) is the fluorescence spectrum

of the donor normalized, £(4) 1s the molar absorption coefficient of the acceptor.

The transfer efficiency is given by eq. 1-14:

k, 1

TTUS 4k 14/ R

(eq. 1-14)

The resonance energy transfer is sixth power dependence on the distance, which is quite

useful as a ruler in biological processes.

From the above introduction of RET processes, modulation of factors such as spectral
overlap, orientation of the fluorophore pair, distance between the donor and acceptor, can
significantly affect the energy transfer efficiency and realize the ratiometric detection of metal

ions.***?® As shown in Figure 1-12, the addition of Cu®" selectively induces the ring-opening

17 -
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of rhodamine fluorophore, leading to the spectral overlap between coumarine and
ring-opening form of rhodamine.”> Subsequently energy transfer occurred, evidenced by

fluorescence quenching of coumarine and fluorescence enhancement of rhodamine.

410 nm 4?3 nm 410 nm
/“N : ;N NH, _Cu?'_ /“‘N
RET-1

Figure 1-12. Ratiometric detection of Cu®" based on RET mechanism.

1.2.4. Formation of excimers

Excimers are defined as the dimer formed by collision between an excited fluorophore
and an identical fluorophore in the ground state. Excitation energy is delocalized over the two
fluorophores, which leads to a new structureless emission located at longer wavelength than
that of the monomer. Formation of excimer is diffusion-controlled process and is affected by
temperature, viscosity and molecular structural conformation. For intermolecular formation of
excimers, generally high concentration of the fluorophores is required to get sufficient
collision during the lifetime of monomer. In contrast, intramolecular formation of excimers is
independent of concentration but related to the molecular structural conformation. The
fluorescence intensity ratio of the excimer and monomer is used to characterize the efficiency
of formation of excimer. As shown in Figure 1-13, EXC-1 exhibits strong monomer emission
due to the extended conformation of two pyrene fluorophore.”” Upon complexation with
metal ions, conformation change of the carbohydrate ring forces two pyrenyl group into
1,3-diaxial orientation, which facilitate the formation of excimer complex. The fluorescence
intensity ratio of the excimer and monomer was then used to indicate the concentration of
metal ions in solutions. Ratiometric detection shows great advantage to detect metal ions with

- . . 28,29,30,31
a built-in correction for environmental effects. ™"
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Figure 1-13. Cation recognition based on formation of excimer.
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1.2.5. Chemodosimeters

Chemodosimeters represent a new approach for the detection of analytes by chemical
processes.”>****> They show great advantages in terms of selectivity and sensitivity when
compared with coordination-based sensors, but also display disadvantages in relatively long
response time, irreversibility and the possible release of toxic species. For example, a number
of chemodosimeters have been reported for the selective detection of Hg”" by using mild
reactions. As shown in Figure 1-14, phosphorus-selenium moiety in CDM-1 showed strong
binding affinity to Hg”". The Hg”" addition promoted transformation of phosphorus-selenium
into phosphane oxide, which resulted in fluorescence enhancement. By changing the
components of fluorophore, such a turn-on fluorescent approach gave a detection limit of
Hg”" at 0.18 ppb in CH;CN/H,O (80:20) at pH 7.

Figure 1-14. Chemodosimeters based on modification of fluorophore component.

The other approach is based on analyte-induced elimination of ionophores.” As shown in
Figure 1-15, addition of Hg*" to the solution of CMD-2 led to the deprotection of vinyl ether
group, which turned on the green emission of the fluorescein. This probe worked efficiently at

the ppb level of Hg”" in pure water.

CDM-2

hv,

o A fﬁ

Figure 1-15. Chemodosimeters based on analyte-induced elimination of ionophore.
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It should be pointed out that among the reported chemodosimeters, ring-opening of
rhodamine lactam is the most commonly used.”®*” As shown in Figure 1-16, CDM-3 with a
rhodamine spirolactam attached with carbohydrazone unit showed highly selective response
to Hg”" in a aqueous DMF (v/v=1:1) with a detection limit of 2 ppb. The structure of CDM-3
and complex CDM-3-Hg”" were fully characterized by X-ray crystallography, clearly

demonstrating the ring-opening structure in the complex.™®

Q1 .~
=Y
N—N \_7/ Hg2*
. O‘O —
N N

CDM-3

Figure 1-16. Chemodosimeters based on ring-opening of rhodamine spirolactam.

1.3. Applications of fluorescent chemosensors

The applications of fluorescent chemosensors can be mainly categorized into two
important fields: detection of environmentally important pollutants such as heavy metal ions
and as the probes for fluorescence imaging to monitor biologically important species.”” In
former, by incorporation into microfluidic devices, very efficient methods have been
developed for the detection of Pb”>" with the detection limit meeting with the requirement of
WHO.™ The latter application attracts much more interest for its great advantage in
visualization of biologic events in a spatio-temporal manner, providing more information for
the early disease diagnosis and therapy. Considering the practical manipulations and
limitations of technique, most researches have used zebrafish as a model animal to study the
uptake and distribution of target analytes in live animal, as presented in Figure 1-17.*" For
example, a selenolactone rhodamine based sensor IMA-1 was successively applied in
fluorescence imaging of mercury species in cells and zebrafish through a deselenation

.42
reaction.
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Figure 1-17. Schematic illustration of fluorescence imaging based fluorescent probes.

1.4. Objectives

A series of new easily accessible fluoroionophores has been synthesized through
Cu(I)-catalyzed 1,3-dipolar Huisgen alkyne-azide cycloaddition reaction in the Xie’s group,
as presented in Scheme 1-1. In this dissertation, we intend to make a systematic investigation
on their spectroscopic and metallo-responsive properties to clearly elucidate the roles of
1,4-disubstituted 1,2,3-triazolyl group in fluorescent chemosensors and finally establish a
useful guideline for our future work on designing new probes. These works will be presented
in Chapter 2 and 3. We believe this will be meaningful due to the wide applications of “click”

reaction and highly flexible coordination chemistry of triazole group.

Moreover, two new fluoroionophores (Scheme 1-2) bearing calix[4]bisazacrown will be
created to understand the effect of structural modifications on the binding selectivity and

sensitivity of calix[4]bisazacrown moiety to metal ions (Chapter 4).

According to literatures that Ceg is a good electron acceptor and long-live charge separated
state could be created, a new fluoroionophore (Scheme 1-3) consisting of Cg and
aza-15-crown-5 can be synthesized to investigate the photoejection phenomenon in the
excited state. Finally, dipole moment inversion in betaine pyridinium incorporated with
15-crown-5 as the binding motif (Scheme 1-3) will be used to study the photoinduced cation

translocation in the excited state. These related works will be discussed in Chapter 5.
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Scheme 1-1. New fluoroionophores based on triazole.

SulfCalix-Dansyl

Calix-Dansyl
Scheme 1-2. New fluoroionophores based on calix[4]bisazacrown.
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Scheme 1-3. New fluoroionophores based on fullerene and betaine pyridinium.
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2.1. Introduction of “Click” reaction

Due to the increasing demand of pharmaceuticals, considerable efforts have been devoted
to the natural product syntheses. Though imitation strategy of the nature’s carbonyl chemistry
by the formation of carbon-carbon bond has been well developed, it brings in a lot of
problems such as difficulty in global protection and deprotection of functional groups,
large-scale production. Also it takes usually long time to an analogue series. According to a
theoretical investigation, the number of reasonable drug candidates (< 30 non-hydrogen atoms;
<500 daltons; consisting of only H, C, N, O, P, S, F, Cl, and Br; likely to be stable at ambient
temperature in the presence of water and oxygen) was estimated to between 10° and 10%
molecules." For this consideration, avoiding the tedious and sophisticated construction of
contiguous carbon-carbon bonds is crucial in rapid screening of the molecules and promoting
drug discovery. Furthermore, it should be noted that not only the natural products have the
biological effects, molecules with same active sites but different linkers can exert the same
useful influence. By paying more attention to the properties than structures, if a more modular
and faster style of synthesis were proved effective, the pharmaceuticals would benefit
enormously. Following this idea, the concept of “click” chemistry was initially introduced by
Sharpless et al to promote a new approach to the development of drug discovery.” They
proposed a set of stringent criteria for this so-call “click” reaction as following: the reaction
must be modular, wide in scope, give very high yields, generate only inoffensive byproducts
that can be removed by nonchromatographic methods and be stereospecific (but no
necessarily enantioselective); the required process characteristics include simple reaction
conditions (ideally, the process should be insensitive to oxygen and water), readily available
starting materials and reagents, the use of no solvent or a solvent that is benign (such as water)

or easily removed and simple product isolation.

Based on the these requirements, to date several types of chemical transformation can be
classified as “click” reactions.” The most common examples are as following:
(1) Cycloaddition of unsaturated species, mainly referring to both 1,3-dipolar

cycloaddition reactions and Diels-Alder cycloaddition.
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Cu(l) N=N
R—= + RyN3 ——> R1/§/N‘R2

1,3-Dipolar Huisgen Cycloaddition

OR,
Ry—= —_—> RZO_@_R1
1 + >

Diels-Alder Cycloaddition

(2) Nucleophilic substitution, particularly ring-opening reactions of strained heterocyclic

electrophiles such as epoxides, aziridines and episulfonium ions.
x©
A + N ——— \Nu® X=0,NR, *SR, *NR,

(3) Carbonyl chemistry of the “non-aldol” type, including formation of ureas, thioureas,
aromatic heterocycles, oxime ethers, hydrazones and amide.
o YR

L+ RXNH, Py X=0,NR
R R R7T R

(4) Addition to carbon-carbon multiple bonds, such as epoxidation, dihydroxylation,
aziridination and sulfenyl halide addition and Michael additions of Nu-H reactants.

R—=—=R, —— > /A X =0, NR, *SR, *NR,
Ri Ry

Besides these reactions, the sequential combination of any two of the above “click”

reactions has been termed as a “double click™ reaction.

2.1.1. Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of azides and terminal
alkynes (CuAAC)

Of all the aforementioned reactions that meet with the criteria of “click” reaction,
Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of azides and alkynes (CuAAC) to form
regioselectively 1,4-substituted 1,2,3-triazole has become the most widely used, not only
organic chemistry but also in material science,’ biological conjugation®” and drug discovery®
etc. In fact, thermal reactions of terminal or internal alkynes with organic azides had been
investigated thoroughly by Huisgen and coworkers in 1950s-70s.” The cycloaddition was
usually operated at elevated temperature due to the large energy barrier and moreover the
similar magnitude of differences in HOMO-LUMO energy level for both azides and alkynes,
leading to the formation of a mixture of regioisomeric 1,2,3-triazole products with

asymmetrical alkynes, as shown in Scheme 2-1 (1). Fortunately, these problems were solved
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under the catalysis of Cu(I), independently reported by Sharpless and Meldal in 2001, to
afford selectively 1,4-substituted 1,2,3-triazole (Scheme 2-1 (2)).*° The rate of this
cycloaddition under catalysis of Cu(I) was increased 10’ times, making the reaction proceed

10,11
very fast even at room temperature. 0

Further detailed investigations show that this reaction
is not significantly dependent on the electronic and steric effect of azides and alkynes and it’s
not very sensitive to solvents and not affected by the existence of most organic and inorganic
functional groups.12 The exclusive formation of 1,4-disubstituted 1,2,3-triazole makes it fully
meet with the criteria of “click” reactions. To date, most reported “click” reaction are referring
to CuAAC. Later in 2005 it was found that ruthenium complex could catalyze organic azides
reacting with terminal alkynes to give regioselectively 1,5-substituted triazole product
(Scheme 2-1 (3)).">!"* However, this reaction is more sensitive to solvents and the steric

demands of the azide substitutes than CuAAC.

(1) 1,3-Dipolar cycloaddition of azides and alkynes

>100°C

— 0@ - )
R—=—H + N=N=N-R, _— RN N‘R K(
hours-days Ry

(2) Cu(l)-catalyzed cycloaddition of azides and alkynes (CUAAC)

o ® - Cu(l) =N
— @ T
R—=—H t+ N=N=N-R, R1/§/N\R2

(3) Ruthenium-catalyzed cycloaddition of azides and alkyne (RUAAC)

. o ® - [Cp*RuCl] N=N\
R—=-H * N=N=N-R, ————> K(N‘Rz

R
Scheme 2-1. Cycloaddition of 1,3-dipolar cycloaddition of azides and terminal alkynes under different

conditions, (1) thermal cycloaddition; (2) with Cu(I) catalyst; and (3) with ruthenium complex catalyst.

2.1.2. Mechanism of the CuAAC

The unique character of CuAAC transformation that it proceeds smoothly in aqueous
or/and organic solution, performs within a wide range of pH (4-12) and temperature (0-160 °C)
and tolerates a series of functional groups attracts much attention on the study of its reaction
mechanism.'>'>'® It has been recognized that the thermal dipolar cycloaddition of alkynes and
azides occurs through concerted mechanism. Based on this fact, the most direct reaction
pathway of CuAAC can be supposed to be the concerted cycloaddition of Cu-alkynes
complex and azides. However, the results of DFT calculation demonstrate that its activation

barrier for this process is even higher than that of the uncatalyzed process. Therefore this
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mechanism is unable to explain the extreme acceleration of the reaction rate in the presence of
Cu(I).

At present the generally accepted explanation is stepwise cycloaddition catalyzed by a
monomeric Cu(l) species, as shown in Scheme 2-2, proposed by Script group based on their
kinetics investigation and DFT calculations.'® This stepwise catalytic cycle begins with the
formation of copper acetylide via the = complex. Mechanical calculation demonstrates that
the formation of copper complex is exothermic by 11.7 kcal/mol, which can explain the
reaction rate acceleration of CuAAC in aqueous solutions. Meanwhile the DFT calculations
also indicate that copper coordination dramatically lower pK, of the proton of terminal alkyne
by as much as 9.8 pH units, promoting the deprotonation of alkyne in aqueous solution even
in the absence of additional base. Kinetics study shows that the reaction is found to be second
order in copper; however, with increasing copper concentrations, reactivity is reduced due to
the formation of metal aggregates.'® It has to be pointed out that the second order rate law in
the catalyst during the initial stage of reaction does not definitely mean the involvement of
two copper in the catalytic cycle. Anyway, this finding could be simply interpreted as the
activation of azide and alkyne by two different metal centers. However, multinuclear
Cu-acetylide species are common in solution and perhaps the second metal center is
coordinating to the alkyne by m-compelxation, which can change the reactivity of acetylide.
The catalytic active species of copper acetylide complex is not well understood yet. In the
presence of excess copper, CuAAC reaction was found to be first order with respect to azide
and between first and second order for alkyne. The latter finding comes up with two possible
explanations. On the one hand, it’s proposed two separate pathways to triazoles involving one
and two alkynes; on the other hand, the preferred catalytic mechanism involves two alkynes
but is inhibited by the excess of alkyne, giving the intermediate rate constant between the first
and second order. In the latter case, the excess of alkyne may coordinatively saturate copper
and suppress the activation of azide. The commercial available copper acetylides, which are
presumably saturated with alkyne, show no catalytic activity, indicating the importance of
ligand dissociation for the catalysis. According to the current evidences, the active copper
acetylide species require two metal centers, one or two alkyne and other liable ligands that

allow for competitive binding of azide.

Following the formation of active copper acetylide, competitive binding of azide followed
by nucleophilic attack of acetylide forms a metallocyclic intermediate 5 (Scheme 2-2). It
adjusts the bound azide properly for the subsequent contraction by a transannular association

of the N(1) lone pair with C(5)-Cu n* orbital to form triazole copper derivative 7. It’s
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supposed that this process is likely very fast due to no or very low energy barrier. Protonation
of 7 then finally gives the products and regenerate the catalyst. However, there remains a lot

to learn about the exact mechanism of the reactions, such as the active copper acetylide

species.
RZ——H Cupln
[ Re—=l=— ]
+ 1 (B
LoCu = [Lqcul, B
Cu catalyst —
L.Cu %RZ)
RLN‘N‘\N " 2 2
— B
H R?
B-H
LnCuz%RZ)
2
[ R1\ ,N\ ] - 3 -
N_ N Cu acetylide
LnCU2 R2
7 { R'-N3
- R2 4/5\ _
o-N 3 o
RNy /C{ @-N R
= NG L)L N I
L.Cu; R2? - \\ \/ — 1'N(1) 5
N\ y—Cu REX PN
|| 6 ’i‘ Cu\ Cu
R2 R 5 [ 4

Scheme 2-2. Mechanism of 1,3-dipolar cycloaddition of azide and terminal alkyne under the catalysis of

Cu(D).'1®

2.1.3. Catalyst of the CuAAC

Although the exact mechanism of CuAAC reaction is not very well understood and the
active copper acetylide is quite difficult to indentify, the source of catalytically active copper
for CuAAC is remarkably flexible.”> The copper(I) species can be obtained from the
commercially available copper(I) salts, but it can also be generated by reduction of copper(Il)
in combination with an appropriate reductant or even the solid copper. The choice of the
catalyst is dependent on the conditions under which the reactions are conducted, as recently
summarized by Meldal and Tornge.'” The most widely used approach in aqueous solutions is
to generate the constant source of Cu(I) by the combination of copper sulfate pentahydrate or
copper acetate with sodium ascorbate. Ascorbate here is essential for both the reduction of
oxygen in solution to decrease the side oxidation products and the reduction of copper(Il) to
the catalytically active copper(I) oxidation state. Water appears to be the ideal choice since it

can support copper(l) acetylide in their reactive state by reducing formation of aggregated
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copper acetylides. Therefore this approach generally furnishes the triazole product with
almost quantitative yield with purity greater than 90% without addition of external base and

protection of the reaction mixture from oxygen.

The commercial available copper(I) salts (bromide, chloride, acetate) have been
commonly employed when the click reactions are performed in organic solvents (typically
THF, MeCN, or DMF) under inert atmosphere since the copper(I) is sensitive to oxygen. It’s
not recommended to use copper(l) iodide due to the ability of iodide to form bridged bond to
promote the formation of polynuclear copper acetylide and then reduce its catalytic activity.
Formation of copper(I) acetylide is not energy favorably in organic solvent, external organic
bases usually improve the reaction rate. The additional base like 2,6-lutidine and
diisopropyethyl amine can help the deprotonation of alkyne and also are considered to be a

ligand to stabilize copper(l), keeping the catalytically active sites in solutions.

Even the solid metal copper, in the forms of copper wire or turnings, has been also proved
to be catalytically active in CuAAC reactions. The great advantage of this approach is that it’s
very easy to remove copper from the reaction mixture and it’s suitable for the reaction where

it’s not allowed the presence of reductant.

2.1.4. Applications of the CuAAC reaction

As we have described above, the great advantages including the simplicity, high reaction
yield, mild reaction conditions, and inert to other functional groups lead to the very wide
applications of the CuAAC reactions, such as organic synthesis, drug discovery, material
science, and biological conjugation. However, it would be impossible for us to make complete
overview of these numerous applications in the context of this thesis. Herein, we focus on the
applications of CuAAC reaction as a tool for the synthesis of new fluorophores and how the
resulting triazole group can be utilized in chemosensors for the detection of various
biologically and environmentally important metal species.'® In addition to the synthetic
simplicity and modular nature of this reactions, the resulting 1,2,3-triazole group plays several
important roles in molecular sensing, mainly summarized in Scheme 2-3: (1) acts as a
linker/spacer; (2) conjugates with the fluorophores to create new fluorophores; (3) contributes
to the binding of target analytes through the nitrogen atoms in the fused triazole ring.'® Upon
binding to the target analytes, spectral changes can occur by different sensing mechanisms,
such as photoinduced electron transfer, charge transfer, and aggregate formation. The
following review of chemosensors containing triazole will be categorized based on the

different binding motifs. However, it also has to be pointed out that in some cases the binding
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mechanisms are not well understood and the function of triazole must be postulated.

Scheme 2-3. Roles of 1,4-disubstituted 1,2,3-triazole in chemosensors.

2.1.4.1. Triazole as a linker

A Hg*" selective fluoroionphore was grafted onto the mesoporous SBA-15 by click
chemistry to construct a fluorescent surface sensor 8 (Figure 2-1)." Its complexation
properties were investigated in ethanol buffered aqueous solutions and the results
demonstrated that it showed highly selective response to Hg®" with significant fluorescence
enhancement even in the presence of competing ions. An improved analytical performance
characteristic toward Hg®" in terms of sensitivity and selectivity was observed when
compared with the free alkynyl dye precursor. Triazole group here was thought to be a linker

rather than a binding site to Hg*".

A series of Zn”" selective fluorescent sensors 9-11 based on calix[4]arene-salicylaldimine
has been developed by Rao’s group (Figure 2-1).**"** These molecules share the same
structural features with the terminal salicylaldimine derivatives all linked by triazole moiety
to the lower rim of calix[4]arene framework. Compound 9 was found to show selective
response to Zn>" over a range of metal ions including Cd*", resulting in a 65-fold fluorescence
enhancement in methanol. It’s postulated from a model molecule which possesses only the
triazole group without schiff base binding site that the triazole moiety acts as a linker rather
than binding site for Zn®". In their continuous work on ligand 10, quite similar spectral
behavior was observed for Zn>". The 1:1 complex of 10-Zn*" was verified by solid evidences
such as 'H NMR and crystallography. Further modification on the terminal group by
incorporation of thiophene shows that the complex 11-Zn*" can be utilized as a secondary
sensing platform for the detection of —SH containing analytes. Triazole moiety in 11 is still

demonstrated to be a linker by DFT calculations.
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Figure 2-1. Triazole as linkers.

2.1.4.2. Triazole as the single binding site for metal ions

1,2,3-Triazole containing three contiguous nitrogen atoms with two of them in the form of
sp> hybridization is found to be a good binding site to metal ions. Although not so many
examples have been reported up to now, by incorporating 1,2,3-triazole into appropriate

fluorophores or polymers, results moderate selectivity to metal ions.

Fluorescent conjugated polymers have been well known for their capability of signal
amplification due to the highly efficient exciton transfer along the conjugated main chain.”
1,2,3-Triazole was incorporated into the main chain to obtain polymer 12 by “click” reaction
(Figure 2-2).>* About 86% fluorescence quenching was observed in the presence of excessive
amounts of Hg”™ in MeOH/H,O (v/v = 1:1) solution. The Ky, (Stern-Volmer constant) value
was calculated to be as high as 1.58 x 10° M, indicating the moderate sensitivity to Hg*".
The fluorescence quenching was attributed to a PET process as well as heavy metal ion
effects. The selectivity to Hg”" was ascribed to several factors, such as the structural rigidity
of triazole unit, the soft acid property and large radius of Hg’", and specific strong Hg-N
binding. However, polymer 12 suffered from the interference from Ag’, which quenched
about 34% fluorescence intensity at its saturated state. Along similar lines by using the
binding ability of triazole and conjugated polymers as signal transduction platform, polymer
13 was also synthesized with a shorter conjugated chain (Figure 2-2).”> Investigation on
polymer 13 showed quite similar results as polymer 12, with profound fluorescence

quenching by Hg*" and Ag”in CH3;CN. These two pieces of works may indicate that triazole
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with strong binding ability of nitrogen atom to Hg*" could used as a selective binding site for
Hg2+.

Attachment of triazole to fluorene derivative shows quite interesting spectral behavior.
Compound 14 (Figure 2-2) exhibits varied response to metal ions in ethanol, with blue shift of
the absorption and emission spectra in the presence of Zn>" and Hg”", concomitantly with a
two-fold enhancement of fluorescence intensity; while fluorescence quenching with Fe*" and
Co®" was observed.” The binding stoichiometry of metal to ligand was determined from
fluorometric titrations with 1:2 for Zn*" and 1:3 for Hg*". However, the binding mode was not

clear.
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Figure 2-2. Triazole as the single binding site.

2.1.4.3. Triazole as the co-binding site for metal ions

Although 1,2,3-triazole can be utilized as a moderate selective binding site for Hg*", most
of the click-based sensors are constructed by the attachment of the triazole moiety to existing
supramolecular structure with well-characterized host-guest chemistry so they contain

complementary binding sites to improve sensing sensitivity and selectivity.

Triazole-calixarene based sensors

Calixarene is one of the most common supramolecular structure in host-guest chemistry.”’
Its flexible architectures endow it with diverse sensing ability. Attaching triazole moiety to
calixarene by click reaction, a binding pocket is constructed by both calixarene oxygen atoms
and the nitrogen atoms from the triazole groups, making those calixarenes very effective

metal ion sensors, 2527303132

The first “click” chemosensor 15 was constructed by Chung and his co-workers (Figure

2-3).>> Anthracene units were attached onto a 1,3-alternative calix[4]crown scaffold by
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triazole groups, resulting in two potential binding sites: between the triazoles below the
calixarene and in the crown ether above the ring. It was found that in MeCN/CHCI; the
fluorescence of 15 was strongly quenched in the presence of Hg”", Cu®", Cr’" and Pb*" but
enhanced by K', Ba®" and Zn*". The control experiment with monotriazole derivative and 'H
NMR titration indicated that K binds to the crown ether while Pb*" to the triazoles pocket.
Additionally, the addition of K" to strongly quenched Pb**-15 complex restored the
fluorescence intensity, which realized a switchable fluorescent chemosenors. The revival of

fluorescence was explained by the electrostatic repulsion and allosteric effect.

By clicking two pyrene fluorophores to the framework of calix[4]arene, a new
chemosensor 16 was synthesized (Figure 2-3).>* The addition of Cd*" and Zn®" resulted in the
ratiometric change of 16 in MeCN, with increased pyrene monomer emission and quenching
pyrene excimer emission. By examining the effect of competing metal ions, only Cu*" and
Hg*" were found to quench completely the fluorescence, suggesting the moderate selectivity
of 16 to Cd*" and Zn*" over the other tested cations. Comparison of the '"H NMR spectra of 16
and its complexes demonstrates that the initial ©-n interaction of two neighborhood pyrenes
subunits was interrupted after complexation with Cd*" and Zn®*. Metal induced
conformational change led to the separation of two pyrene units and the increasing monomer
emission. The 1:1 binding mode was further confirmed by FAB-MS spectra, where the peaks
of 16-Cd*" and 16-Zn*" could be observed.

Another chemosensor 17 (Figure 2-3) containing bis-triazole binding motif and
8-hydroxyquinoline fluorophore appended onto the calix[4]arene shows selective response to
Hg”" in aqueous MeCN solution.”® Other metal ions except Fe’" showed almost no influence.
'H NMR studies indicated the involvement of both hydroxyquinoline and triazole in the metal

binding.

Modification on ligand 15 by changing the crown ether into bis-enaminone groups created
a new chemosensor 18 (Figure 2-3).%° Its fluorescence intensity was selectively enhanced in
the presence of Ag~ in MeOH/CHCls. Even in the presence of competing metal ions,
compound 18 retained the high selectivity to Ag". Moreover, it was found that the subsequent
binding constant K»; is larger than K;, indicating a positive allosteric effect in the binding
process. 'H NMR studies revealed that two distal bis-enaminone and bis-triazole groups
cooperatively bound to Ag". Additional cation-w interaction between phenoxy rings and Ag"
was supposed to help increase the binding ability to Ag". ESI-MS spectra further confirmed

the formation of complex with stoichiometry of ligand and metal to be 1:2.
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When the pyrene moieties are appended to homooxacalix[3]arene by triazoles groups, a
new type of fluorescent chemosensor 19 is developed (Figure 2-3).>” With the addition of Pb*",
the initial -7 interaction between the adjacent pyrene subunits was attenuated, concomitantly
with the enhanced monomer emission of pyrene and quenching emission of excimer.
Investigation on the effect of coexisting metal ions showed that no significant interference
was observed and high selectivity was retained. The binding mode was studied by 'H NMR
titration, which showed only the nitrogen atom in triazole participated to the complexation
with Pb*". In their later work, Yamato et al further utilized the interference from Zn”' to
construct a ratiometric detection platform for both Zn®" and H,PO4 in MeCN/CH,Cl,. The
addition of Zn®" to the solution of 19 causes similar ratiometric pattern as that of Pb*",
however to a lesser extent. The subsequent addition of H,PO, to Zn*"-19 complex partially
restored the spectra, with no interference from other tested anions.® 'H NMR studies
demonstrated that upon complexation with Zn®", ligand 19 was adjusted to make a more
suitable cavity for the binding of H,PO4 through the electrostatic interaction and multiple
hydrogen bonding interactions.
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Figure 2-3. Calixarene-triazole sensors.
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Triazole-pyridine based sensors

The triazole group was merged with adjacent pyridyl building blocks to form a terdentate
ligand 20 (Figure 2-4), resembling a terpy motif.*” Optical and electrochemical investigations
on its coordination chemistry properties demonstrated that distinctive favorable differences
were observed due to the less steric hindrance resulting from triazole moiety when compared
with terpy. This preliminary study explores a new binding motif for the coordination

chemistry and the construction of supramolecular structure.

When triazole group was incorporated into pyridine at different positions (21, 22, 23),
new structural motifs were constructed (Figure 2-4). Spectral investigations demonstrated that
upon addition of metal ions induces turn-on fluorescence.*’ Although these molecules were all
metallochromic, the authors emphasized that structural motif of 21 was most attractive since it
represented a modification of bipyridine units and possessed wide potential applications in

coordination chemistry.

Two epimeric glycoligands 24 and 25 consisting of triazole-pyridine and isopropylidene
furanose were reported by Policar’s group (Figure 2-4).*' These two ligands displayed very
interesting solvatofluorochromism, with a strong excimer emission promoted by hydrophobic
interaction in water-containing medium. Study of the metal selectivity illustrated that they
showed strong binding affinity to Cu®", which was independent on the configuration of sugar
ring. Stepwise replacement of pyridine by benzothiadiazole gave 26 and 27 (Figure 2-4).%
Metal complexation study on these two ligands demonstrated that the metal selectivity
depended on the nature of fluoroionophore moiety. For 27, it exhibited stronger binding
ability to Ni*" than Cu®” in MeCN.

Recently, a new binding motif was created by conjugation of triazole with bipyridyl unit.
When connected to some appropriate fluorophores, the ensemble shows highly selective

response to Al’" in MeCN. Detailed results (ligands: 84 - 86) will be described in Chapter 4.
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Figure 2-4. Pyridine-triazole sensors.

Triazole-macrocycle based sensors

Macrocylic binding motifs are the most commonly used building blocks in
supramolecular chemistry. Coupled with the fluorophores, many of them have been reported
to be selective chemosensors for analytes. The incorporation of clickable triazole into cyclam
has been recently developed by Todd’s group for selective binding to transition metal
jons."*#44 A water soluble Zn*" selective sensor 28 (Figure 2-5) was synthesized by
appending a naphthalimide fluorophore to cyclen by CuAAC.* It showed selective response
to Zn”" with a significant fluorescence enhancement over a wide pH range. The binding mode
was verified by X-ray crystallography which demonstrated that the fluorescence enhancement
was due to the coordination of Zn*" to the cyclam ring and pendant triazole. Still ligand 28
suffered from the interference of Cu*" and Hg*", and complete fluorescence quenching was
observed in the competition assays. Later, 29, a variant of 28 by appending two
naphthalimides to the same cyclen, was designed to improve the sensing performance (Figure
2-5).* However, it was still unable to reduce severe interference from Cu”" and Hg*". More
recently, sensor 30 was synthesized to modify the fluorescent response to metal ion by
changing the fluorophore (Figure 2-5).* The sensor 30 was highly responsive to Hg”" and
Cu®" with large fluorescence quenching in buffer solutions, which can be distinguished by
subsequent addition of anions (I/S,05>) who can restored the fluorescence quenched by Hg”"
but not for Cu®’. Crystal of the complex 30-Hg*" demonstrated that formation of a
metallocycle involving triazole nitrogen atom and the size match between Hg*" and cyclam

contributed to its selectivity to Hg*" and Cu®" instead of Zn*"

Rt IRl Ry e

28 29 30

Figure 2-5. Macrocycle-triazole sensors.
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Other triazole based sensors

An alkyne pyridine was attached to Ag NPs, which were subsequently subjected to click
reaction with ester azide to obtain modified Ag NPs 31 (Figure 2-6).*° With the addition of
various metal ions, only Cd*" could lead to the aggregation of Ag NPs and induced a distinct
color change from yellow to red. This phenomenon was assigned that the triazole and ester
groups from different Ag NPs could form hybrid assembles after complexation with Cd*" and
consequently induce the aggregation and colorimetric change. Later, 32 was further developed
by using bifunctionalized Ag NPs for selective detection of Co*" (Figure 2-6).*" Stabilized
simultaneously by thioacetic acid and triazole-pyridine, the Ag NPs formed aggregates only in
the presence of Co>", concomitantly with solution color change from yellow to red. While the
Ag NPs functionalized only with thioacetic acid resulted in non-specific aggregation and Ag
NPs functionalized only with triazole-pyridine exhibited no response. The cooperative
complexation of triazole and carboxyl group was proved to be crucial to the sensing
selectivity and sensitivity. Au NPs bearing podand triazole 33 (Figure 2-6) was prepared via
an in situ click reaction and showed selective response to Pb*".** The aggregation of Au NPs

only occurred in the presence of Pb>", resulting from intermolecular association.
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Figure 2-6. Nanoparticles-triazole sensors.

Enclosed binding pockets were constructed by clicking pyrene fluorophores to both ends
of alkyl and polyoxoethylene chain with varying lengths.*>** Formation of excimer emission
band might indicate the bent binding pocket form through m-m interaction. Alkyl linked
bistriazole ligand 34 (Figure 2-7) exhibited non-specific fluorescence quenching to Ni**, Pb*",
Cu*", Hg2+, and Cr’"; however, it showed an ratiometric response to Cd*" and Zn*" with
enhanced monomer and quenched excimer. Based on the '"H NMR studies, it was postulated
two different binding modes contributed to the different spectral change: (1) Ni*" and Pb*"
bound to triazole and oxygen which distorted the original conformation; (2) Zn*" and Cd*
coordinated only to triazole which caused the separation of two pyrene fluorophores. Alkyl
chain was then replaced by polyoxoethylene to increase the solubility and enhance the
binding ability. However, they did not show improved selectivity when the spectral
investigation was performed in MeCN. It should be pointed out that solvent selection plays a
crucial role to determine the selectivity. In aqueous methanol, compound 35 (Figure 2-7) with

varying chain lengths shows consistently selective response to Hg*" and Ag" in a fluorescence
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turn-off manner.

A new rhodamine triazole-based ligand 36 (Figure 2-7) was recently synthesized by
clicking a propargyl group to rohodamine 6G hydroxamate, exhibiting selective response to
platinum in aqueous solutions.”' Preorganization of triazole and rhodamine hydroxamate was
demonstrated to be very important for metal binding. Only in the presence of platinum,
ring-opening of rhodamine spirolactam occurred and subsequently induced fluorescence
enhancement and solution color change from colorless to pink red. However, there was no
discussion about the binding mode in this work. A similar binding motif with longer linker
was incorporated into rhodamine B to create a new rhodamine-based sensor 37 (Figure 2-7).>
Only Hg”" here could induced ring-opening of spirolactam in MeCN but still no binding mode

was proposed for this process.
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Figure 2-7. Alkyl/polyoxoethanene/rhodamine-triazole sensors.

Pyrene fluorophores were attached to 2,2’-binaphthol by click chemistry to create a new
sensor 38 (Figure 2-8). After screening a series of metal ions, ligand 38 showed a
ratiometric response to Ag  with enhanced monomer emission and quenched excimer
emission, while its fluorescence was completely quenched by Hg*" and no spectral changes
were observed for other metal ions. The detailed '"H NMR titrations indicated that upon
complexation with Ag" through triazole groups, the pyrene subunits were separated from each
other which resulted in the ratiometric spectral change. However, for its complexation with
Hg”" involving both triazole group and oxygen atoms, a possible conformation change from
folded to open-winged occurred, causing the on-off type signaling behavior. By installation of
bis-triazolyl binding motif on the sugar scaffold, a new sensor 39 (Figure 2-8) was developed
for selective detection Ag” in water.>* It’s worthy of notice that the common drawback of
insolubility in water of other “click” chemosensors is solved here by utilization of sugar
framework. The following investigation on its photophysical properties to metal ions was also
carried out in water. Only the addition of Ag" induced remarkable fluorescence quenching,

which was ascribed to the heavy metal effect and the size match between ligand and Ag".
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Figure 2-8. Binaphthol/sugar bis-triazoles sensors.

2.1.5. Related works in Xie’s group

Xie’s group first reported the generation of new fluorophores by installation of triazole
group to pyridyl moiety.”® The fact that 2-pyridyl triazole substituted sugar derivative 40a
(Figure 2-9) exhibits emission at around 320 nm while no emission bands are observed when
the pyridyl moiety was replaced with phenyl or hydroxylmethyl group, strongly demonstrated
that emission was exclusively originated from the conjugated triazole-pyridine system.
Moreover, when such fluorophores were assembled on a B-cyclodextrin (B-CyD) scaffold
(ligand 41), it exhibited varied spectral responses to metal ions in MeOH, with the most
significant fluorescence enhancement in the presence of Zn>". Comparison of association
constants of 40a-Zn>" and 41-Zn”" indicated that multiple binding sites oriented by B-CyD

can dramatically increase the binding ability of pyridyl-triazolyl motif.

As a continuing program on exploring the applications of clickable triazole moiety in
fluorescent chemosensors, the attached seven pyridine units in 41 are replaced by
benzothiadiazole and appended to B-CyD scaffold to create a new multichromophoric sensor
42 (Figure 2-9).”° Red shift for both the absorption and fluorescence spectra of 42 are
observed when compared with those of TMS-ethynyl benzothiadiazole due to the increasing
conjugation between triazole and benzothiadiazole. Spectral investigation of 42 to metal ions
was performed in MeCN, demonstrating that Ni*" quenched its fluorescence most efficiently
followed by Cu**, Co”" and Hg*". Fluorescence titration gave a very high stability constant of
complex Ni*"-42 up to seven orders of magnitude. A model compound of sugar derivative 40b
showed the same selectivity; however, it gave a much lower binding constant to Ni*" when

compared with that of complex Ni**-42, which can be explained by the loss of cooperativity.
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Figure 2-9. Triazole-based sensors in Xie’s group.

By combination of the supramolecular structure of CyD with the flexible coordination
chemistry of triazole, the exciting results from the above two sensors (41 and 42) and the
boosting applications of triazole in sensing molecules inspire us to make a deep investigation
of the functions of triazole in fluorescent chemosensors, which would be quite meaningful as
a guideline for the further development of “click” sensors. Furthermore, with great efforts
dedicated to the development of fluorescent sugar/amino acids derivatives based on click
reaction, up to now we have already successfully made a series of triazole-based fluorescent
molecules, providing a possibility for a detailed study of relationship between structure and
functions. The selected fluorophores are categorized by the functions of triazole: (1) triazole
as a linker with fluorescein derivatives as the fluorophores; (2) triazole as a sole binding site
for metal ions with NBD and rhodamine derivatives as the fluorophores; (3) multiple triazole
assemble as binding sites for metal ions with pyrene as the signal reporting sites; (4) triazole
as a co-binding site assisted by the benzothiadiazole with the conjugation of both moieties as
the fluorophores. This chapter is mainly concerned with the triazole as a linker/spacer through
designing fluorescein-based sensors Flu-2, Flu-3, and Flu-4, as shown in Scheme 2-4. The

other roles of triazole will be discussed in Chapter 3.
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Scheme 2-4. Molecular structures of fluorescein-triazole derivatives.
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2.2. Fluorescein-Triazole derivatives for selective detection of Hg”*

2.2.1. Introduction

Fluorescein derivatives have been extensively utilized in biological applications due to
their excellent photophysical properties.”’ Appropriate modification of fluorescein either on
xanthene moiety or phenyl moiety can result in plenty of interesting properties for the further
applications.”® Many of them have been used as fluorescent chemsensors for monitoring pH,

N 6869 and other biologically important targets.”” At present

metal ions, anion
there are mainly three approaches proposed for the sensory mechanisms: (a) spirolactone ring
opening; (b) photoinduced electron transfer (PET); (c¢) modulation on hydroxyl/carbonyl
group.®”’"7* Lippard’s group has pioneered in the field of developing NO, Zn*" and Hg>
“turn-on” fluorescent chemsensors through suppressing the PET process from electron
donating nitrogen atom to various fluorescein fluorophores. Herein we turn our attention to
modulation of hydroxyl/carbonyl group of xanthene moiety for sensory applications as its
photophysical properties can be easily manipulated by changing chemical environment based
on covalent and/or non-covalent interactions. For example, alkylation of hydroxyl group will
significantly reduce the fluorescence efficiency.’"”’* In addition, fluorescein derivatives
display quite different spectral behavior in solutions with different hydrogen bonding ability
and/or polarity.”” Based on the cleavage of C-O ether bond, many “turn-on” fluorescent

75,76,77,78,79,80,81
To date, however

chemosensors for different analytes have been developed.”*
little attention has been paid to metal coordination interaction with carbonyl group of
xanthene moiety, which is stronger than hydrogen bond while weaker than covalent bond.
According to the literatures, hydrogen bonding interaction usually increases fluorescence
quantum yield of fluorescein derivatives;”” however, formation of C-O ether bond usually
induces fluorescence quenching.””> When the carbonyl group in xanthene moiety is a binding
site for metal ions, how metal coordination interaction will affect spectral properties of the
xanthene moiety attracts our interest. Therefore we used a model compound Flu-1 to
investigate metal coordination effect on spectral properties of xanthene fluorophores; while
Flu-2 readily synthesized from click chemistry is used to investigate the influence of triazolyl

amino ester on metal complexing property of fluorescein derivative.

2.2.2. Synthesis of Fluorescein-triazole derivatives

Preparation of Flu-1 and Flu-2 is shown in Scheme 2-5. Fluorescein was first reacted with
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MeOH to get methyl ester under catalysis of concentrated H,SO4. The resulting red solid ester
was dispersed in acetone followed by addition of Cs,COs and CHsl to obtain Flu-1 after

column chromatography purification, in 55% yield.*

The Flu-2 was obtained by treating fluorescein alkyne 43 and azido amino ester 44,

catalyzed by CuSO4/Na ascorbate.*

MeO. O. (0}
1. MeOH, H,SOy (conc), reflux, 15h O /

2. Cs,CO3, Mel, rt, 28h I CO,Me

Flu-1

N
3 CuSOy, Na ascorbate
_

BocHN~ ~CO;Me

Scheme 2-5. Synthesis of fluorescein derivatives Flu-1 and Flu-2.

2.2.3. Photophysical properties of Flu-1

Solvatochromic effect of Flu-1 was investigated in selected organic solvents. As presented
in Figure 2-10 and Table 2-1, Flu-1 exhibited structured absorption bands at ca. 432, 458, 488
nm and emission bands at 518 and 562 nm without remarkable wavelength shift (less than 13
nm) in different organic solvents, consistent with characteristics of the quinoid form of
fluorescein. In aprotic solvents, only slight differences in the absorptivity and fluorescence
quantum yields could be observed (Figure 2-10 and Table 2-1), showing no direct relationship
between spectral properties and solvent polarity. It’s worthy of notice that stronger absorptivity
at 487 nm and higher fluorescence intensity in protic solvents like EtOH and MeOH were
observed. Moreover, fluorescence quantum yields of Flu-1 in protic solvents are higher than in
non-protic ones which are consistent with the results mentioned above (Table 2-1). This is due
to intermolecular hydrogen bonding interaction between Flu-1 and protic solvents which could
reduce the interconversion of the excited states and consequently improved the emission
efficiency. Evidences from Martin’s group demonstrated that higher the solvent hydrogen bond
donating power was, larger the blue shift of the absorption and fluorescence spectra and

enhancement of fluorescence quantum yields.”
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Figure 2-10. Absorption (a) and fluorescence (b) spectra of Flu-1 in various solvents; excitation

wavelengths corresponding to the maximum absorption band, [Flu-1] =10 uM.

Compounds Solvents XmaXA €00 xmaxF 5

[nm] [10* L.mol.cm™] [nm] %

Flu-1 Dioxane 432,456, 487 1.7,1.8,1.0 518, 562 0.6
DMSO 433, 458, 488 1.7,2.1,1.3 527,562 4.0

CH,Cl, 434, 458, 488 1.8,2.1,1.3 529, 561 8.5

MeCN 432,454, 485 1.7,1.9,1.2 520, 553 3.6

THF 431, 455, 486 1.7,1.8,1.0 518, 562 0.5
EtOH 433,458, 487 1.7,2.5,1.9 523, 549 27.3
MeOH 432,456, 484 1.7,2.5,2.0 523, 549 27.2

Flu-2 Dioxane 433,456, 488 1.8,2.2,1.4 526, 565 1.8
DMSO 438, 460, 489 19,22,1.4 524,559 4.2

CH,Cl, 434, 458, 490 1.9,22,1.3 528, 561 8.1

MeCN 432,456, 486 1.8,2.1,1.3 522,557 4.6

THF 433, 456, 488 1.8,1.9,1.1 526, 565 1.1
EtOH 434,459, 489 1.8,2.5,1.9 523,553 24.1
MeOH 433,457, 486 1.8,2.6,2.0 523,553 24.8

Table 2-1. Photophysical parameters of Flu-1 and Flu-2 in different organic solvents, * Coumarin 153 in

EtOH was used as the standard.**

2.2.4. Complexation properties of Flu-1

Considering the lower background of Flu-1 in THF when compared with other tested
solvents, THF was used as the solvent medium at first to investigate metal binding ability of
Flu-1 and effect of metal coordination interaction on its photophysical properties. We tested

spectral response of Flu-1 to various metal ions such as Hg** (40 uM), Li", Na*, K, Ag", Ba*',
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Cd2+, C02+, Cu2+, Fez+, Mg2+, Mn2+, Ni2+, Pb*>" and Zn*" at 80 uM in THF. To our surprise, only
the addition of Hg*" resulted in blue shift of the absorption and emission bands, concomitantly
with remarkable fluorescence enhancement (Figure 2-11). Other tested metal ions showed
almost no influence. The selectivity of Flu-1 to Hg”" was further confirmed in the presence of
interfering metal ions. As shown in Figure 2-12, except Ag', the coexisting metal ions (1 equiv
with respect to Hg*") produced no influence on the spectral response of Flu-1 to Hg*" in THF.
These results demonstrated that Flu-1, containing carbonyl group as the single binding site,

exhibits selective response to Hg*" in THF.
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Figure 2-11. Absorption (left) and fluorescence (right) spectra of Flu-1 in the presence of various metal

ions in THF; [M""] = 80 uM, [Hg2+] =40 uM, [Flu-1] = 10 uM, Ak = 445 nm.
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Figure 2-12. Fluorescence spectra of Flu-1 in the coexistence of various metal ions and Hg*" in THF; [M"]

=40 uM, [Hg2+] =40 uM, [Flu-1] =10 uM, Aex = 446 nm.

Spectral titrations were carried out to get insight into the binding process of Flu-1 to Hg*"
in THF. As shown in Figure 2-13 (left), upon addition of increasing [Hg”'], absorption band of

Flu-1 at 490 nm decreases, concomitantly with appearance of a new narrow band at 445 nm.
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Chapter 2.

Well-defined isosbestic points were observed at 462 and 403 nm, indicating equilibrium of the
complexation process. Job’s plot which shows the maximum at 0.5 of the fraction
demonstrates that the binding stoichiometry between Flu-1 and Hg”" is 1:1 (Figure 2-14). The
binding constant in the ground state was determined to be 3.55 x 10° M™' by using nonlinear
regression analysis based on 1:1 binding ratio (Figure 2-13 (left)). Meanwhile, addition of
Hg”" induced a blue shift of the emission band from 560 to 489 nm, with remarkably
enhanced fluorescence intensity (ca. 13 folds) (Figure 2-13 (right)) and solution color
changing from dark to cyan under UV irradiation at 365 nm. The association constant in the
excited state was determined to be 3.14 x 10° M"". The binding constant of a carbonyl-Hg”"
interaction in aqueous or acetone solution has been reported to be 10*-10°M™ by Avirah et

al.*>*® The detection limit was calculated according to the following equation:

Y- 3s
s = > Chmit =
n—1 k

Where s is standard deviation of Flu-1 solution without addition of Hg*", cjim; the limit of
detection and k is the slope of the working curve. A detection limit of 39 nM could be
obtained for analyzing Hg>" under the above conditions. However, when the titrations were
performed in water-THF mixed solution (v/v = 5:95), quite little influence was observed on
the spectral properties of Flu-1 even in the presence of 4.0 equiv Hg>", which could be

attributed to strong hydration of Hg*" inhibiting its complexation with the carbonyl group

(Figure 2-15).
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Figure 2-13. Absorption (left) and fluorescence (right) spectra of Flu-1 in the presence of varying [Hg2+] in

THF; [Flu-1] = 10 uM, Aex = 460 nm.
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Figure 2-14. Job’s plot for Flu-l-Hg2+ in THF. The total concentration of [Hg2+] and [Flu-1] is 20 pM.
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Figure 2-15. Fluorescence spectra of Flu-1 in the presence of 4 equiv Hg”" in THF/H,O (viv = 95:5),
[Flu-1]=10 uM, [Hg"] = 40 uM, Ao, = 446 nm.

Intermolecular hydrogen bonding-induced fluorescence enhancement of Flu-1 with quite
slight wavelength shift (Figure 2-10) and Hg*" specific chelation-promoted fluorescence
enhancement with remarkable blue shift (Figure 2-11) led us to explore the possibility of
ratiometric detection of Hg*" by changing solvent medium. We then performed the spectral
titration in CH,Cl,/MeOH (v/v = 9:1). As shown in Figure 2-16 (left), the absorption spectra
exhibit almost the same behavior as in THFE. With increasing [Hg*'], absorbance of Flu-1 at
489 nm decreases and a new sharp band at 446 nm appears. It reaches an equilibrium more
quickly at 2.0 equiv level and the association constant (4.49 x 10° M) is enhanced about one
order of magnitude when compared with that in THF. However, the fluorescence change was
quite different. With increasing [Hg>'], fluorescence intensity at 559 nm decreases,

meanwhile a new band at 478 nm enhances progressively (Figure 2-16 (right)) and solution
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color changed from yellow to cyan under irradiation at 365 nm. An isoemisive point was
observed at 524 nm. The ratio of the fluorescence intensity at 559 and 478 nm increases
linearly as a function of [Hg*] (0-1 equiv). The higher association constant (8.76 x 10° M™")
indicates that Flu-1 has a stronger binding ability to Hg*" in CH,Cl,/MeOH (v/v = 9:1).
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Figure 2-16. Absorption (left) and fluorescence (right) spectra of Flu-1 in the presence of varying [Hg>'] in
CH,Cl,/MeOH (v/v =9:1); [Flu-1] = 10 uM, A = 446 nm.

Reversibility of Flu-1 to Hg”" was examined by addition of 2 equiv of Br/Cl to the
complex solution in THF (Figure 2-17 (a)). Immediate fluorescence quenching and solution
color change from cyan to dark indicated decomplexation of Flu-1-Hg®". The same
reversibility was observed in CH,Cl,/MeOH (v/v = 9:1) (Figure 2-17 (b)) where recovery of

the fluorescence spectra and solution color were observed after the addition of 2 equiv I".
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Figure 2-17. Fluorescence spectra of Flu-1 in the presence of Hg*" , Hg>" and Br in THF (left) or in the
presence of Hg™", Hg*" and I in CH,Cl/MeOH (v/v = 9:1) (right). [Flu-1] = 10 uM, [Hg*"] = 40 pM, [Br ]
=[T7] =80 UM, Aex = 446 nm. |

'"H NMR titration in CD3CN was carried out to examine the binding sites of Flu-1 to Hg”".
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By comparing the NMR spectra of Flu-1 with a known fluorescein methyl ester derivative
Flu-Ref (Figure 2-18),” we could assign the signal at 3.6 ppm to methyl group of benzoic
moiety while the one at 3.9 ppm to methyl group of xanthene moiety, as further confirmed by
2D NMR (HMQC). The chemical shifts of protons of the xanthene ring ranged from 6.3 to 7.0
ppm while protons of the benzoic acid moiety located in the range of 7.3 to 8.2 ppm. As shown
in Figure 2-18, upon complexation with Hg*", all the protons of xanthene moiety shifted
downfield dramatically (ca. 0.6-1.0 ppm) while protons of benzoic acid moiety shifted
downfield slightly (less than 0.1 ppm), suggesting that the complexation should probably occur
on the xanthene moiety rather than on the benzoic unit. Meanwhile, protons of methyl ether at
3.9 ppm also shifted downfield by 0.2 ppm and split into two groups while protons of methyl
ester at 3.6 ppm were almost not shifted. This fact further supported our assumption that
xanthene moiety participated in the complexation process. By analysis of molecular structure of
Flu-1, it’s quite obvious that carbonyl group is the binding site for Hg*", which was further
confirmed by investigation of IR spectra of Flu-1 in the presence and absence of Hg”" (Figure
2-19). Characteristic carbonyl stretching frequency of the xanthene moiety appeared at 1723
cm™ and bending vibration at 1212 cm™. In Flu-1-Hg”" complex, they both downshifted to
1653 and 1184 cm™, respectively. Binding kinetics was also examined, which showed that the
recognition process reached equilibrium immediately after complete mixing (Figure 2-20),
indicating a fast complexation process. Our results therefore demonstrated that chelation of
carbonyl group to Hg”" reduced the electronic density on the xanthene moiety and consequently
caused remarkable blue shift of both absorption and fluorescence spectra. Similar to hydrogen
bonding interaction, coordination of Hg*" to carbonyl group of xanthene fluorophore might
reduce radiationless deactivation of the excited states in organic medium, resulting in enhanced

fluorescence efficiency.
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Figure 2-18. Partial 'H NMR spectra of Flu-1 in the presence of varying concentrations of Hg”" in CD;CN.
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Figure 2-19. Partial FTIR of Flu-1 and Flu-1 + Hg2+; solid complex was prepared by mixing Flu-1 and 1

equiv. Hg(ClO4), in MeCN and then solvent was removed under vacuum.
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Figure 2-20. Time-dependent absorbance of Flu-1 at 445 nm in the presence of 2 equiv of Hg”" in THF.

Flu-2, where the two methyl groups were replaced by two triazolyl amino esters, was used
to investigate how substituents on the xanthene ring affected the binding process of carbonyl
to metal ions. Flu-2 shows almost the same photophysical properties as those of Flu-1,
including solvatochromism, spectral wavelength and fluorescence quantum yields (Figure
2-21, Table 2-1). This indicates that triazolyl moiety produces no electronic effects on the
fluorescent core. Further investigations of its metal ion binding properties showed that
introduction of triazolyl group did not affect the selective binding interaction between
carbonyl group and Hg®" in THF (Figure 2-22 and Figure 2-23). Interestingly, spectral
titrations of Flu-2 to Hg”" in THF and CH,Cl,/MeOH (v/v = 9:1) exhibited the very similar
spectral behavior as that of Flu-1, such as association constants (2.94 x 10> M'in THF
(Figure 2-24) and 2.26 x 10° M'in CH,Cl,/MeOH (v/v = 9:1) (Figure 2-25), binding
stochiometry and reversibility (Figures 2-26 and 2-27). These results together demonstrate
that carbonyl group of the xanthenic moiety actually could be a selective binding site for Hg*"

and triazolyl moiety acts only as a linker. However, easy accessibility of click reaction might
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facilitate versatile functionalization on the triazolyl moiety to investigate other sensing

approaches, such as FRET.
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Figure 2-21. Absorption (left) and fluorescence (right) spectra of Flu-2 in various solvents; excitation

wavelengths correspond to the peaks of absorption band in different solvents, [Flu-2] =10 pM.
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Figure 2-22. Absorption (left) and fluorescence (right) spectra of Flu-2 in the presence of various metal

ions in THF; [M™] =80 uM, [Hg>] = 40 uM, [Flu-2] = 10 pM, Aex = 456 nm.

05

Absorbance

Fluorescence Intensity, a.u.

Wavelength, nm Wavelength, nm

Figure 2-23. Absorption (left) and fluorescence (right) spectra of Flu-2 in the coexistence of various metal
ions and Hg*™ in THF; [M"™"] = 40 uM, [Hg>"] = 40 uM, [Flu-2] = 10 pM, Aex = 448 nm.
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Figure 2-24. Absorption (left) and fluorescence (right) spectra of Flu-2 in the presence of varying
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Figure 2-25. Absorption (left) and fluorescence (right) spectra of Flu-2 in the presence of varying

concentrations of Hg*" in CH,Cly/MeOH (v/v = 9:1), [Flu-2] = 10 pM, Ao, = 447 nm.
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Figure 2-27. Job plot for Flu-2-Hg2+. The total concentration of [Hg2+] and [Flu-2] is 20 pM.

2.2.5. Conclusion

In summary, we have found that easily synthesized fluorescein derivatives Flu-1 and Flu-2
could be used as highly selective chemosensors for Hg*" over a range of metal ions in THF. In
the absence and presence of intermolecular hydrogen bonding interaction, we have developed
“turn-on” fluorescence response to Hg”™ in THF and ratiometric detection of Hg*" in
CH,CL/MeOH (v/v = 9:1), respectively. 'H NMR titration and IR spectra suggested that
specific spectral behavior was due to the complexation between carbonyl group of xanthene
moiety and Hg2+. We thus demonstrates how metal coordination, one of most important
non-covalent interactions, affects the spectral properties of xanthene fluorophore through direct
interaction with its carbonyl group, as shown in Scheme 2-6. Furthermore, combination of
different non-covalent and/or covalent interactions with carbonyl group may further promote
the extensive applications of xanthene dyes in biological and environmental systems.
Comparison of Flu-1 and Flu-2 shows that introduction of triazolyl amino ester moiety in
fluorescein does not influence the binding selectivity of fluorescein core structure and triazolyl

acts thus only as a linker.*’

Noncovalent or covalent interaction

interaction

. No + Hg" ﬂ Turn-0n i

l‘j..-" Yes & Hg™ EEp Rauometric.

Scheme 2-6. Schematic illustration of interaction between fluorescein derivatives and metal ions.
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2.3. Fluorescein-Triazole derivatives for selective detection of Cu*’/ Cu*

2.3.1. Introduction
Copper as one of the most important trace essential elements is involved in electron

: . . 88,89
transfer processes of a number of biological reactions.™

Its intracellular level is directly
associated with functions of proteins and various neurodegenerative diseases such as
Alzheimer, Menkes and Wilson’s diseases.”’ Owing to its importance, using optical
techniques to monitor the trafficking and location of Cu®" in living cells has attracted
much attention and resulted in fruitful works in recent years. Among the reported methods,
fluorescent chemosensors show distinct advantages in sensitivity and biological imaging.
However, for the intrinsic paramagnetic property of Cu®’, many probes show a “turn-off”

91,92,93,94,95,96,97 “Turn_on”

response via electron/energy transfer process. fluorescent probes

2+ . . 98,99,100,101
reported for Cu” are mainly based on chelation-enhanced fluorescence™™ " """ or

102,103,104,105,106,107

chemodosimeters. Transformation of rhodamine-B derivatives from

non-fluorescent spirolactam to fluorescent ring-opened amide form usually displays color
change and fluorescence enhancement, making it as a charming sensory platform.'*'%”
Colorimetric method has also been extensively utilized due to its extreme simplicity that it
could be read out by naked eyes without the aid of sophisticated instruments, facilitating

the realization of point-of-use application.''®!""-!1?

Jiang et al reported visual detection of
Cu’" by azide- and terminal alkyne-functionalized gold nanoparticles (Au NPs) using click
chemistry.''® However, up to now most probes available for naked-eye detection of Cu®”
still suffer from limited sensitivity and/or interference from other metal ions. To overcome
the limitations, new elements such as catalysis and conjugated polymers could be

incorporated to amplify the sensing processes.

Fenton reaction, as recognized in 1894 classically refers to the reaction between H,O, and

2+ . " 113
Fe™" under acidic conditions.

The generally accepted mechanism of Fenton process is
initiated by the formation of hydroxyl radical, as shown in equation (eq. 2-1) and this reaction

takes place in acidic medium.
Fe?* + HxO, —> Fed* + OH 4+ -OH (eq. 2-1)

Due to its capability to generate highly reactive hydroxyl radical (-OH), Fenton reaction
has been recognized to be sources of aging process and a variety of diseases. Nevertheless it’s

also successfully applied in food chemistry and environmental engineering to remove many
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hazardous organic pollutants from water."'*!"*!"> Copper ions have been found to actively
form hydroxyl radicals under aerobic conditions in the presence of ascorbate acid, which can
lead to DNA or RNA strand scission. Under the conditions of excessive ascorbate acid, Cu**
is continually reduced to Cu” (eq 2-2) which converted the dissolved oxygen into hydrogen
peroxide (eq 2-2 to eq 2-4). The resulting Cu’ and hydrogen peroxide can undergo Fenton

reaction to produce hydroxyl radical and hydroxide anion, as shown in eq. 2-5."%!"7

CH,0H CH,0H
o I O. !
0 CHOH 0 CHOH
HO  ©OH o ©
2Cut  + 20,(aq) — » 2Cu?*  + 20y (eq 2-3)
20,7 + 2H* —_— H0, + O, (eq 2-4)
cut  + HOy e Cu?* + OH 4+ «OH (eq 2-5)

In spite of its great importance, Fenton reaction is still rarely used in sensory
processes.' !’ Yang et al found that DNAzyme could be cleaved into ssDNA in the presence
of ascorbic acid and Cu?’, which enhanced stabilization of Au NPs against salt-induced
aggregation. They successfully utilized this protocol for colorimetric detection of Cu*".'"
However, their system suffered from low sensitivity and blurry color change. So far most
reports on Fenton reactions have paid much more attention to free radical species; however,
here we envision that the pH change induced by Fenton reaction could be another novel
approach for highly sensitive naked-eye and “turn-on” fluorescent detection of Cu*" when

fluorescein lactone derivatives are used as indicators.

2.3.2. Synthesis of Fluorescein-triazole derivatives (Synthesized by Chun Li)

Flu-3 and Flu-4 were easily synthesized by click reaction of fluorescein alkyne 45 with

azide 46 or 47 in a mixture of CH,Cl, and water (Scheme 2-7).]20

/©/"'f'l/NHB°° Na ascorbate, CuSO,4
—_—
* N Co,Me CH,Cly/H,0
46 94 % Flu-3
- NHCbz
X cOo,Me
" N3N\""' NHCbz Na ascorbate, CuSO,
- CO,Me CH,Cl,/H,O
47 Flu-4

91 %

Scheme 2-7. Synthesis of fluorescein derivatives Flu-3 and Flu-4.
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2.3.3. Photophysical properties of Flu-3
Forms of fluorescein derivatives existing in solution depend closely on pH,

2l Flu-3 may exist in four

hydrogen-bonding interaction and polarity of their environment.
different forms including lactone, quinoid, cation and monoanion, as shown in Scheme 2-8.
Its photophysical properties are then strongly associated with the changes of environment.

“u, .NHBoC
-N T
HO O o O o\/r\‘;/""/©/ COaMe

HOOC.
O Cation
o /@/a,,,rNHBoc o,,,rNHBoc NN /@//«h]rNHBoc
=N =N =N
N CO,Me N=1 N CO,Me
o o o/ o AN COzMe A/ 2
K L0
~00C. l =

Anion Quinoid Lactone

Scheme 2-8. Possible existing forms of Flu-3.

We first investigated spectral properties of Flu-3 under different pH conditions. As shown
in Figure 2-28, Flu-3 shows weak absorption or emission bands in the visible region when the
pH is below 6.0. With increasing pH, it exhibits absorption band centered at 454 nm and
emission band at 517 nm, respectively. Meanwhile color change from colorless to yellow was
observed, indicating the transformation of Flu-3 from lactone to monoanion/quinoid form.
Both absorption and emission reach plateaus when the pH is above 8.0. Therefore the
observed pK, of Flu-3 in the ground and excited states are both ca. 7.0. As the pH of Milli-Q
water used in our work is ca. 5.5, existing form of Flu-3 in pure water should be lactone

which could be a potentially “turn-on” fluorescent chemosensor.
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Figure 2-28. Absorption (top) and fluorescence (bottom) spectra of compound Flu-3 in 10 mM HEPES
solution under different pH conditions. [Flu-3] = 10.0 uM, Ax = 454 nm.

2.3.4. Complexation properties of Flu-3

For the sake of high sensitivity, several signal amplification approaches such as fluorescent
conjugated polymers, Au NPs, DNAzyme and metal ions catalyzed reactions have been
incorporated into metal ions sensing processes.”>'**'** Hydrolysis of non-fluorescent probes
catalyzed by Cu®" shows amplified fluorescence signal transduction.'**'%* Taki et al developed
a highly sensitive fluorescein derivatives (FIuTPA1) for the detection of intracellular cuprous
based on the cleavage of C-O bond of benzyl ether through a copper-active intermediate, as
shown in Scheme 2-9.”” Since Flu-3 has a similar binding site to FluTPA1 comprised of
1,2,3-triazole and oxygen atom, we intend to investigate the spectral response of Flu-3 to Cu’".
Cu" was generated in situ by reduction of Cu>" with sodium ascorbate (AscH"). Introduction
of 1 mM AscH could slightly induce ring-opening of Flu-3, probably because of slight
increase of pH (Figure 2-29). Surprisingly, further addition of 0.5 uM Cu?" led to color change
from colorless to light yellow and dramatically enhanced emission (Figure 2-29). Figure 2-30
shows the kinetics profiles of Flu-3 in the presence of varying concentrations of Cu*". When
[Cu®"]is 500 nM, it reaches equilibrium in 5 min and keeps constant in the next further 10 min.
With decreasing concentration of Cu””, the reaction time prolongs. When [Cu®"] is reduced to
200 nM, the equilibrium is obtained in 25 min with ca. 6-fold fluorescence enhancement (ca.
52% hydrolysis of Flu-3, estimated from the fluorescence intensity) (Figure 2-31).
Consequently, under this condition one copper ion can catalyzed 25 equiv Flu-3 into
ring-opening form, demonstrating the efficient catalysis assisted signal amplification for the
detection of Cu®". However, when [Cu®'] is lowered down to 100 nM, just very slight
incremental of fluorescence intensity could be observed in 20 min and prolonging the reaction

time did not produce any obvious enhanced fluorescence.
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Scheme 2-9. Cu(I) chemodosimeter based on FluTPA1.
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Figure 2-29. Absorption (left) and fluorescence (right) spectra of Flu-3, Flu-3 in the absence and presence
of Cu*" in H,0 or Flu-3 at pH 9.2. [Flu-3] = 10.0 uM, [Cu®*'] = 0.5 uM, [AscH ] = 1.0 mM, A¢x = 454 nm,

reaction time 7 min.
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Figure 2-30. Kinetics profiles of Flu-3 in the presence of different concentrations of Cu®" in H,0. [Flu-3]

=10.0 uM, [AscH ] = 1.0 mM, A, = 454 nm.
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Figure 2-31. Kinetics profiles of Flu-3 in the presence of 200 nM Cu*" in H,0. [Flu-3] = 10.0 uM, [AscH ]
= 1.0 mM, Aoy = 454 nm.

Selectivity of this protocol was evaluated by screening a series of metal ions such as Co’",
Fe*", Pb*", Hg*", Cd*", Ni*", Ag", Mn®", Zn*", Ba®", Ca’" and Mg”" at 40 uM level. As displayed
in Figure 2-32, only Cu®" and Cu" induce fluorescence enhancement of Flu-3. Pb>", Hg>" and
Ag' show a slight quenching effect while others produce almost no changes. Figure 2-33
displays that except Cu’" and Cu’, other metal ions cause no detectable color changes,
demonstrating its high selectivity for visual detection of copper ions. Its selectivity was further
confirmed by competition experiments, as shown in Figure 2-34. Even in the presence of 8-fold
concentration excess compared to [Cu®'], most ions produce almost no effect on detection of
Cu”" except Pb>" and Hg”". Moreover, the interference may be probably attributed to acidic

species contained in the sources metal ions or hydrolysis reaction.
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Figure 2-32. Fluorescence intensity at 517 nm of Flu-3 in the presence of various metal ions in H,O.
[Flu-3]=10.0 uM, [Cu'] = [Cu2+] = 0.5 uM and other metal ions 40 uM, [AscH ] = 1.0 mM, reaction time

7 min.
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Figure 2-33. Change in color (top) and fluorescence (bottom) of Flu-3 in the presence of various metal
jons in H,O. [Flu-3] = 10.0 uM, [Cu’] = [Cu*'] = 0.5 uM and other metal ions 40 pM, [AscH ] = 1.0 mM,

illuminated under 365 nm, reaction time 7 min.
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Figure 2-34. Fluorescence intensity at 517 nm (top), color (middle) and fluorescence (bottom) change of
Flu-3 in the presence of various metal ions and then further addition of Cu*" in H,0. [Flu-3] = 10.0 uM,
[Cu2+] = 5.0 uM and other metal ions 40 uM, [AscH ] = 1.0 mM, illuminated under 365 nm, reaction time 5

min.

Fast and sensitive visual detection of Cu" in water may facilitate the on-site application.
Figure 2-35 shows the color and fluorescence change of Flu-3 in the presence of different
[Cu?"]. It is found that no color change could be observed when [Cu®*] is 100 nM. However,
with increasing [Cu®'], the solution color changes from colorless to light yellow. Surprisingly,
200 nM Cu”" could already be clearly read out by naked eyes, that is, the naked-eye detection

limit of our protocol for Cu®* could be down low to 200 nM just in 10 min response time. This
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result shows great advantages in the response time, sensitivity, simplicity and cost when

compared with other reported colorimetric methods.

5 4 o B — a8

Figure 2-35. Change in color (left) and fluorescence (right) of Flu-3 in the presence of varying
concentrations of Cu®’ in H,O. [Flu-3] = 10.0 uM, [Cu2+] =0, 100, 200, 300, 400, 500 nM, [AscH ]=1.0

mM, illuminated under 365 nm, reaction time 10 min.

To get insight into the sensing mechanism, several control experiments were carried out.
In our assay we found that in the absence of AscH™, addition of Cu’ couldn’t cause any
change of the spectral properties of Flu-3 (Figure 2-36). Therefore AscH™ and Cu’ both
together contribute to the change of spectra. As we have mentioned above that coexistence
of AscH™ and Cu' can undergo Fenton reaction to yield -OH and hydroxide under aerobic
condition (eq 2-2 to eq 2-5). We assume that spectral change of lactone Flu-3 in the
presence of AscH and Cu”" might come from the pH change of solution induced by
Fenton reaction. Figure 2-37 shows the pH profile of AscH™ solution after addition of Cu®"
which is consistent with the production of hydroxide by the Fenton reaction, causing the
increase of pH, followed by the neutralisation with H" produced from deprotonation of
ascorbate radical (AscH-) (eq 2-6), leading to the decrease of the pH. In the presence of
Flu-3, pH change matches perfectly with that of AscH™ and Cu”". Further experiments in
buffered solutions at pH 7.2 (HEPES) and 6.0 (HEPES and PB) demonstrates that
fluorescence enhancement were inhibited in the presence of Cu®" (Figure 2-38). So here
we have verified that it’s the pH increase induced by Fenton reaction that causes the
spectral change of Flu-3 and reactive hydroxyl radical couldn’t promote the C-O ether
bond cleavage in our case. Actually, hydroxyl radical could be reduced into H,O in the
prescence of large excesss of AscH . Since it is a pH-dependent sensing process, ligand
Flu-4 should also show a similar behavior upon addition of Cu®" under the same condition.

The kinetic profile of Flu-4 (Figure 2-39) confirmed this behavior.

o CHZOH CHZOH " CC:ozaH CHZOH
0. CHOH e CHOH - B CHOH
— > j_( (eq 2-6)
HO (o O
AscH™ AscHe Asc™
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Figure 2-36. Fluorescence spectra of Flu-3, Flu-3 + Cu' in the absence and presence of AscH in H,O.

[Flu-3] = 10.0 uM, [Cu'] = 0.5 uM, [AscH ] = 1.0 mM, A, = 454 nm.
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Figure 2-37. Kinetics profiles of pH change of AscH™ + Cu”" in the absence and presence of Flu-3 in

H,0. [Flu-3] = 10.0 M, [Cu>*] = 0.5 uM, [AscH ] = 1.0 mM
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Figure 2-38. Fluorescence spectra of Flu-3 in the absence and presence of Cu”" in buffered solution. (a) 10

mM HEPES at pH 7.2; (b) 10 mM HEPES at pH 6.0; (c) 10 mM NaHPO4-NaH,PO, at pH 6.0. [Flu-3]
10.0 uM, [Cu2+] =0.5 uM, [AscH ] = 1.0 mM, A, = 480 nm, reaction time 8 min.
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Figure 2-39. Kinetics profiles of Flu-4 in the presence of Cu®" in H,O. [Flu-4] = 10.0 pM, [Cu*"] = 0.5
UM, [AscH ] = 1.0 mM, Aex = 454 nm.

Introduction of other stronger binding ligands like EDTA is usually necessary for the
reversibility of a chemosensor. However, in our sensing system it seemed to heal up by itself.
As shown in Figure 2-40, fluorescence intensity of Flu-3 decreases to the initial level when the
reaction time prolongs to 80 min. It’s attributed that self-recovery is due to neutralisation of the
hydroxide by H' yielded from deprotonation of ascorbate radical (AscH-), as shown in eq 2-6.
Moreover, the auto-reversibility of the fluorescence spectra demonstrated that hydroxyl radical

didn’t react with Flu-3.

L = =
€ 5[
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B 4 -
8 |
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Figure 2-40. Kinetics profiles of Flu-3 in the presence of Cu®" in H,0. [Flu-3] = 10.0 uM, [Cu®] = 0.5
UM, [AscH ] = 1.0 mM, Aex = 454 nm.

Based on the above investigations, the sensing mechanism is depicted in Scheme 2-10.
Under aerobic condition, ascorbate (AscH ) not only involves in the reduction of Cu®" (a), but

also reacts with O, to produce H,O, (b). Hydroxide and -OH are then yielded in the following
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Fenton reaction between Cu’" and H,O, (c). Increase of pH by hydroxide promotes the
ring-opening of Flu-3 (d), which results in fluorescence enhancement and remarkable color
change. It’s noteworthy that recycle of Cu*" (¢) may dramatically amplify signal transduction.

Neutralisation of the hydroxide by H" yielded from deprotonation of ascorbate radical (AscH:)

(e) induces the ring closing of the lactone and make the system reversible.

@/«.,.rNHBoc
Flu3 (R= X CO,Me

OH

OH +'0H

Coo
O,
Highly fluorescent @l

Scheme 2-10. Proposed mechanism for detection of Cu*" based on Fenton reaction.

2.3.5. Conclusion

In summary, using Cu”’-catalyzed Fenton reaction, we have developed a novel
approach for highly sensitive naked-eye and fluorescence “turn-on” detection of Cu®". In
our assay Cu’" could selectively participate in Fenton reaction to yield hydroxide which
promoted hydrolysis of Flu-3 and consequently resulted in the color change and
fluorescence enhancement. And the naked-eye detection limit of this protocol could be as
low as 200 nM, which is better than other reported systems. In view of its simplicity, short
response time, low cost, high selectivity and ultralow naked-eye detection, our system
gives hints on design of chemosensors based on mimicking efficient catalytic biological

reactions.'?>
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Chapter 3.

Clickable Fluorescent Chemosensors for Detection of Heavy Metal Ions: Triazoles as Binding Sites

3.1. Introduction of click triazole as ionophores

In the second chapter, we have developed fluorescent chemosensors for selective detection

of Hg*" and Cu®"/Cu” by using triazole moiety as a linker. As presented in the introduction of

Chapter 2, flexible coordination chemistry of triazole moiety makes it become a common

binding site in fluorescent chemosensors. In this chapter, we intend to elucidate the roles of

triazole as the binding sites through a series of click fluorophores, as shown in Scheme 3-1.

(1) Triazole as sole binding site:
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Scheme 3-1. Triazole-based new fluoroionophores studied in this chapter.
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3.2. NBD-Triazole based Hg>* chemosensor

3.2.1. Introduction

Contamination of mercury is a worldwide concern for decades due to its extreme toxicity,
causing adverse effects on human health. Accumulation of mercury in vital organs and tissues
may cause serious damages to the central nervous and endocrine systems.' Sophisticated
techniques such as AAS (atomic absorption spectroscopy), AES (atomic emission
spectroscopy), ICP-MS (inductively coupled plasma mass spectroscopy) have been widely
used to detect Hg*" in real samples. However, most of them require complicated sample
preparation processes and expensive instrumentation, making them unsuitable for the real
time and on site analysis. Due to the intrinsic characteristics of the fluorescence technique, it
shows great advantages in simplification of the instrument, high sensitivity and biological
imagining in vifro and vivo samples. In recent years, considerable efforts have been dedicated
to pursuing some excellent chemosensors with high sensitivity and selectivity for detection of
Hg™" in real samples.” To date, several approaches mainly based on organic fluorophores,’

101 have been well

DNAzyme,"” nanoparticles,”” protein®® and conjugated polymers
developed. However, development of facile and practical chemosensors for Hg*' is still a
great challenge. Besides considering the performance of the probes in terms of sensitivity and
selectivity, the simplicity of the organic synthesis is another important factor in order to
realize the applications in real samples. Modular synthesis like click reaction under mild

condition, high reaction yields is then highly favorable.

NBD derivatives as one of the most commonly used fluorescent labeling reagents exhibit
several great advantages such as their good spectral properties and cell permeability.'* To date,
chemosensors based on NBD have been reported for the detection of various transition metal
ions by virtue of ICT (intramolecular charge transfer) and PET (photo-induced electron
transfer) processes.'>'*!>1¢17 On continuing the program of developing chemosensors for
metal ions based on triazole, NBD-1 and NBD-2 with NBD as signaling reporter and triazole
as binding moiety were used as double-channel fluorescent and colorimetric sensors for the
detection of Hg2+ in EtOH/H,O mixed solutions. Meanwhile different terminal amino acid

groups were integrated to investigate structure-dependent sensitivity.
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3.2.2. Synthesis of NBD-1 and NBD-2 (Synthesized by Chun Li)

As shown in Scheme 3-2, NBD-Cl was treated with propargylamine under basic condition
to afford propargyl-NBD 48, followed by click reaction with azido lysine or phenylalanine
derivatives 47 and 46 to give the corresponding NBD-1 and NBD-2."®

NHCbz O.

ol NH HN/\\\ Ny Sl N
N __ 2 N 47 CO,Me
T o———— o > ON NE e NHCb
h Z
=N~ NaHCOj3, H,0/MeOH =\ CuSO,/Na Ascorbate NNt
NO. 30% CHClL/H,0 CO,Me
2 NO, 48 94% NBD-1

,, _NHBoc N O N
[ 46 i
N; CO,Me 02N~<:>—

NH N 4, NHB
=N n, oc
Cul, t-BUOH, H,0, Ar, 69 % 'U r
Ul EBULH, R0, Ar, 69 S \_—Q\/N CO,Me

NBD-2

Scheme 3-2. Synthesis of NBD-1 and NBD-2.

3.2.3. Photophysical properties of NBD-1

All the related photophysical parameters of NBD-1 in ethanol are collected in Table 3-1.
NBD-1 exhibits a strong absorption band centered at 456 nm with a large extinction
coefficient (¢ = 19858 L. mol™. cm™) and a broad emission band peaked at 534 nm. As shown
in Figure 3-1 (a), a continuous red shift of the absorption band is observed with increasing
polarity of solvents, from 447 nm in chloroform to 472 nm in DMSO. Fluorescence spectra of
NBD-1 show the similar solvent-dependent behavior, with a red shift from 523 nm in
chloroform to 544 nm in DMSO. It’s therefore judging from characteristic of
solvatochromism that the absorption and emission band of NBD-1 can be assigned to ICT
process from electron-donating amine group to electron-withdrawing nitro group, which is
corresponding to the broad structureless feature of the band. Moreover, NBD-1 shows high
quantum yield up to 0.44 in ethanol which is quite different from the reported NBD
derivatives with aminoethyl group directly linked to 4-N of NBD fluorophore.'* This can be
explained by the transformation of nitrogen hybridization form from sp’ of amino group into
sp’ in triazole, which reduces the availability of the lone electron pair on nitrogen atom and
suppresses the PET process and restore its emissive state. Fluorescence time decay of NBD-1
was also determined in EtOH. It consists of a long-lived major component (7.37 ns, 90%) and
a short-lived minor component (2.9 ns, 10%). This illustrates that emission of NBD-1 mainly
arises from ICT process and short-lived component could be resulted from relatively weak
PET from triazole ring to NBD fluorophore.'* The stokes shift of NBD-1 with 78 nm is
appreciated to avoid the overlap between the absorption and emission band and reduce the

reabsorption process.
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A

Amax A mml Ahga o0 @y T
Compound Solvent
[nm]  [nm]  [am]  [L.mol'em™) ns
1 EtOH 456 534 78 1.98 = 10¢ 044 7.37,290
2 EtOH 456 534 78 L85 <108 046 -

Table 3-1. Photophysical data of NBD-1 and NBD-2 in EtOH, quantum yields were determined using

coumarine 153 as reference.
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Figure 3-1. Normalized absorption (a) and fluorescence (b) spectra of NBD-1 in various solvents including
CHCIl5, DMSO, MeCN, MeOH and DCM; excitation wavelengths corresponding to the peaks of absorption
band in different solvents, [NBD-1] = 10 uM.

3.2.4. Complexation properties of NBD-1

As shown in Scheme 3-2, NBD-1 contains several nitrogen atoms which are suitable as
the binding sites for soft metal ions. Moreover, it’s worthy of notice that nitrogen atoms from
NBD moiety and triazole ring seem to construct a binding pocket for a specific metal.
Considering these factors and the reported flexible coordination chemistry of triazole, an
investigation of fluorescence response of NBD-1 to a series of metal ions such as Ag’, Ba®’,
Ca2+, Cd2+, C02+, Cu2+, Fez+, Hg2+, Mn2+, Mg%, Ni2+, Pb*" and Zn®>" was carried out in
ethanol. As shown in Figure 3-2, fluorescence intensity of NBD-1 is quenched by Ag”, Co*",
Ni*" and Hg”" to different extents, following the order Hg*"™> Ag"> Co”*"> Ni*". Especially for
Hg™', its quenching efficiency was up to 80% and a remarkable red shift by 40 nm was

observed. Other metal ions like alkaline earth metals showed almost no influence.

It is reported that selectivity of triazole-containing fluorescent chemosensors sometimes is
closely related to solvents medium and meanwhile considering the practical application of

chemosensors, the selectivity of NBD-1 to different metal ions was further examined in
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EtOH/HEPES (v/v = 9:1) at pH 7.4. As displayed in Figure 3-3, the selectivity is greatly
improved and only Hg2+ shows remarkable quenching effect while others exert almost no
influence even in large excess. This high selectivity was further confirmed through the
following competition experiments. As shown in Figure 3-4, in the presence of 5 equiv of
competing metal ions, Fe*" and Pb*" do produce a little interference while other ions show
almost no influence on the binding process of NBD-1 to Hg>", demonstrating the high
selectivity of this approach for the detection of Hg*". However, sensitivity of NBD-1 to Hg*"
was decreased to some extent due to the hydration of metal ions suppressing the efficient

binding process.
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Figure 3-2. Fluorescence spectra of NBD-1 in the presence of different kinds of metal ions in EtOH.

[NBD-1] = 10 pM, [M"™] = 200 uM, Aex = 456 nm.
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Figure 3-3. Absorption (a) and fluorescence (b) spectra of NBD-1 in the presence of different metal ions in

EtOH/HEPES (v/v = 9:1) at pH 7.4. [NBD-1] = 10 uM, [Hg*"] = 40 pM, [M™"] = 200 uM, e = 456 nm.
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Figure 3-4. Fluorescence spectra of NBD-1 in the coexistence of different kinds of metal ions and Hg*" in

EtOH/HEPES (v/v = 9:1). [NBD-1] = 10 pM, [M""] =200 pM, [Hg"'] =40 pM, A, = 456 nm.

Figure 3-5 shows the gradual evolution of absorption spectra of NBD-1 upon complexation
with Hg”" in ethanol. With increasing [Hg”'], its absorbance at 455 nm decreases while a new
band appears at 493 nm. The red shift of the absorption band from 455 nm to 493 nm led to
the solution color changing from light yellow to light orange, facilitating the possibility of
naked eyed detection of Hg”". Three clear isosbestic points are observed at 467, 381 and 329
nm, indicating the interconversion of bound complex and free ligand. Job’s plot experiment,
also known as the method of continuous variation, was carried out to determine the binding
stoichiometry between Hg”" and NBD-1. It shows a maximum at 0.5, suggesting resultant
complex with 1:1 binding stoichiometry (Figure 3-6). Nonlinear regression analysis of the
absorption titration based on the 1:1 binding ratio, giving a large association constant for Hg*"

up t0 3.23 x 10°M™ in the ground state.
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Figure 3-5. Absorption spectra of NBD-1 in the presence of varying concentrations of Hg®" in ethanol and

plot of absorbance of NBD-1 at 455 nm as the function of [Hg2+], [NBD-1]=10 pM.
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Figure 3-6. Job plot for NBD-1 - Hg2+. The total concentration of [Hg%] and [NBD-1] is 20 puM.

As shown in Figure 3-7, fluorescence titration was also performed under the identical
conditions in ethanol. Fluorescence quenching of NBD-1 at 533 nm is observed with
increasing [Hg>'], with about 50% quenched in the presence of 10 pM Hg”" and reaches a
plateau when [Hg”'] exceeds 20 puM, concomitantly with a red shift from 531 to 573 nm.
Fluorescence titration was also analyzed by nonlinear regression based on 1:1 binding ratio to
give us the binding constant in the excited state to be 3.97 x 10°M™, which is almost the same

as that of ground state.

350 - 1.0
' R?=0907
_ . 61
300 ﬁ K=(397 +052)x 10 los
5 I
ﬂi o
:2_:: 250 L] dos
g 1 |
£ 0 M Jo7 <
L =
8 150 v =
& L ] " 408
W Il
@ I "
2 00} |
s b o5
2 |
50 F ‘l 1
A .
H04

s I 1 I I L 1
500 550 600 650 700 0 20 40 60
5
Wavelength, nm [Hg™'], uM
. . . . 24+ .
Figure 3-7. Fluorescence spectra of NBD-1 in the presence of varying concentrations of Hg"" in ethanol

and plot of fluorescence integral area of NBD-1 as the function of [Hg2+]; [NBD-1] =10 pM, Ay =476 nm.

Before examining the pH effect on the binding process of NBD-1 to Hg*", the effect of
water content was first tested. As shown in Figure 3-8, with increasing water content,
variation of the fluorescence intensity after the addition of Hg*" to NBD-1 solution decreases
dramatically and almost no response is observed when the water content reach 50%. This may

be attributed to the strong hydration of Hg”" which suppresses it binding to NBD-1. To obtain
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an optimal sensing sensitivity, the following investigations were performed in EtOH/H,0O (v/v
=9:1).
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Figure 3-8. Fluorescence variation of NBD-1 after the addition of Hg”" in EtOH/H,O mixed solutions,

[NBD-1] =10 uM, [Hg2+] =20 uM, excited at the absorption maximum wavelength.

The pH effect on the binding process of NBD-1 to Hg”" was tested in EtOH/HEPES (v/v
= 9:1). As presented in Figure 3-9, when the solution pH is lower than 7.4, the variation of
fluorescence intensity before and after addition of 4 equiv of Hg”" increases with pH,
indicating that decreasing pH suppresses the coordination interaction between NBD-1 and
Hg*". NBD-1 works well and shows the maximum fluorescence quenching under neutral or
weak basic conditions. In view of the practical application of chemosensors, titration of Hg*"
was further carried out in EtOH/HEPES (v/v = 9:1) at physiological pH 7.4. As depicted in
Figure 3-10 and Figure 3-11, both absorption and fluorescence titrations show the similar
spectral behavior to that in EtOH. Nonlinear regression analysis shows that the stability
constants are moderately reduced about one order of magnitude, which may be due to the
conformational change and ionic solvation effect. The detection limit of this approach was

calculated according to the following equation (eq. 3-1)

> -y 3s
s = Z:nT’ Climit :? (eq. 3-1)

Where s is standard deviation of NBD-1 solution without addition of Hg*", cjimi the limit of
detection and £ is the slope of the working curve. A detection limit of 610 nM could be

obtained for analyzing Hg*" under the above conditions.

- 88 -



Chapter 3. Clickable Fluorescent Chemosensors for Detection of Heavy Metal Ions: Triazoles as Binding Sites

08|

[irg S

AlT1, @ 533 nm
s o © o
(=] w - (5.1
-

e
T
n

pH

Figure 3-9. Variation of fluorescence intensity of NBD-1 at 533 nm after the addition of Hg”" in
EtOH/HEPES (v/v = 9:1) under different pH conditions. [NBD-1] = 10 pM, [Hg*'] = 40 uM, Aex = 459 nm,

incubated time: 7 min and / indicate fluorescence intensity at 533 nm.

0.30 0.22
R*=0.989
0.25} K =(9.15+0.56) x 10°
—40.20
0,20 | ! g
g \ 2
2 Jo18 ¥
015} 0 ®
2 . 2
< \ <
010 |
. Ho0.16
4 =
0.05 "
<014
0.00 1 b 1 " 1 L "
300 400 500 6000 40 80 120 160
Wavelength, nm [Hg™]. uM

Figure 3-10. Absorption spectra of NBD-1 in the presence of varying concentrations of Hg”" in
EtOH/HEPES (v/v = 9:1) and plot of absorbance of NBD-1 at 459 nm as the function of [Hg*']; [NBD-1] =

10 uM.
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Figure 3-11. Fluorescence spectra of NBD-1 in the presence of varying concentrations of Hg”' in
EtOH/HEPES (v/v = 9:1) and plot of fluorescence integral area of NBD-1 as the function of [Hg%];
[NBD-1] =10 uM, Aex =470 nm.
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Reversibility is another important parameter of chemosensors in practical applications.
The reversibility of the binding process of NBD-1 to Hg*" could be easily realized by adding
I" as Hg”" binding agent. As shown in Figure 3-12, addition of I" results in complete
fluorescence recovery. Such reversibility and regeneration are quite important to the

fabrication of devices to detect Hg”".
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Figure 3-12. Fluorescence spectra of NBD-1 in the presence of Hg®  and then addition of I" in
EtOH/HEPES (v/v = 9:1), [NBD-1] = 10 pM, [Hg*"] =40 puM, [I] =80 uM, Aex =456 nm.

The remarkable wavelength red shift both in the absorption and fluorescence spectra in
the presence of Hg”™ inspired us to explore the selective naked-eye detection of Hg®". As
shown in Figure 3-13, among the tested metal ions, only Hg*" induces a color change from
light yellow to light orange (Figure 3-13a), and when excited under hand-UV lamp at 365 nm,
fluorescence of NBD-1 shows a color change from green to yellow (Figure 3-13b).
Furthermore, even in the coexistence of 20 equiv of other metal ions, only small influence has
been detected with Fe*" and Pb*" (Figure 3-13c,d). Still, it is very easy to distinguish the color
of the solution NBD-1 in the presence of Hg”" from the other metal ions, demonstrating its

great potential in the real and on-site detection.
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Figure 3-13. Photographs of NBD-1 in the presence of different metal cations (a) color, (b) fluorescence
and coexistence of different kinds of metal ions and Hg*" (c) color, (d) fluorescence in EtOH/HEPES (v/v =

9:1). [NBD-1] = 10 uM, [Hg2+] =40 uM, [M""] =200 uM, illuminated under 365 nm.

3.2.5. Binding mode of NBD-1 to Hg**

It’s possible that the flexible extended alkyl chain in NBD-1 may bend back which makes
the terminal amino acid moiety participate to the binding process with Hg*". In order to
investigate effect of the terminal amino acid group on the binding ability towards Hg*",
NBD-2 with more rigid distal amino acid group to avoid cooperative binding between triazole
and amino acid moiety was then examined. As shown in Table 3-1, NBD-2 displays almost
the same photophysical properties as those of NBD-1, demonstrating that the terminal amino
acid moiety shows no effect on the fluorescent core NBD. To get a detailed binding
information, absorption and fluorescence titration NBD-2 with Hg>" were then carried out in
EtOH. Similar spectral behaviors as that of NBD-1 to Hg®" such as red shift of the spectra and
strong fluorescence quenching after complexation were observed (Figures 3-14 and 3-15).
Job’s plot experiments (Figure 3-16) in EtOH demonstrated 1:1 binding stoichiometry
between NBD-2 and Hg”". However, nonlinear regression analyses of the spectral titrations
based on 1:1 binding ratio show that stability constants of NBD-2-Hg*" (~1 x 10°M™) are
about one order of magnitude lower than those of NBD-1, which might be explained by the
participation of the flexible distal amino acid group of NBD-1 to the complexation with Hg*".
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Figure 3-14. (a) Absorption spectra of NBD-2 in the presence of varying concentrations of Hg*" in ethanol

and (b) plot of absorbance of NBD-2 at 455 nm as a function of [Hg*'], [NBD-2] = 10 uM.
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Figure 3-15. (a) Fluorescence spectra of NBD-2 in the presence of varying concentrations of Hg”" in
ethanol and (b) plot of fluorescence intensity of NBD-2 at 533 nm as the function of [Hg*'], [NBD-2] = 10
UM, Aex =455 nm.

0.020 |
"
] | ™
1
c 0.015 | . : -
c ‘
8 " ]
< o010 i )
()] 1
w " 2
a 1
3 o005 | 0 "
i
0000F = ‘ =
1
I A L A " H L A " A L
0.0 0.2 0.4 0.6 0.8 1.0

[ Hg™]/ ([ Hg™"] + [NBD-2])

Figure 3-16. Job plot for NBD-2-Hg”". The total concentration of [Hg”'] and [NBD-2] is 20 puM.

To better understand the complexation mode between NBD-1 and Hg**, "H NMR titration
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was carried out in CD;0D/DMSO-ds (4:1). As shown in Figure 3-17, with increasing [Hg*'],
H, on the triazole ring undergoes a remarkable downfield shift by 0.24 ppm from 8.01 to 8.25.
Meanwhile, CH, and CH. linked to triazole ring shift downfield slightly. However, no
chemical shift is observed for the amino acid moiety. This result demonstrates that triazole
group is the main binding site for Hg*". Furthermore, as shown in Figure 3-18, when the assay
is performed under acidic condition like pH 3.0, about 20% fluorescence quenching is
observed immediately after the addition of 20 pM Hg*" and then the spectra recover partially
by itself within 15 min. Since the spectral properties of NBD-1 show no changes between pH
3.0 and 10.4 (Figure 3-19), it is postulated that NBD fluorophore could not be protonated at
pH 3.0. Therefore, the self-recovery of the fluorescence might be attributed to the protonation
of triazole moiety which suppresses the complexation of NBD-1 with Hg®*, further
confirming that triazole group participates in the complexation with Hg®". However, these
conclusions could not explain spectral behavior of NBD-1 in the presence of Hg*', because
generally ICT process could not be affected through a non-conjugated spacer. To make a
reasonable explanation on the spectral change, we suppose that the direct complexation of
Hg2+ to the NBD fluorophore beside triazole group. 4-NH might be a good candidate: if it
binds to Hg*" without deprotonation, reduction of the electron density of nitrogen atom would
cause blue shift of the spectra; in contrast, if the addition of Hg®" induces deprotonation of
4-NH, it would affect the chemical shift of CHqy and CHf on NBD ring. However,
complexation of NBD-1 with Hg*" led to a remarkable red shift of the absorption band and no
chemical shift of CHy and CHy was observed even in the presence of 2.0 equiv of Hg2+
(Figure 3-17). These results preclude 4-NH as the binding site of NBD-1 for Hg*". Samanta et
al. have reported spectral response of NAM (4-amino-7-nitrobenzo-2-oxa-1,3-diazole) to
metal ions and attributed the spectral changes to the binding of metal ions with the NBD
fluorophore."* Worthy of notice is that no spectral shift was observed for NAM after
compexation with metal ions. These results indicated that metal coordination of oxadiazole
group in NBD could not induce spectral shift. Consequently, the possibility of coordination of
NBD fluorophore to Hg”" could be precluded, since binding of Hg*" to NBD-1 induced
spectral shift in our case (Figure 3-5). Finally, there exists another possibility that the binding
of triazole moiety to solvated Hg®" might increase local polarity around the NBD fluorophore
which results in remarkable red shift and fluorescence quenching. Time decay of both free
ligand NBD-1 and its Hg®" complex were recorded in ethanol. As presented in Figure 3-20,
they both display a bi-exponential decay. For free ligand, it contains a major (91%) long
lifetime component 7.4 ns and a minor (9%) component 2.9 ns; while the Hg*"-complex with
a major (84%) component 2.5 ns and a minor (16%) component 4.4 ns. The shorten lifetime

in the complex might be attributed to the increasing polarity facilitating some structural
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transformation of the charge separated species. Conclusively, the binding mode of complex

NBD-1-Hg*" is proposed in Scheme 3-3.
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Figure 3-17. Partial '"H NMR spectra of NBD-1 in the presence of varying concentrations of Hg*"

CD;OD/DMSO-d; (4:1).
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Scheme 3-3. Schematic illustration of the binding mode between NBD-1 and Hg”".

3.2.6. Conclusion

Compound NBD-1 with terminal Lys amino acid group linked to NBD fluorophore by
triazole was successfully applied in selective recognition of Hg”" in EtOH/H,O mixed
solution at pH 7.4. After complexation with Hg”", remarkable fluorescence quenching of
NBD-1 was observed. Meanwhile a red shift was obtained both in absorption and
fluorescence spectra, which was utilized for naked-eye detection of Hg”". Other metal ions
examined show almost no influence on spectral properties of NBD-1 in aqueous solution.
Control experiments by using NBD-2 with a more rigid distal amino acid group demonstrated
the potential cooperative binding ability of amino acid group in improving the sensitivity of
sensing system. Furthermore, '"H NMR titration was performed to get insight into the
complexation mode between NBD-1 and Hg", which verified the role of triazole group as a
binding site. The fluorescence quenching and red shift were postulated to be caused by the

increase of the local polarity of the fluorophore."
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3.3. Rhodamine-Triazole based Hg** chemosensor

3.3.1. Introduction

Rhodamine derivatives have been extensively explored in detection of metal ions due to
their excellent spectral properties.””’ Generally, their spirolactam/spirolactone forms are
non-fluorescent and colorless, whereas the corresponding ring-opening forms are strongly
fluorescent and pink. Under acidic conditions, ring-opening of rhodamine
spirolactone/spirolactams occur by activating the carbonyl group. Metal ions complexation
involving the carbonyl group of lactone/lactam ring can induce color change and fluorescence
enhancement under the similar mechanism; however, this process is somewhat
solvent-dependent. Plenty of structural modifications on rhodamine especially by changing
the binding sites linked to the spirolactam moiety have been made to realize the sensing
applications for various important analytes. Since its first application in fluorescent
chemosensors in 2007, “click” chemistry is rarely used for conjugation with rhodamine

fluorophore for this purpose. As we have mentioned above in the chapter 2,2"*

up to now
only two pieces of works have recently been reported based on the ring-opening of
non-fluorescent rhodamine spirolactam for the detection of Pt*" and Hg”". Further works on
combination of these two moieties, with rhodamine as the reporting site and triazole as the
binding site, are therefore highly desirable. In the section, we will discuss the application of

rhodamine-triazole sugar derivatives for the selective detection of Hg”" in MeCN.

3.3.2. Synthesis of Rho-1 and Rho-2 (synthesized by Hua Yi)
As shown in Scheme 3-4, rhodamine B was treated with propargylamine under basic
condition to afford propargyl-rhodamine 49, which subsequently reacts with sugar-azide

derivatives 50 and 51 to give the corresponding Rho-1 and Rho-2.*
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Scheme 3-4. Synthesis of Rho-1 and Rho-2.

49 + BnO

3.3.3. Photophysical properties of Rho-1 and Rho-2

Photophysical parameters of both Rho-1 and Rho-2 are gathered in Table 3-2.>* Rho-1
and Rho-2 exhibit strong absorption bands at 314 nm and very weak emission bands at 427
and 472 nm, respectively, arising from their spirolactame structures. No other absorption and
emission bands are observed in the visible region, which provides a platform for the sensing

applications with low background.

Aabs (NM) Aem(nm) Av (cm™) O
Rho-1 314 427 8428 0.07
Rho-2 314 472 10560 0.06

Table 3-2. Photophysical data of Rho-1 and Rho-2 in CH,Cl,, quantum yields were determined using

quinine sulfate as reference.

3.3.4. Complexation properties of Rho-1 and Rho-2

The spectral response of Rho-1 to different metal ions was investigated in MeCN/DMSO
(v/v=299:1). After addition of 4 equiv of metal ions, the mixed solutions were incubated at
room temperature for 30 h to reach equilibrium. As shown in Figure 3-21, the presence of 40
uM ngJr leads to a remarkable absorption band at 555 nm and an emission band at 580 nm,
which is consistent with the ring-opening characteristics of rhodamine spirolactam. Beside
Hg”", the addition of 40 pM Cu®" also causes a similar spectral change to a lesser extent.
While other tested metal ions showed little influence on the spectral properties of Rho-1. Be

reminiscent of the binding mode of NBD-1, it’s postulated that selective binding of triazole to
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Hg”" assisted by carbonyl group of spirolactam causes the ring-opening of Rho-1. More

detailed investigation on the binding mode will be discussed in next section.

It’s well known that the ring-opening of rhodamine spirolactone/spirolatam always
displays a visible color and fluorescence change. In our assays, as shown in Figure 3-22, the
presence of Hg”" can result in solution color changing from colorless to pink under room light
and fluorescence from dark to yellow under UV light at 365 nm. Corresponding to the spectral
change, Cu®" can also be detected by naked eyes though with much weak color while other
solutions keep colorless, demonstrating the possibility of selective naked-eye detection of
Hg2+.
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Figure 3-21. Absorption (left) and fluorescence (right) spectra of Rho-1 in the presence of various metal
ions in MeCN/DMSO (v:v = 99:1); [Rho-1] = 10 pM, [M""] = 40 puM, Le = 555 nm and the mixtures were

incubated for 30 h at ca. 18 °C before recording the spectra.

Figure 3-22. Color (up) and fluorescence (bottom) changes of Rho-1 in the presence of various metal ions
in MeCN/DMSO (v:v = 99:1); [Rho-1] = 10 pM, [M™] = 40 uM, A, = 365 nm. The mixtures were
incubated for 30 h at ca. 18 °C.

Figure 3-23 depicts the kinetics profile of Rho-1 to Hg2+ in MeCN/DMSO (v:v=99:1) at
room temperature (ca. 18°C). It took about 26 h to reach the equilibrium with 10 uM Rho-1

and 40 uM Hg”" in the system. The extremely long response time is unfavourable as a
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chemosensor. In order to reduce the response time of Rho-1 to Hg2+, appropriate stimulus
such as light and heat can be utilized to accelerate the ring-opening reaction. Single molecule
fluorescence photoswitching has been well developed during the last two decades due to their
ability to address the problems in various fields.** Among the reported photochromic
molecules, rhodamine derivatives are found to show photoswitching activity.”>*%*’ Irradiated
by UV light, ring-opening of spirolactam occurred and it was reversed under thermal
conditions. Considering that the coordination of metal ions to carbonyl group of spirolactam
ring might affect photochromic performance, we here attempt to reduce the response time by
adding a UV light stimulus. Quite surprisingly, as shown in Figure 3-24, when irradiated with
UV lamp at 313 nm where spirolactam Rho-1 exhibits its maximum absorption, response
time of Hg”"-induced ring-opening of Rho-1 can be dramatically reduced to 2 min. Control
experiment in the absence of Hg2+ only showed slight increase of the fluorescence intensity at
580 nm, illustrating that UV irradiation could induce the ring-opening of rhodamine lactam
and complexation with Hg*" promoted this process more efficiently. It should be noted that
ring-opening form of Rho-1 in the presence of Hg*" was stable in MeCN at room temperature
and no reversible process could be observed even after keeping the solution of ring-opening

form in the dark for hours.
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Figure 3-23. Kinetics profile of Rho-1 in the presence of Hg”" in MeCN/DMSO (v:v = 99:1) without
irridiation at ca.18 °C; [Rho-1] = 10 uM, [Hg*'] = 40 uM.
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Figure 3-24. Kinetics profile of Rho-1 in the presence of Hg”" in MeCN/DMSO (viv = 99:1) under
irradiation with 313 nm light (irradiation power 33.0 mW) at ca.18 °C; [Rho-1] = 10 pM, [Hg”'] = 40 uM
and Ae = 555 nm.

Selectivity of Rho-1 to Hg®" under irradiation was evaluated by screening a series of
metal ions, such as Ag”, Ba®", Cd*", Co*", Cu*", Fe*", Mg®", Mn*", Ni*", Pb’" and Zn*". As
shown in Figure 3-25, in accordance with the results in the absence of irradiation, Hg”" results
in significant fluorescence enhancement and a new absorption band in visible region, and
Cu”" to a much lesser extent. Rho-1 was still optically silent to other metal ions under this
condition. Therefore, the external light stimulus did not change the binding selectivity of

Rho-1 but dramatically reduced response time of Rho-1 to Hg”".
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Figure 3-25. Absorption (left) and fluorescence (right) spectra of Rho-1 in the presence of various metal
ions in MeCN/DMSO (v:v = 99:1) under irradiation with 313 nm light for 2 min (irradiation power 33.0

mW) at ca. 18 °C; [Rho-1] = 10 uM, [M"™] = 40 pM, Aex = 555 nm.

Fluorescence titration of Rho-1 with Hg*" under irradiation of UV light at 313 nm was
performed in MeCN/DMSO (v:v=99:1). As shown in Figure 3-26, even in the absence of
Hg”*, Rho-1 is already slightly transformed into ring opening amide, resulting in a weak

.. . . . 2+ .
emission at 581 nm. With increasing [Hg" '], a progressive enhancement of fluorescence
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intensity is clearly observed. Meanwhile the solution color changes from colorless to pink.

When [Hg”'] exceeds 20 uM, the spectra reach a plateau.
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Figure 3-26. Fluorescence spectra of Rho-1 in the presence of various concentrations of Hg®* in
MeCN/DMSO (v:v = 99:1) under irradiation with 313 nm light for 2 min (irradiation power 33.0 mW) at
ca.18 °C; [Rho-1] = 10 pM, A, = 555 nm.

In order to evaluate the effect of sugar moiety on the binding ability of Rho-1 to Hg2+, we
further examined the spectral response of Rho-2 to metal ions under the identical conditions.
As can be seen from Table 3-2, modification on the sugar part by incorporating one more
sugar unit produces little influence on the spectral properties of rhodamine spirolactam and
Rho-2 still exhibits no absorption or fluorescence bands in visible region. Under identical
conditions, selectivity of Rho-2 to metal ions under irradiation at 313 nm was examined in
MeCN/DMSO (v:v = 99:1). As shown in Figure 3-27, only the addition of Hg*" causes a
remarkable fluorescence enhancement accompanied by solution color change from colorless
to pink. Interference from Cu”"still existed but to a much lesser extent and other metal ions
just produced little influence. These results demonstrated that selectivity of Rho-1 was
dependent on the triazole and spirolactam moiety and almost unrelated to the sugar moiety
which was far away from the binding sites. Kinetic study of Rho-2 to Hg”" under irradiation
was also conducted in MeCN/DMSO (v:v = 99:1) (Figure 3-28). It reaches the equilibrium
within 4 min, which is a bit slower than that of Rho-1. This probably can be attributed to
larger steric effect of the sugar moiety in Rho-2 than that of Rhe-1. Fluorescence titration of
Rho-2 with Hg*" was also carried out in MeCN/DMSO (v:v = 99:1). As presented in Figure
3-29, initial addition of 2 uM Hg”" just results in slightly enhanced fluorescence at 580 nm.
However, dramatic increment of fluorescence intensity can be observed with concentrations
of Hg®" ranging from 2.0 to 10.0 pM and it reaches a plateau when [Hg”'] exceeds 10 pM.
From the comparison of metallo-responsive properties of Rho-1 and Rho-2, we can

demonstrate that triazole group and carbonyl group play crucial roles as binding sites to Hg*",
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whereas the sugar moiety just makes a minor contribution.
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Figure 3-27. Fluorescence spectra of Rho-2 in the presence of various metal ions in MeCN/DMSO (v:v =
99:1) under irradiation with 313 nm light for 3 min (irradiation power 33.6 mW) at ca.18 °C; [Rho-2] = 10
uM, [Hg*1 =20 uM, [M™] =40 uM and Aex = 555 nm.
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Figure 3-28. Kinetics profile of Rho-2 in the presence of Hg*" in MeCN/DMSO (v:v = 99:1) under
irradiation with 313 nm light (irradiation power 33.6 mW) at ca.18 °C; [Rho-2] = 10 uM, [Hg2+] =40 uM
and Ae = 555 nm.
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Figure 3-29. Fluorescence spectra of Rho-2 in the presence of various concentrations of Hg®' in
MeCN/DMSO (v:v = 99:1) under irradiation with 313 nm light for 3 min (irradiation power 33.6 mW) at
ca.18 °C; [Rho-2] = 10 uM and A, = 555 nm.
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3.3.5. Sensing mechanism of Hg”** based on Rho-1

Based on the above spectral investigations, we postulate that triazole and carbonyl group
in the spirolactam ring are the binding sites for Hg”". Upon complexation with Hg”', it
promotes the ring-opening of spirolactam under UV irradiation. However, the exact sensing
mechanism is much more complicated than we have expected. Figure 3-30 shows the assay of
Rho-1 to Hg”" in pure MeCN without any DMSO. Upon addition of Hg*" but before
irradiation with UV lamp, very weak emission (absorbance at 555 nm lower than 0.01) at 580
nm appears due to the very slow metal-induced transformation of spirolactam to opening
forms. It’s quite strange to find that after irradiation at 311 nm for 2 min, a remarkable
fluorescence quenching rather than fluorescence enhancement was observed, inconsistent
with the previous results when there was small percentage of DMSO. The decreased
fluorescence intensity may be attributed to the photobleaching of rhodamine fluorophore.
Anyhow, this result clearly illustrates that the small amount of DMSO in the system is crucial
to photochromism. To get insight into the binding interaction, stepwise addition of DMSO and
Hg2+ to the solution of Rho-1 was carried out. As shown in Figure 3-31, introduction of 10 uL
DMSO to 2.5 mL MeCN solution of Rho-1 causes no change, indicating no solute-solvent
interaction in the ground state. Subsequent addition of Hg*" induces obvious absorption
change (Figure 3-34), demonstrating the complextion between Rho-1 and Hg*". However,
very slight fluorescence enhancement at 580 nm is observed, indicating Hg*-induced
ring-opening process proceeds very slowly. Dramatic increment of fluorescence is attained
after irradiation for 0.5 min, demonstrating that DMSO interacts with Rho-1-Hg*" complex in
the excited state. We have observed that Hg”" is unable to efficiently induce ring-opening of
Rho-1 in pure MeCN even under irradiation; whereas further addition of 25 uL DMSO to the
solution containing Rho-1-Hg®" complex induces great fluorescence enhancement after
irradiation for 2 min (Figure 3-32), further confirming the important role of DMSO for this
photochromism. Selectivity examination shown in Figure 3-25 illustrates that interaction with
Hg”" is also a prerequisite for the subsequent photochromism. Therefore it can be concluded
that the coexistence of both DMSO and Hg*" is necessary for the photochromism of Rho-1
and DMSO is thought to interact with Rho-l—Hg2+ complex in the excited state.
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Figure 3-30. Fluorescence spectra of Rho-1 at ca. 20°C in pure MeCN, in the presence of Hg*" and under

irradiation with 313 nm (excitation power 34.0 mW); [Rho-1] = 10 uM, [Hg”"] = 40 uM, fluorescence

spectra excited at Ao, = 555 nm.

Fluorescence Intensity, a.u.

500

300

200

100

Fd 1
! A
— F\I‘wd
- Rho-1 + 10uL DMSO

L
L i

]

]

T

! 0

] -~

[} -

—y—
[l

N Rho-1 + 10uL DMSO + Hg™
i -~ -RhoA + 10uL DMSO + Hg"' irradiated for 0.5 nin
f L)

Wavelength, nm

650

Figure 3-31. Fluorescence spectra of Rho-1 at ca. 20 °C in MeCN (2.5 mL), in the presence of DMSO,

after addition of Hg”" and under irradiation with 313 nm for 0.5 min (excitation power 30 mW); [Rho-1] =

10 pM, [Hg”"] = 40 pM, fluorescence spectra excited at Ay = 555 nm.
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Figure 3-32. Influence of fluorescence spectra of Rho-1 at ca. 20°C in 2.5 mL MeCN, in the presence of

Hg”" under irradiation with 313 nm (excitation power 30 mW, 2 min), with or without DMSO (25 pL);

[Rho-1] =10 uM, [Hg*] = 40 uM, fluorescence spectra excited at Aex = 555 nm.
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So how DMSO functions in the photochromic process? As shown in Figure 3-33, addition
of CF;COOH to the solution of Rho-1 can efficiently promote the photochromic
transformation in pure MeCN under illumination. It has been reported that DMSO can react
with reactive oxygen species such as H,O, and hydroxyl radical to produce some acidic
species.”®*’ All the assays above are performed under aerobic condition. It’s possible that the
oxygen contained in the solution can be transferred into reactive oxygen species under UV
irradiation. Herein, we compare the photochromic transformation of Rho-1-Hg”" under Ar
and aerobic conditions. As shown in Figure 3-34, bubbled with Ar for 3 min, the
photochoromic process becomes more efficient than that under aerobic conditions, excluding
the possibility that degradation of DMSO by reactive oxygen species results in acidic
compounds and induces the photochromic transformation. The other evidence comes from the
selectivity of Rho-1 to Hg*". Assuming that acidic species from the degradation of DMSO is
the only reason for promoting photochromic reaction, then all the tested metal ions would
equally have the same effect on the phtochromic process. Furthermore, it should be noted that
sometimes a certain amount of acidic species are contained in Hg(ClO4)a, so is it possible that
the photochromic reaction is promoted by these acidic species rather than the complexation of
Hg*™? As we can see from the Figure 3-30, no photochromic process was observed in pure
MeCN, illustrating that the complexation is the reason promoting photochromic process.
Nevertheless, the highly polar DMSO could complex with Hg*" which might facilitate the
lactame ring-openning. Together, we here conclude the possible sensing mechanism, as
depicted in Scheme 3-5. Upon complexation with Hg®’, ring-opening of the resultant
Rho-1-Hg*" complex proceeds very slowly at room temperature in MeCN/DMSO (99:1),
taking about 26 hours to attain the equilibrium. However, after irradiation at 311 nm,
Rho-1-Hg*" is transferred into excited state, followed by interaction with DMSO and

subsequently caused the fast cleavage of the C-N bond in the spirolactam ring.
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Figure 3-33. Absorption spectra of Rho-1, in the presence of CF;COOH and under irradiation with 313 nm

(excitation power 30 mW, 2 min) at ca.20°C; [Rho-1] = 10 uM, [CF;COOH] = 0.1 mM, fluorescence
spectra excited at Ao, = 555 nm.
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Figure 3-34. Absorption spectra of Rho-1-Hg”" in MeCN/DMSO (99:1), under aerobic and Ar condition

after irradiation with 313 nm (excitation power 30 mW, 2 min) at ca.20°C; [Rho-1] = 10 uM, [Hg2+] =40

1M, fluorescence spectra excited at Aoy = 555 nm.
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Scheme 3-5. Schematic illustration of the proposed sensing mechanism.
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Considering the important role of DMSO in the photochromic transformation, we also
examined the photochromic behavior of Rho-1-Hg*" in MeCN/DMSO (1:99), as shown in
Figure 3-35. Very weak absorption band at 560 nm was observed after irradiation at 311 nm
for 2 min. When compared with the results in MeCN/DMSO (99:1), it is found that the
photochromic conversion efficiency is greatly decreased. This may be related to the different
thermal stability of ring-opening form of Rho-1 in MeCN and DMSO, as we can always see
that the color of the stock solution in DMSO is colorless (spirolactam) while it’s pinkish
(partially ring-opening) in MeCN.
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Figure 3-35. Absorption spectra of Rho-1 at ca. 20°C in MeCN/DMSO (1:99), in the presence of Hg*", with
and without irradiation at 313 nm (excitation power 30 mW) for 2 min; [Rho-1] = 10 uM, [Hg*"] = 40 uM.

3.3.6. Conclusion

The galactosyl rhodamine derivatives Rho-1 and Rho-2 synthesized by click chemistry
were explored to study their sensing applications. It was found that Hg*" was capable to
induce the ring-opening of Rho-1, with the appearance of strong absorption band at 555 nm
and emission band at 580 nm after 26 h incubation at room temperature. In order to reduce the
response time, photochromic approach was utilized. The results demonstrated that the
spirolactam ring opening was dramatically accelerated by irradiation at 313 nm in the
presence of Hg*", reducing the response time to 2 min in MeCN/DMSO (99:1). Selectivity of
Rho-1 and Rho-2 towards Hg*" has also been demonstrated, except Cu’" other metal ions
showed almost no influence on the photochromic process. Detailed investigation on its
sensing mechanism indicates that small amount of DMSO plays an important role during the
photochromic transformation. It’s thought to react with excited Rho-1-Hg”" and accelerate the
ring-opening of spirolactam. To the best of our knowledge, this is the first example of

Hg”*"-promoted photochromism of rhodamine derivatives.
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3.4. Pyrene-Triazole based Hg”* chemosensor

3.4.1. Introduction

Cyclodextrins (CyDs) are one of the most commonly used building blocks in

30,31,32,33,34 SRS - g
=227 They are cyclic oligosaccharides, usually consisting of

3435
6.7

supramolecular chemistry.
six to eight glucopyranose units liked by a-1,4-glycosidic bonds, as shown in Scheme 3-
The shape of CyDs resembles that of a truncated cone, displaying a wider rim composed by 2-
and 3-OH groups and narrower rim composed by 6-OH group. The difference in the primary
and secondary hydroxyl groups allows the selective functionalization on different rims.
Various developed synthetic protocols on CyDs boost their applications in host-guest
chemistry. One of the most important properties is their capability of encapsulating various
inorganic/organic species within their hydrophobic cavity.”*?’ The cavity size of CyDs
depends on the number of glucopyranose repeating units. For 3-CyD, its cavity diameter is
0.62 nm, which is suitable to capture naphthalene molecules. Based on the size match effect,
extensive fluorescent chemosensors have been constructed for selective recognition of
specific analytes. Besides as the receptors in molecular recognition,”® CyDs are also widely
used as building blocks to construct molecular devices.” Installation of multichromophores
onto B-CyD has attracted much attention due to the interesting photophysical properties
resulted from the mutual interaction of the chromophores in the ground and excited state. A
series of works has been done by Valeur et al to investigate the excitation energy transport
among the attached chromophores.””*'*** Pyrene represents one of the most versatile
aromatic fluorophores due to its unique ratiometric properties based on exchange of monomer

44,45

and excimer emission. However, rare examples have been reported by integration of multi

pyrene fluorophores onto the CyDs rim through covalent bonds. Inspired by our previous

4647 and their

work on appending different fluorophores onto CyDs through click chemistry
interesting spectral behavior to metal ions, herein seven 1-ethynylpyrene units are covalently
attached to B-CyD’s narrow rim by click reaction. The assembly of the pyrene fluorophore is
designed to provide unique spectral properties, constructing an excellent signal transducing
platforms for metal ions. Furthermore, the resultant seven triazole groups are located on the
narrow rim of B-CyD, forming a preorganized structure and multiple binding sites for metal

ions and might possibly increase the sensing selectivity and sensitivity.
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Scheme 3-6. Molecular structure of CyDs.

3.4.2. Synthesis of CDPy (by Stéphane Maisonneuve)

As shown in Scheme 3-7, pyrene aldehyde was solubilized in a mixed of MeOH/DCM
then reacted with potassium carbonate and Bestmann-Ohira reagent at room temperature.
After 3h stirring (TLC monitoring), the mixture was neutralized to pH 7-8 using a HCI 4M
solution to afford the pyrene alkyne 52. Per-(6-azido)-B-CyD 53, Cul and -BuOH were then
added to make a click reaction. After 5h the reaction mixture was treated by EDTA 0.1 M and
extracted by DCM. Organic layers were combined and washed with brine, dried over MgSOa.

The solvent were evaporated under vacuum to obtain CDPy in a 90% yield.
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Scheme 3-7. Synthesis of CDPy.

3.4.3. Photophysical properties of CDPy

Though it has been reported that the position of chromophores is much better spatially
defined in the multichromophoric B-CyD, orientation of pyrene moieties may be changed by
the surrounding environment such as solvent polarity and hydrogen bonding interaction,
which consequently may alter the intramolecular interaction between different pyrene units
and the stable assembled structures. Solvatochromism of CDPy was carried out in 9 different
organic solvents. The results are collected in Table 3-3, Figure 3-36 and Figure 3-37. As can

be seen from Table 3-3 and Figure 3-36, CDPy consistently exhibits a broad absorption band
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at ca. 347 nm. Small blue shift of the absorption band is observed in protic solvents (MeOH
and EtOH), which might be attributed to the intermolecular hydrogen bonding interaction
between CDPy and solvents. The extinction coefficient in MeOH is a little lower than those in
toluene and dioxane. Anyhow, the loss of the structured shape of the absorption band is
observed when compared with those of unconjugated pyrene chromophores, indicating

electronic coupling between pyrene and triazole moieties.

Ao Amax Ahp-a €00
Solvents dr
[nm] [nm] [em™] [L.mol".cm™]
MeOH 343 489 8704 1.44 x 10° 0.18
EtOH 343 489 8704 nd 0.22
Toluene 346 492 8576 1.59 x 10° 0.26
MeCN 345 492 8660 nd 0.14
Dioxane 347 488 8326 1.67 x 10° 0.45
DCM 347 492 8493 nd 0.35
CHCl; 349 492 8328 1.42 x 10° 0.22
DMSO 349 497 8532 nd 0.44
THF 347 492 8493 nd 0.26

Table 3-3. Photophysical data of CDPy in different organic solvents, quantum yields were determined

using quinine sulfate as reference, nd = not determined.
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Figure 3-36. Absorption spectra of CDPy in different organic solvents; [CDPy] =2 uM.

As presented in Table 3-3, the maximum emission bands of CDPy appear mostly at 492
nm. A little blue shift is observed in MeOH and EtOH, while a little red shift exists in DMSO,
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which are consistent with the results of absorption spectra. Distinct differences can be easily
found for the emission patterns in different solvents (Figure 3-37). Remarkable monomer
emission bands at 388 nm and 410 nm are observed in dioxane, and moderate intensity of
monomer emission in THF, toluene and CHCI;. In strongly polar solvents like DMSO, MeOH
and EtOH, the monomer emission is much less important than that of the excimer. This means
that CDPy in different solvents may adopt different structural conformations, and in polar
solvent pyrene fluorophores stack more strongly than that in less polar solvents. The
determined fluorescence quantum yields range from 0.14 to 0.45, with the largest value (0.45)
in dioxane and lowest (0.14) in MeCN. The difference in fluorescence quantum yields may be
due to the different conformations induced energy transfer and the different strength of the

intramolecular interactions.
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Figure 3-37. Fluorescence spectra of CDPy in different organic solvents; [CDPy] = 2 uM, excited at

corresponding maximum absorption wavelength.

3.4.4. Structural conformation of CDPy

It’s quite important to obtain the structural information of CDPy in solutions before we
start to study its complexation properties. The above absorption and emission spectra have
already indicated that structural conformation of CDPy is dependent on solvent medium.
Importantly, excimer emission is always much higher than that of the monomer, suggesting
that seven pyrene fluorophores on the narrow rim are very crowded. However, more detailed
evidences are highly desirable to understand its conformation in solutions. NMR spectroscopy
has become the most important method for structural elucidation of CyD in the solution.*”* In
order to investigate the orientation of pyrene moieties on the rim, NOEs (Nuclear Overhauser

effects) experiment was taken to provide information about through space interaction. No
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cross coupling is observed between pyrene and CyD (Figure 3-38), indicating that pyrene
moieties are out of the CyD cavity. However, due to the large molecular weight of CDPy
(3482 D), 2D ROESY NMR experiment (suitable molecular weight range: roughly

1000-3000D) needs to be carried out to get more precise information.
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Figure 3-38. NOESY spectra of CDPy in CDCls.

Induced circular dichroism (ICD) has been proved to be an efficient spectroscopic tool to
study the orientation of the achiral chromophoric guest on CyD rims.*”%'"? A rule has been
established by Harata for the prediction of structure from ICD when the chromophore is
included within the CyD. It predicts that ICD signal will be positive when the electronic
transition dipole moment is parallel to the principal axis of CyD and negative when the
electronic transition dipole moment is perpendicular to the axis. However, according to the
treatment of Kodaka, when a chromophore is outside the cavity of CyD, the sign of the ICD
will become reverse.”’ Analysis of NOESY spectra of CDPy in CDCl; have demonstrated that
pyrene chromophores stayed outside of the cavity of CyD. Figure 3-39 shows ICD spectrum
and corresponding UV/Vis absorption spectrum of CDPy in MeOH. The major electronic
transitions of CDPy are 'By, and 'L, peaks observed at 278 and 343 nm, respectively. It’s
known that le transition of pyrene is polarized along the short axis and the 1La transition is
polarized along the long axis. CDPy exhibits a negative ICD at the 'L, transition around 343
nm, indicating that the 'L, transition moment of pyrene fluorophores aligns in parallel with

primary CyD axis, as shown in the schematic illustration in Scheme 3-8.
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Figure 3-39. Absorption and circular dichroism spectra of CDPy in MeOH, [CDPy] =2 uM.

Scheme 3-8. Schematic illustration of molecular structure of CDPy.

Temperature-dependent fluorescence spectra were also recorded to investigate its structure
in solution. As shown in Figure 3-40, the ratio of excimer and monomer is almost unchanged
under 50°C and decreases with further increasing temperature, demonstrating that increasing
the conformational flexibility by heating should increase the distance between pyrene units on
the rim. In other words, the pyrene moieties at room temperature should interact with each

other in the vicinity more strongly than at high temperature.
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Figure 3-40. Variable-temperature emission spectra of CDPy in DMSO, [CDPy] =2 uM .
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3.4.5. Complexation properties of CDPy

The metallo-responsive properties of CDPy was examined in MeOH by screening a series
of metal ions, such as Hg”", Cu®", Zn*", Pb*, Cd*", Ni*", Co™", Mn*", Ag’, Fe*", Mg”", and
Ba®". As shown in Figure 3-41, the addition of Hg*" causes almost complete quenching of
excimer emission and Ag” to a lesser extent, while Cu”" leads to a slight quenching and other
tested metal ions show no influence on the emission of CDPy. Considering the practical
applications, competition experiment was also carried out. As presented in Figure 3-41 (c), the
presence of excessive competing metal ions shows consistently no interference on the spectral

response of CDPy to Hg”" except Ag” which produces a slight anti-quenching effect.

250 | CDPy, Zn”, Pb™ Cd", Co™ Mn® Fe Mg” Ba™
3 N
© 200 /Cu:'\\
= [
B f \
| =
& 150} / \
< i\
8 / \\
=

100 - -
: [ 2
[ 4
5 /
2 sof / \
w

Hg:- \H"‘“n__\__\_
. i ——]

4] e - —
350 400 450 500 550 600 650

Wavelength. nm

AA,

n LS . o o o 9 Pt o x L3 o
B R e I IR I R R

b B e I B R Rl T o

PP e S

Figure 3-41. Selectivity (top) and competition (bottom) experiments of CDPy to a series of cations in

MeOH; [CDPy] = 2.0 uM, [Hg?'] = 40 uM, [M"™"] = 80 pM, hex = 343 nm.

Solvatochromic investigation on CDPy has demonstrated that different conformations of
pyrene moieties on the rims may occur, which might consequently affects the selectivity of
CDPy to metal ions. Toluene is selected for comparison with MeOH, as we can see that
CDPy exhibits much more intense monomer emission in toluene than in MeOH. Figure 3-42

shows the selectivity of CDPy to metal ions in toluene. Quite similar to the results in MeOH,
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the introduction of Hg”" induce the most efficient fluorescence quenching, followed by Ag”
and Cu”". Other metal ions exhibit no effects. The similarity of the selectivity indicates that
conformational difference between MeOH and toluene is not large enough to create a new

geometric binding structure.
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Figure 3-42. Selectivity of CDPy to a series of cations in toluene, [CDPy] = 2.0 uM, [Hg%] =40 puM, [M"]
=80 UM, Aex = 348 nm.

Although the selectivity of CDPy does not differ from MeOH to toluene, the responsive
properties of CDPy toward Hg*" may be affected by the solvent environment such as the
solvation of Hg®". Figure 3-43 compares the spectral response of CDPy to Hg”™ in nine
different organic solvents from both absorption and fluorescence spectra. No spectral change
is observed before and after addition of Hg2+ to CDPy in DMSO while complete fluorescence
quenching is obtained in CH,Cl,, dioxane, toluene, MeOH, and EtOH. In other solvents
fluorescence quenching with different extents is observed by following the order: THF <
CHCIl; < MeCN. In accordance with the emission spectra, the absorption bands of CDPy in
different solvents decrease in the presence of Hg*". Spectral patterns of the resultant complex

are different from each other.
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Figure 3-43. Absorption (top) and fluorescence (bottom) spectra of CDPy alone (solid line) and
CDPy-Hg"" (dash line) in different organic solvents, [CDPy] = 2.0 uM, [Hg*'] = 40 pM, excited at

corresponding maximum absorption wavelengths.

In order to get insight into the binding process of CDPy to Hg**, spectral titrations were
conducted in different solvents. Figure 3-44 depicts the absorption and fluorescence titrations
of CDPy with the gradual addition of Hg*" in MeOH. When Hg*" concentration is lower than
10 uM, almost no change is observed for both absorption and emission spectra. Further
addition of Hg*" then causes decrease of maximum absorption band and dramatic quenching
of the excimer emission, and surprisingly, it quickly reaches a plateau after 15 uM. The
individual unit concentration of pyrene moiety is calculated to be seven folds of CDPy, that is

14 uM, which means that 1 molar Hg*" can quench ca. 1 molar of pyrene.
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Figure 3-44. Absorption (top) and fluorescence (bottom) spectra of CDPy with increasing concentrations

of Hg”" in MeOH; [CDPy] = 2.0 uM, Ao = 343 nm.

Spectral titration in dioxane was also carried out, as shown in Figure 3-45. CDPy exhibits
a little more structured absorption band than those in other solvents, accompanying with
stronger monomer emission band. With the addition of increasing concentrations of Hg*",
absorbance of the maximum band at 347 nm decreases and two clear isosbestic points are
observed at 332 and 380 nm, indicating the interconversion of free ligand and the bound
complex. The silent spectral response of CDPy to Hg" in the range of low Hg”" concentration
as observed during the titration in MeOH (Figure 3-44) disappears in dioxane. In contrast, it
reaches the equilibrium very quickly when the concentration of Hg”" is 5 uM. Therefore 5 pM
Hg”" is enough to affect 2 uM CDPy with 14 uM pyrene moieties, demonstrating that signal
amplification or as called superquenching exists in this system. By assembling seven pyrene
units on the CyD primary rim, the exciton may move among different pyrene units due to
their close vicinity in the excited state. This phenomenon has been widely reported in

fluorescent conjugated polymers, but rarely in the supramolecular structures.
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Figure 3-45. Absorption (top) and fluorescence (bottom) spectra of CDPy with increasing concentrations

of Hg*" in dioxane; [CDPy] = 2.0 pM, Aex = 348 nm.

Toluene as an aromatic solvent has been demonstrated to form exciplex with the excited ICT
fluorophores.® Assuming that toluene may insert into the gap between different pyrene moieties
and help the exciton transfer, higher sensitivity might be obtained when the titration is performed
in toluene medium. As shown in Figure 3-46, complete quenching reaches very fast as in toluene,
but at even lower concentrations (4 uM), indicating that the solvent medium may help the excition
transfer in the excited state. The efficiency of signal amplification is then further increased, also
giving hints for the design of condense stacking of pyrene as more efficiently sensing platform.
On the other hand, the increased quenching efficiency in toluene may de caused by the difference

in ionic solvation.
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Figure 3-46. Absorption (top) and fluorescence (bottom) spectra of CDPy with increasing concentrations

of Hg*" in toluene, [CDPy] = 2.0 UM, Ao = 348 nm.

Considering the practical applications of CDPy in detection of Hg", the spectral titrations
were further performed in water containing medium. Figure 3-47 demonstrates the titration of
CDPy with Hg*" in MeOH/H,0 (9:1, v/v). It’s obvious that the addition of Hg*" can cause the
fluorescence quenching, however with a much lower sensitivity when compared with that in pure
MeOH. As presented in Figure 3-48, titrations in dioxane/H,O (9:1, v/v) show the similar spectral
behavior as that in dioxane, however, with lower sensing sensitivity. It’s therefore that sensitivity

of CDPy to Hg”" is significantly affected by the solvent medium.
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Figure 3-47. (a) Fluorescence spectra of CDPy in CH;0H-H,O (9:1, v/v) in the presence of various
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Figure 3-48. Absorption and fluorescence spectra of CDPy in dioxane-H,O (9:1, v/v) in the presence of

various concentration of Hg2+; Aex =347 nm, [ CDPy | =2.0 uM.

The binding process of CDPy to Hg”" in MeOH was monitored by using circular
dichroism spectra, as shown in Figure 3-49. CDPy alone shows negative bands at around 357,
278, and 250 nm and a positive band at 233 nm. The induced circular dichroism intensities of
positive and negative peaks of CDPy enhance with increasing concentrations of Hg”",
suggesting that interaction of pyrene units in close proximity becomes stronger or pyrene

units are closer to the rim of CyD cavity upon complexation with Hg”".
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Figure 3-49. Circle dichroism spectra of CDPy in presence of increasing concentrations of Hg”" in CH;OH.

[CDPy] = 2.0 uM, [Hg*'] = 0-30 pM.

Inclusion compelxation is one of the most fascinating characters of CyD, based on binding
guest molecules into the hydrophobic cavity. Herein, we envision that the introduction of new
binding site by an additional ligand can improve the sensing performance of CDPy.
Meanwhile considering the strong binding ability of carboxylic acid, different aromatic acids
which are likely to be included into the CyD cavity were selected to take tests. As shown in
Figure 3-50, the hypothesis is examined in MeOH. However, only very little change is
observed in the presence of different acids as the second ligand. This may be attributed to the
following explanations: (1) acetylation of secondary rim of B-CyD leads to a large steric
hindrance and disables the inclusion complexation; (2) CDPy shows low binding ability to
the tested carboxylic acids due to the mismatch of size; (3) the inclusion complex formation is
trivial in methanol; (4) the introduction of additional binding site does not necessarily change
the binding processes. More detailed experiments are going to be carried out to get more

evidences of this binding process.
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Figure 3-50. Plot of fluorescence intensity CDPy at 488 nm as a function of concentrations of Hg*" in

CH;O0H in the presence of 2.0 uM second ligand, [CDPy] = 2.0 uM, Aex =311 nm.
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Finally, the ensemble of CDPy-Hg”" complex was utilized to test whether it was capable
of discriminating enantiomers of amino acids due to the chirality transfer from CyD to
pyrene-triaozle moiety, as evidenced from the circular dichroism spectra. As shown in Figure
3-51, addition of either enantiomers (D/L) of cysteine recovers the comparable fluorescence
intensity. GSH and homocysteine (HCys) can also almost completely restore the emission. No
chiral discrimination of analytes may be due to the strong binding ability of Hg”" to the thiol

group in these amino acids.
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Figure 3-51. Fluorescence spectra of CD-Py before and after addition of Hg®’, then L-Cys.HCI,
D-Cys.HCI, HCys, GSH. [CD-Py] = 2.0 uM, [Hg*"] = 30 uM, [Amino Acids] = 30 pM.

3.4.6. Conclusion

Click chemistry was utilized to attach pyrene fluorophores to the primary rim of B-CyD to
give a novel fluorescent chemosensor CDPy. Its structural confirmation has been studied by
UV/vis, fluorescence, NOESY NMR and circular dichroism spectra, which demonstrate that
pyrene moieties align along the primary axis of B-CyD and strong interaction is observed
between different pyrene units in the excited state. Metallo-responsive properties of CDPy
shows that it exhibits high selectivity to Hg*" in both MeOH and toluene, which was further
confirmed by a competition experiment. Investigation of the spectral response of CDPy to
Hg™" in different solvents demonstrates that sensing sensitivity is strongly depended on the
solvent medium. More importantly, signal amplification (superquenching) was inferred from
the spectral titrations, suggesting that such an assembling approach may provide a new
platform for the sensing applications. More detailed investigations on this system will provide
more useful and solid information and promote the further exploration of chemosensors by

modification on macrocylic compounds with click chemistry.
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3.5. Benzothiadiazolyl-Triazole based chemosensors

3.5.1. Introduction

With increasing demand in pursuing excellent fluorescent chemosensors for the detection
of biologically and environmentally analytes, modular approaches have offered the possibility
for rapidly constructing sensor molecular libraries. Among them, Cu(l)-catalyzed
Azide-Alkyne Cycloaddition (CuAAC) represents one of the most efficient approaches for
chemical transformation to create new fluorescent molecules with desired spectral

4618475435 When the triazolyl moiety is conjugated with chromophores, the

properties.
extended aromatic systems reduce the energy gap of m-m* transition, thereby resulting in red
shift of the excitation and emission wavelength maxima. As we have discussed in the Chapter
2, the conjugation of triazole with pyridine and benzothiadiazole has led to two new
fluorescent chemosensors for the selective recognition of Zn*" and Ni*", respectively. For the
flexible modulation of spectral properties by formation of triazolyl moiety, detailed
investigation on the influence of triazole on benzothiadiazoyl moiety will be presented in this

section as an example to demonstrate rational design of new fluorophores by click reactions.

In the last three sections of this chapter, we have focused on the utilization of triazole as
the sole binding site and they consistently show selective response to Hg*". This is quite
different from the benzothiadiazole-triazole fluorophore where preorganized structure
between benzothiadiazole and triazole forms. It shows response to a series of transition metal
ions, such as Cu®", Ni*" and Hg*". In order to investigate how the triazole and the terminal
binding groups affect the binding properties, spectral investigation based on a series of
benzothiadiazole-triaozle derivatives was carried out to illustrate a rational design. The

molecules involved in this work are presented in Scheme 3-9.

3.5.2. Synthesis of Benzo-x derivatives (by Chun Li and Yanhua Yu)

1,4-Disubstituted 1,2,3-triazole derivatives (Benzo-1 to Benzo-4 and Benzo-8 and 9) were
obtained by click reaction between the corresponding alkyne-fonctionnalised fluorophore
with azido aminoesters, catalyzed by CuSO4-5H,O and Na ascorbate in CH,Cl,/H,O
(1:1),56:18

1,5-Disubstituted 1,2,3-triazole derivatives Benzo-5 — Benzo-7 were prepared by reacting

alkyne-fonctionnalised fluorophore 55 with azido aminoester 44 catalyzed by
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Scheme 3-9. Molecular structures and synthesis of Benzo-x.

3.5.3. Photophysical properties of Benzo-x series

As we have mentioned above, the incorporation of triazole can extend the conjugation of
the aromatic system. In order to rationally design fluorophores containing triazole,
investigation on how triazole moiety influences the spectral properties of benzothiadiazole
was carried out based on mono-substituted (Benzo-1) and bis-substituted 1,4 (Benzo-2 -
Benzo-4) and 1,5 (Benzo-5 - Benzo-7) regioisomers. With these molecules in hands, we

started to examine spectral properties of various fluorophores.

Photophysical data of Benzo-1 and Benzo-2 are collected in Figure 3-52 and Table 3-4.
Precursor of click reaction Benzo-alkyne exhibits an absorption band at 347 nm and an
emission band at 425 nm in MeCN. After transformation of the alkyne group into triazole
group by click chemistry, Benzo-1 shows a red-shift absorption band at 355 nm and an
emission band centered at 469 nm with the quantum yield up to 0.61 in MeCN. This is
consistent with the fact that formation of triazole moiety enhances aromatic conjugation due
to replacement of electron-withdrawing alkyne group by electron-donating triazole group.’®
Based on the phenomenon, it is supposed that the bis-substituted 1,4-triazolyl

benzothiadiazole derivatives may have better spectral properties, with more red-shifted
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excitation and emission wavelengths. In line with our assumption, Benzo-2 with two
conjugated triazole groups shows an absorption band at 401 nm and an emission band at 522
nm in MeCN, which are more red-shift than that of Benzo-1 by 40 nm for absorption
spectrum and 53 nm for the emission band. Its quantum yield is determined to be 0.86. This
can be attributed to a more reduced energy gap when the second triazole is anchored.
Therefore increasing number of triazole moiety directly conjugated with benzothiadiazole
leads to the red shift of both absorption and emission spectra while keeping high fluorescence

quantum yields.
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Figure 3-52. Absorption and fluorescence spectra of Benzo-1 and Benzo-2 in MeCN; [Benzo-1] =
[Benzo-2] = 10 uM.

7\4maxA 7\4mal)(F €00 (DF
Compounds
[nm] [nm] [L mol™ cm'l]
Benzo-alkyne 347 427 nd nd
Benzo-bisalkyne 376 457 nd nd
Benzo-1 361 469 6.0 x 10° 0.61
Benzo-2 401 522 1.06 x 10* 0.86

Table 3-4. Photophysical data of Benzo-alkyne, Benzo-bisalkyne, Benzo-1 and Benzo-2 in MeCN; nd:

not determined.

Substituent effect of the 1,2,3-triazole can possibly exert some influence on the electronic
distribution of the conjugated system. As shown in Figure 3-53 and Table 3-5, regioisomers
Benzo-2 (1,4-disubstituted) and Benzo-5 (1,5-disubstituted) exhibit very different spectral
properties. Benzo-5 shows an absorption band at 354 nm and an emission band at 475 nm
with the fluorescence quantum yield of 0.71. Large blue shifts are observed for both
absorption and emission spectra when compared with those of Benzo-2. Furthermore, the

extinction coefficient of Benzo-5 is about half (56%) of that of Benzo-2. They together
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demonstrate that the position of the substituent is of significant importance on the electronic

spectra.
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Figure 3-53. Absorption and fluorescence spectra of Benzo-2 and Benzo-5 in MeCN; [Benzo-2] =

[Benzo-5] = 10 uM.

}‘dmaxA 7‘-maxF €00 q)F
Compounds | |
[nm] [nm] [L mol” cm™ ]
Benzo-2 401 522 1.06 x 10* 0.86
Benzo-5 354 475 6.0 x 10° 0.71

Table 3-5. Photophysical data of Benzo-2 and Benzo-5 in MeCN.

Terminal amino acid moiety is another important constituent in this series of
benzothiadiazole-triazole derivatives. Investigation on the effect of amino acid moiety
imposed on the fluorescent core was also carried out. Benzo-3 and Benzo-4 were prepared by
deprotection of Benzo-2. As shown in Figure 3-54 and Table 3-6, they all show the absorption
and emission bands nearly at the same wavelength: ca. 400 nm and 522 nm, respectively.
However, fluorescence quantum yields and extinction coefficients are a bit reduced after
removal of the protection groups. This may be attributed to the formation of intramolecular
hydrogen bond between triazole and amino acid moiety. Anyhow, the terminal amino acids

moiety exerts little influence on properties of the fluorescent core.
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Figure 3-54. Absorption and fluorescence spectra of Benzo-2, Benzo-3 and Benzo-4 in MeCN; [Benzo-2]

= [Benzo-3] = [Benzo-4] = 10 uM.
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7\'maxA kmaxF €00 q)F
Compounds
[nm] [nm] [L mol™ cm'l]
Benzo-2 401 522 1.06 x 10* 0.86
Benzo-3 400 522 8.7x10° 0.69
Benzo-4 405 525 6.9 x 10° 0.38

Table 3-6. Photophysical data of Benzo-2, Benzo-3 and Benzo-4 in MeCN.

3.5.4. Complexation properties of Benzo-x series

In our previous sections, triazole moiety has been shown to be a flexible binding site for
metal ions, especially for Hg®*. When it was conjugated with benzothiadiazole,
metallo-responsive properties of these ligands changed a lot, as demonstrated by compound
42 in Chapter 2. In order to get insight into the structure-dependent binding selectivity and

sensitivity, metallo-responsive properties of a series of Benzo-x were examined.

3.5.4.1. Selectivity of Benzo-x series to metal ions

Figure 3-55 depicts fluorescence change of Benzo-1 in the presence of various metal ions
in MeCN. Consistent with our reported results, addition of Co®", Cu®", Hg*" and Ni*’
quenches the emission intensity to different extents by following the order of
Ni*">Cu*">Hg*"~ Co". It is postulated that the coordinate site of Benzo-1 for transition metal
ions is the preorganized binding pocket between benzothiadiazole and triazole. The selectivity
of Benzo-2 was also examined under identical conditions. Consistent with our expectation,
Benzo-2 shows exactly the same metallo-responsive selectivity as that of Benzo-1, as
illustrated in Figure 3-56. In contrast, Benzo-5 exhibits a great discrepancy, and only the
addition of Hg”>" can quench the emission intensity accompanied by a slight blue shift. By
comparison of the selectivity in this group, we can demonstrate a structure-dependent
selectivity in MeCN: the binding pocket formed between benzothiadiazole and 1,4-substituted
triazole shows moderate binding selectivity to Ni**, Cu®", Co®" and Hg*", independent on the
number of binding pockets; however, when the preorganized structure is destroyed in
Benzo-5, the sole triazole moiety shows selective response to Hg®' (Figure 3-57), in

accordance with our previous results presented in the last three sections.
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Figure 3-55. Fluorescence spectra of Benzo-1 in the presence of various metal ions in MeCN; [Benzo-1] =

10 uM, [M™]=0.2 mM, A, = 361 nm.
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Figure 3-56. Fluorescence spectra of Benzo-2 in the presence of various metal ions in MeCN; [Benzo-2] =

10 uM, [M"]=0.2 mM, A, = 400 nm.
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Considering the possibility of formation of intramolecular hydrogen bond between
triazole and the short arm alanine, Benzo-3 and Benzo-4 with partially deprotected alanine
were subjected to selectivity screening. As shown in Figure 3-58, Benzo-3 shows almost the
same selectivity as that of Benzo-2. Only the addition of Ni*", Hg*", Cu*" and Co>" quenches
the fluorescence emission. The difference between Benzo-2 and Benzo-3 is the quenching
ability of Hg”" which shows stronger quenching effect on Benzo-3. In contrast, the
complexation properties of Benzo-4, as presented in Figure 3-59, are more complicated than
Benzo-3. Beside fluorescence quenching caused by Ni*", Hg*", Cu*" and Co”", the addition of
Ag" and Fe*" can induce fluorescence enhancement. Anyway, participation of carboxylic acid
function to the complexation helps to increase the binding ability to Ni*" and Hg”" as inferred
from the stronger fluorescence quenching observed for Benzo-4, but reduces meanwhile its
selectivity. Therefore, selectivity of Benzo-x relies mainly on the preorganized structure and

terminal amino acid group is an auxiliary binding site.
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Figure 3-58. Fluorescence spectra of Benzo-3 in the presence of various metal ions in MeCN; [Benzo-3] =

10 uM, [M™]= 0.2 mM, Ao, = 400 nm.
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Figure 3-59. Fluorescence spectra of Benzo-4 in the presence of various metal ions in MeCN; [Benzo-4] =
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The minor contribution of amino acid moiety can be further confirmed by
metallo-responsive properties of Benzo-9, with more rigid phenylalanine to prevent the
co-binding of amino acid group with benzothidiazole-triazole. As shown in Figure 3-60,
Benzo-9 exhibits the same selectivity as that of Benzo-1, however, with lower sensing

sensitivity as inferred from the fluorescence quenching percentage.
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Figure 3-60. Fluorescence spectra of Benzo-9 in the presence of various metal ions in MeCN; [Benzo-9] =

10 uM, [M™]=0.2 mM, Aex = 361 nm.

3.5.4.2. Spectral titration of Benzo-x series with Cu®*, Hg*" and Ni**
Spectral titrations were carried out to get insight into the binding process between
Benzo-x and metal ions. Based on the selectivity screening results, Cu®’, Hg”" and Ni*" were

selected as the target cations.

Figure 3-61 presents the evolution of absorption and fluorescence spectra of Benzo-1 in
the presence of increasing concentrations of Cu*". With the gradual addition of Cu®’,
absorption band lower than 300 nm increases dramatically which extends to the main
absorption band of Benzo-1 lying in the range over 350 nm. This leads to the difficulty in
identifying the evolution of absorption band at 360 nm. However, it is clear that the addition
of Cu®" reduces gradually the fluorescence intensity, with 73% quenched at 0.4 mM. Titration
of Benzo-1 with Hg”" was carried out under same conditions, as shown in Figure 3-62. Only
25% fluorescence intensity is quenched after addition of 0.2 mM Hg*". Ni*" shows the most
remarkable influence on its spectra (Figure 3-63). Upon full complexation with Ni*, the
absorption titration spectra display a 5 nm red shift and about 85% emission intensity is
quenched at 0.4 mM Ni*". Several clear isobestic points were observed during the absorption
titration, indicating the interconversion of the free ligand and the bound complex. Non linear
regression analysis of the titrations with Cu®" and Ni*", as presented in Table 3-7,

demonstrates that Benzo-1 shows stronger binding ability to Ni*" (logk = 4.30) than Cu*"
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(logk = 3.77), which might be related to the size match between metal ions and the

preorganized binding pocket. This binding affinity for Ni*" is in the same range as that of

compound 40b (logK = 4.48, Figure 2-9, Chapter 2).*” Benzo-9 with a more rigid terminal

amino acid moiety shows the similar binding ability to the three tested metal ions, as depicted

in Figures 3-64 to 3-66 and Table 3-7.
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Figure 3-61. Absorption and fluorescence spectra of Benzo-1 in the presence of increasing concentrations

of Cu®" in MeCN; [Benzo-1] = 10 uM, Aex = 360 nm.
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Figure 3-62. Absorption and fluorescence spectra of Benzo-1 in the presence of increasing concentrations

of Hg™" in MeCN; [Benzo-1] = 10 uM, Aex = 360 nm.
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of Ni*" in MeCN; [Benzo-1] =10 uM, Aex = 360 nm.
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Figure 3-64. Absorption and fluorescence spectra of Benzo-9 in the presence of increasing concentrations

of Cu®" in MeCN; [Benzo-9] = 10 pM, Ao, = 360 nm.
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Figure 3-65. Absorption and fluorescence spectra of Benzo-9 in the presence of increasing concentrations

of Hg™" in MeCN; [Benzo-9] = 10 uM, Aex = 360 nm.
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Figure 3-66. Absorption and fluorescence spectra of Benzo-9 in the presence of increasing concentrations

of Ni*" in MeCN; [Benzo-9] = 10 uM, Aex = 360 nm.
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Log K Cu? Ni**
Benzo-1 3.77 + 0.004 430+0.01
Benzo-2 3.93 +0.004 4.46 £ 0.01
Benzo-9 3.47+0.01 4.16 +0.003

Table 3-7. Binding constants of Benzo-1 and Benzo-2 with Cu®" and Ni*" in MeCN.

Spectral titrations of Benzo-2 with Cu®", Hg®" and Ni*" were carried out in MeCN. Figure
3-67 depicts the evolutions of absorption and fluorescence spectra in the presence of
increasing concentrations of Cu®". With increasing concentrations of Cu®", absorption of
Benzo-2 at 402 nm decreases and a new band centered at 417 nm appears, accompanied with a
well-defined isosbestic point. Meanwhile, its fluorescence intensity is gradually quenched. As
shown in Figure 3-69, Ni*" shows quite similar influence on the spectral properties of Benzo-2
as that of Cu®". In contrast, the addition of Hg*" only induced minor decrease of absorbance at
402 nm, accompanied by a less efficient fluorescence quenching (Figure 3-68). Non-linear
regression analysis of the fluorescence titrations based on 1:1 binding stoichiometry gave us the
binding constants: logK = 3.93 for Cu®" and logK = 4.46 for Ni*", as shown in Table3-7. By
comparison of the binding constants of different ligands (Benzo-1, Benzo-2 and Benzo-9) in
Table 3-7, we can demonstrate that the binding ability of Benzo-x to metal ions mainly
depends on the binding pocket, whereas it’s almost independent on the number of separated

binding sites and protected terminal amino acid moiety.

We further investigated how deprotected terminal amino acid moieties affected the binding
processes. Benzo-3 with protonated amino group and methyl protected carboxylic acid group
was also tested with Cu®", Hg2+ and Ni*" in MeCN (Figures 3-70 to 3-72). In the case of Cu”,
there is a slight decrease of absorbance at 402 nm with an isosbestic point at 432 nm while
fluorescence titration reaches the equilibrium at 1 equiv with ca. 43% fluorescence quenching.
In the presence of Hg*", a hypsochromic shift of the absorption band from 402 to 390 nm was
observed and fluorescence titration shows that it reaches equilibrium at about 2 equiv, resulting
in 78% fluorescence quenching and a blue shift from 520 to 509nm. Ni*" shows a similar

influence on Benzo-3 as that of Cu®", however, with a stronger fluorescence quenching effect.
Benzo-4 contains free carboxylic acid and amino group protected by Boc group. Its spectral
responses to Cu”", Hg*" and Ni*" were similarly carried out in MeCN. As shown in Figure 3-73

and Figure 3-75, addition of Ni*" or Cu®" gradually quenches the emission of Benzo-4. Worthy
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of notice is that the addition of Hg”" exerts quite different impact on its spectral properties
(Figure 3-74). When the concentration of Hg2+ is lower than 0.5 equiyv, it results in fluorescence
enhancement; however, when it exceeds 0.5 equiv, addition of Hg*" dramatically quench the

fluorescence intensity.

From the above results, we can conclude that amino acid moiety is not the crucial binding

site for metal ions, but the free carboxylic acid or amino group will affect the binding ability,

; 2+
especially for Hg™.
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Figure 3-67. Absorption and fluorescence spectra of Benzo-2 in the presence of increasing concentrations

of Cu*" in MeCN; [Benzo-2] = 10 uM, A = 400 nm.
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Figure 3-68. Absorption and fluorescence spectra of Benzo-2 in the presence of increasing concentrations

of Hg”" in MeCN; [Benzo-2] = 10 UM, A¢x = 400 nm.
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Figure 3-69. Absorption and fluorescence spectra of Benzo-2 in the presence of increasing concentrations

of Ni*" in MeCN; [Benzo-2] =10 uM, A = 400 nm.
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Figure 3-70. Absorption and fluorescence spectra of Benzo-3 in the presence of increasing concentrations

of Cu®" in MeCN; [Benzo-3] = 10 uM, Ae, = 400 nm.
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Figure 3-71. Absorption and fluorescence spectra of Benzo-3 in the presence of increasing concentrations

of Hg*" in MeCN; [Benzo-3] = 10 uM, Aex = 400 nm.
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Figure 3-72. Absorption and fluorescence spectra of Benzo-3 in the presence of increasing concentrations

of Ni*" in MeCN; [Benzo-3] = 10 uM, Ak = 400 nm.

250
525 nm L] 110
"
200
S
@ —408
"E 150 |
.
g 1 Jos <
<L
§ 100 | '
2 X .
§ \e {04
4 -
i 50 | - R J.._..
i b &
N L IRPE |
' L " A L A bt '8 A

0 v 1
450 500 550 600 650 0 50 100150200250300350

2w,
Wavelength, nm FEu™] oM

Figure 3-73. Fluorescence spectra of Benzo-4 in the presence of increasing concentrations of Cu®" in

MeCN; [Benzo-4] = 10 uM, A, = 405 nm.
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Figure 3-74. Absorption and fluorescence spectra of Benzo-4 in the presence of increasing concentrations

of Hg™" in MeCN; [Benzo-4] = 10 uM, Aex = 405 nm.
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Figure 3-75. Fluorescence spectra of Benzo-4 in the presence of increasing concentrations of Ni*™ in
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Figure 3-76. Absorption and fluorescence spectra of Benzo-5 in the presence of increasing concentrations

of Hg™" in MeCN; [Benzo-5] = 10 uM, Aex = 355 nm.

For the selective response of Benzo-5 to Hg”" in MeCN, the spectral titration to Hg”" was
performed in MeCN. As displayed in Figure 3-76, with the increasing concentrations of Hg”",
the absorbance at 355 nm decreases, accompanying by a slight red shift about 3 nm.
Correspondingly, fluorescence quenching and slight blue shift from 477 to 473 nm are
observed with increasing concentration of Hg*". It’s worthy of notice that fluorescence
quenching commenced with 5 pM Hg”" and the further addition of Hg®" leads to 55%
fluorescence quenching. The absence of preorganization in 1,5-disubstituted triazole
stereoisomer leads to the loss of the cooperative coordination interaction. In this case, the

selectivity and sensitivity of Benzo-5 is dependent on triazole group but not benzothiadiaozle.
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Based on the results of Benzo-x series in organic medium, Benzo-8 was explored as a
chemosensor for Cu?" for the following considerations: firstly, incorporation of two triazoles
endows the excitation and emission wavelength in the visible regions; secondly, replacement
of the rigid amino group by long flexible lysine may provides additional binding sites; thirdly,
deprotection of the protected carbonyl group may facilitate the assay in water. A detailed

investigation on Benzo-8 was carried out as follows.

Benzothiadiazole has been well known for its strong electron-withdrawing character and
modulation of its chemical environment would easily change its spectral properties.”” It’s
assumed that in Benzo-8 an intramolecular charge transfer from triazole to benzothiadiazole
occurs. Solvatochromism of Benzo-8 was thus investigated in different solvents, as shown in
Figure 3-77. Its absorption bands show a slight blue shift with increasing solvent polarity
(negative solvatochromism) and especially remarkable in protic solvents like CH;OH and
H,0. But its emissive bands almost keep unchanged except a red shift in H;O. This might be
attributed to intermolecular hydrogen bonding interaction between solvent and solute and

different electronic transition states for the absorption and fluorescence.
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Figure 3-77. Normalized absorption and fluorescence spectra of Benzo-8 in different solvents.

Selectivity of Benzo-8 to metal ions was examined in MeCN. As shown in Figure 3-86,
very similar to that of Benzo-4, remarkable fluorescence quenching is observed in the
presence of Ni*", Cu®", Hg”", and Co”". Except Ag", other metal ions slightly quench its
fluorescence intensity. Spectral titrations with Cu®”, Hg*", and Ni*" in MeCN (Figures 3-79 to
3-81) demonstrate that the long armed terminal amino acid does not affect significantly the

binding process.

- 138 -



Chapter 3. Clickable Fluorescent Chemosensors for Detection of Heavy Metal Ions: Triazoles as Binding Sites
800
700 b — Blank 10
L —Ba
e N cu’
o 600 [ e 08
£ so0f Hg" .
e 24 (o]
2 [ Co 3
£ wol .- 2 os
8 i — 2 P
= N
8 300 I M £ o4
£ 200F -
= 3 —Ag 0.2
el
0 = L e i = 0.0
450 500 550 600 650 700 750

- x L
Q,\@Q © P

&

@ L v b v 2
F S @ B S

-
1&

Wavelength, nm

Figure 3-78. Fluorescence spectra of Benzo-8 in the presence of various metal ions in MeCN; [Benzo-8] =

10 uM, [M™]= 0.2 mM, L, = 405 nm
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Figure 3-80. Absorption and fluorescence spectra of Benzo-8 in the presence of increasing concentrations

of Hg*" in MeCN; [Benzo-8] = 10 UM, A = 406 nm.
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Figure 3-81. Absorption and fluorescence spectra of Benzo-8 in the presence of increasing concentrations

of Ni*" in MeCN; [Benzo-8] = 10 uM, A = 406 nm.

Considering the practical applications of chemosensors and solvent medium dependent
selectivity, we further investigated fluorescence changes of Benzo-8 in the presence of 20
equiv of selected cations in HEPES buffer solution at pH 7.4. As presented in Figure 3-82
(left), the fluorescence intensity was not affected by Hg*", Mn®", Mg*", Ba*", Cd*", Co*", Zn*"
and Pb*", and slightly quenched by Fe?", Ag” and Ni*". In contrast, a significant quenching
towards Cu”" was observed. The selectivity of Benzo-8 towards Cu®" was further ascertained
by the competition experiment by adding 20 equiv of Cu®’ion to the competing metal
jon-ligand mixtures, where the emission was quenched as that in the presence of Cu”"alone
(Figure 3-82 (right)). The significantly improved selectivity observed for Benzo-8 in HEPES
buffer solution when compared with that in MeCN, indicates that the selectivity of Benzo-8 is
closely related to solvent medium, which may change both the conformation of the ligand and
the metal ions solvation. Additionally, the flexible lysine group in Benzo-8 may participate

into complexation to increase its binding ability to Cu®" by their cooperativity.
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Figure 3-82. Fluorescence intensity change profiles of Benzo-8 in HEPES buffer solution at pH 7.4 with
selected cations in the presence and absence of cu. [Benzo-8] = 10 uM, [M"™] = 0.2 mM, A = 391 nm.
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Our previous results have shown that triazole and benzothiadiazole both contributed to the
coordination interaction with metal ions. Since the potential binding sites of the
nitrogen-containing compounds could be protonated under acidic condition and result in
changes of the photophysical properties and binding ability with metal ions, we firstly
investigated the pH effect on the free ligand Benzo-8. As shown in Figure 3-83, with
increasing pH values from 3.2 to 6.2, the absorption of Benzo-8 shifted from 404 to 392 nm,
concomitantly with an enhanced and red-shift emission band from 529 to 552 nm. When the pH

value was higher than 6.2, its spectra keep unchanged.
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Figure 3-83. Absorption and fluorescence spectra of Benzo-8 in HEPES solution at different pH. [Benzo-8]

=10 uM, [HEPES] = 10 mM, fluorescence spectra were excited at the maximum absorption wavelength.

The spectral response of Benzo-8 to Cu®" was tested under different pH conditions. The
results in Figure 3-84 demonstrates that at neutral condition, Benzo-8 showed the most
remarkable change before and after addition of 20 equiv Cu®". This result was explained that
under acidic condition, nitrogen atoms could be partially prontonated which then prevented the
binding between ligand and Cu®"; while at higher pH, OH™ might compete with ligand Benzo-8
to bind Cu’",
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Figure 3-84. The pH effect on the fluorescence response of Benzo-8 to Cu’" at maximum emission

wavelengths in HEPES (10 mM) solution. [Benzo-8] = 10 uM, [Cu*'] = 0.2 mM.

According to the pH effect on binding response of Benzo-8 to Cu”’, spectral titrations of
Benzo-8 with Cu>" were performed in HEPES buffer solution at pH 7.4. As shown in Figure
3-85, with increasing concentration of Cu’’, the absorption band at 391 nm gradually
decreases and undergoes a red shift to 418 nm. Meanwhile, a clear isosbestic point at 418 nm
was observed which indicated the formation of complex between Cu®" and Benzo-8.
Fluorescence titration (Figure 3-86) shows that initial addition of Cu*" (concentration lower
than 2 equiv), the fluorescence intensity at 542 nm decreased slowly. However, quenching
efficiency is enhanced after 2 equiv of Cu>” and it reaches a plateau at 10 equiv. Anyhow, 20
uM Cu®" can quench about 12% fluorescence intensity, which meets with the limit of 20 uM

defined by U.S. Environmetal Protection Agency.
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Figure 3-85. (a) Absorption spectra of Benzo-8 with increasing concentration of Cu®” in HEPES buffer at

pH 7.4; (b) plot of absorbance at 391 nm versus Cu®" concentration. [Benzo-8] = 10 pM.
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Figure 3-86. (a) Fluorescence spectra of Benzo-8 with increasing concentration of Cu®” in HEPES buffer at

pH 7.4; (b) plot of fluorescence intensity at 542 nm versus Cu’" concentration. [Benzo-8] = 10 uM, Aex =

418 nm.

3.5.5. Conclusion

Systematic investigations on Benzo-x derivatives have allowed elucidating the functions
of triazole in chemosensors. Firstly, we find that 1,2,3-triazole can be a good selection of
auxiliary chromophore. When incorporated into some aromatic chromophores, the spectral
properties of the resultant conjugated system are closely related to the number of triazole and
the position of the substituents. Especially, incorporation of 1,4-disubstituted 1,2,3-triazole
group with benzithiadiazole extended aromatic conjugation system and resulted in the longer
excitation and emission wavelengths while keeping high fluorescence quantum yields.
Secondly, examination on the selectivity of Benzo-x towards metal ions in MeCN
demonstrated that preorganized structure between benzothiadiazole and 1,4-disubstituted
1,2,3-triazole mainly determined metallo-responsive properties. In MeCN, 1,4-disubstituted
Benzo-x series consistently exhibited binding ability to Ni*", Cu®", Hg*" and Co*". The
terminal amino acid moiety only slightly affected the affinity of the binding pocket to metal
ions. When the preorganized structure is destroyed, as in the stereoisomer with
1,5-disubstituted triazole, Benzo-5 shows selective response only to Hg*" but no affinity to
Ni*", Cu*, and Co*". Detailed spectral titrations confirmed the crucial role of preorganized
structure in Benzo-x series. Finally, it’s worthy of notice that a new ligand Benzo-8 was
successfully explored as a highly selective chemosensor of Cu?" in HEPES buffer solution
under physiological pH condition. The high selectivity of Benzo-8 towards Cu®" was
contributed by selection of solvent medium, cooperativity of the binding pocket and terminal
flexible amino acid moiety. Future work on mechanical calculations can be carried out to have

more solid information for rational design of fluorescent chemosensors based on triazole
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moiety. Moreover, due to the high efficiency of Cu(I)-catalyzed alkyne-azide cycloaddition, it

allows us to obtain library synthesis for an optimal selection.
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4.1 Fluorescent Calix[4]bisazacrown for selective recognition of potassium

4.1.1. Introduction of selective fluoroionophores of potassium

Potassium as one of the most abundant cations in the human body plays crucial regulatory
roles in many biological events.' The most challenging issue for the detection of potassium
is the interference resulting from Na" due to much higher concentrations of Na™ than K in
human extracellular fluid (e.g. concentrations of Na” and K in blood plasma are 152 mM and
5 mM, respectively).” Therefore, fluorescent ligands with high binding ratio of K™ vs Na™ are
highly demanded. However, it’s a quite difficult task to discriminate alkali metal ion due to
the fact that they show similar properties, such as hard and nonpolarisable spheres; little fixed
preference for particular coordination geometries; relative high free energies of hydration.’
Anyhow, they still show some discrimination in ionic size with Na" 0.97 A and K' 1.33 A,
respectively.” By utilizing this difference, a number of researches have demonstrated the high
efficiency to obtain high selectivity of K™ over Na’'. Among them, several binding motifs are

mainly developed for this purpose, such as (aza)crown-ether, cryptand and calixarene.

4.1.1.1. Crown ethers

Crown ethers are macrocyclic ligands, usually consisting of oxygen atoms linked by
—CH,CH,—.> They have been widely utilized in supramolecular chemistry as receptors for
metal ions. Especially, 18-crown-6 shows optimal binding ability to K™ when compared with
other alkali metal ions due to much better match of ionic size with the crown cavity. When it’s
incorporated with fluorophores to construct fluorescent chemosensors, they show selective
response to K'. It has been reported that the aza-18-crown-6 directly linked to BODIPY
(4,4-difluoro-4-bora-3a,- 4a-diaza-s-indacene or boron dipyrromethene) 56 showed selective
ratiometric response to K~ in MeCN.* Upon binding to K', intramolecular charge transfer
from nitrogen of azacrown to electron deficient BODIPY was partially suppressed and
consequently enhance fluorescence intensity of local excited state in MeCN. The results of
their quantum mechanism calculations clearly showed that K -induced conformation change
with increase of the torsion angle around the chemical bond between carbon atom of the
conjugated backbone and the nitrogen atom of azacrown reduced the coupling of the nitrogen

atom with BODIPY. Noticeably, the addition of Na" almost produced no effect on its spectra.
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56

Figure 4-1. Potassium sensor based on aza-18-crown-6.

However, the high flexibility of the macrocycle usually diminishes the variation of the
binding constants to different alkali metal ions. Potassium though does not fit very well with
the cavity of 15-crown-5; however, it can form a sandwich structure with two 15-crown-5
which has been proved to be a very powerful binding motif to discriminate Na" and K.
Chromophores or fluorophores such as gold nanoparticles, conjugated polymers, pyrene and
tetraphenylethene (TPE) with unique spectroscopic properties in the dimer or aggregated
states were widely used to realize the selective detection of potassium. Gold nanoparticles
(Au NPs) functionalized with 57 when exposed to 0.1 mM K in H,O, the solution color
immediately changed from red to blue which is indicative of the aggregation of Au
nanoparticles. This was attributed to the formation of a sandwich complex of 2:1 between
15-crown-5 moiety and K'.* Even in the presence of excessive amount of Na* (2.5 mM), it
produced slight interference. Due to the intrinsic high sensitivity and selectivity of
fluorescence technology, this latter attracts much more attention compared with colorimetric
methods. With the attachment of 15-crown-5 to conjugated polymer backbone, the addition of
K" to 58 solution in THF could also induce the aggregation of polymer to produce enhanced
sensitivity and high selectivity to K" over Na" because of highly diffused excitons along the

polymer chain.®
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Figure 4-2. Potassium sensor based on 15-crown-5

When one of the ethyl linker in 15-crown-5 is replaced by phenyl group,

benzo[15]-crwon-5 is obtained with similar binding ability and selectivity to K" as that of
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15-crown-5. Xia et al. developed a fluorescent probe 59, relying on the fluorescence behavior
of distyrylbenzene fluorophore.” In the presence of 10 equiv K in MeCN, the formation a
conformationally constrained complex could inhibit Z-E isomerization and consequently
result in 20-fold fluorescence enhancement. Other alkali metal ions including Na® just
resulted in very slight change on the emission spectra. When benzo[15]-crwon-5 was coupled
with pyrene by amido and methylene group, 60 showed quite interesting methylene length
dependent K response in the presence of y-cyclodextrin in H,0.® With n=3, addition of K*
cause enhanced excimer and diminished monomer and worthy of notice is that the selectivity
of K" over Na" was calculated to be 2600 by apparent association constant. While n=1 it
showed no response to K and when n=5 interference of Na' could not be negligible. TPE
derivatives were discovered to exhibit unique aggregation induce emission (AIE).” With the
symmetrical attachment of four benzo[15]-crwon-5 to TPE core, a new turn-on fluorescent
chemosensor 61 for K” in THF was developed. In the presence of K, a cross-linking complex
aggregated by formation of a 2:1 sandwich coordination geometry between

benzo[15]-crown-5 and K.
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Figure 4-3. Potassium sensor based on benzo[15]-crown-5

4.1.1.2. Cryptand

Cryptand is an analogue of crown ether with three dimensional complexation geometry.’
The additional rigidity and stability given by the additional podand complexation imposed on
the crown is supposed to reside the cation into a capsule like binding motif. It requires the
precise match between the size of guest cation and the host cavity and thus can be used to
improve the cation selectivity and enhancement in ionophore-like transport properties.’
Furthermore, the preorganization of three dimensional cryptand is more favorable for cation

binding as less entropy happens during the process that complex adopts the optimum complex
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geometry. When a cryptand motif was coupled to a fluorophore, not only it can be used to
enhance the binding ability to K but also the nitrogen atom as a trigger of the fluorescence
signal. The fusion of [222] cryptand with a coumarine fluorophore showed selective response
to K*, however suffering from the interference of Na™ and pH effect.'” In order to improve the
selectivity, triazacryptand was then utilized to couple with 4-aminonaphthalamide fluorophore
to construct 62."" Aromatization of the three nitrogen atoms alleviates the pH sensitivity and
the adjustment of macrocyclic size was more suitable to K with lower binding ability to Na".
The free ligand displayed weak fluorescence due to photo-induced electron transfer (PET)
from nitrogen of azacryptand to the 4-aminonaphthalamide fluorophore. Upon binding to K,
PET process was inhibited and caused fluorescence enhancement in Tris-HEPES buffer at pH
7.4. The coexistence of 160 mM Na' just produced slight interference. Keeping the same
ionophore, the fluorophore was changed with dicyanomethylene to construct a new pull-push
probe 63.'* The strong delocalization of electrons decreased the electron density of nitrogen
atom of aniline moiety and reduced remarkably its binding ability to K* and sensitivity of the
intramolecular charge transfer. With the addition of K", the fluorescence intensity increased
gradually and its K4 was estimated to be 88 mM. Retaining the selectivity over the other metal
ions, it’s worthy of notice that it can response to K' over a very broad range up to 1600 mM,
which was quite meaningful in tracking K in intracellular samples. Imidazolyl group was
utilized to replace the phenyl group in triazacryptand to reduce the size of the crown beside
the consideration of simplification of the synthesis routine. A new structurally simplified
ligand 64 obtained in 5 steps in 53% overall yield was found to show quite selective response
to K in HEPES buffer solution at pH 7.3
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Figure 4-4. Potassium sensor based on cryptan

4.1.1.3. Calixarene
Calixarenes are one of the most popular supramolecular scaffolds which consist of phenol

and methylene to form versatile macrocycles, as shown in Figure 4-5."* The first cyclic
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tetrameric structure of calixarene was proposed by Alois Zinke who then was able to isolate a
crystalline product from condensation of p-tert-butylphenol with formaldehyde. This
assumption was then later confirmed by John Conrforth with the evidence of X-ray
crystallography and molecular weight determination. Due to the resemblance of the

bowl-shaped conformation of the smaller calixarenes to a Greek vase called a calix crater, the

structure was then described as “calixarene” by C. David Gutsche.'
R R R R

upward €-———

average plane <«——— A=Y TY T IIIIIIIDS
downward <€—— OH OH OH HO

Figure 4-5. Molecular structure of calix[4]arene and a calix crater

Stereochemistry of calix[4]arene

The stereochemistry of calixarene following will be illustrated by calix[4]arene. Due to
the possible rotation of phenol moiety, there exists four different conformational isomers with
various aromatic rings upward and downward relative to an average plane defined by the

29 ¢

bridged methylene group. These conformations were named by Gutsche as “cone”, “partial
cone” “l,2-alternative” and “1,3-alternative” as shown in Figure 4-6, which are affected by a
lot of factors such as solvent polarity and hydrogen bonding interactions.'* For example, the
cone conformer is the most common due to the stabilization of intramolecular hydrogen
bonding interaction among the OH groups. However, when all the hydroxyl groups were
alkylated, it may adopt different conformations in the solution because of the absence of the

hydrogen bonding interaction.

HoH HO

cone partial cone 1,2-alternate 1,3-alternate

Figure 4-6. Possible conformations of p-substituted calix[4]arene.

The functions of calixarene are closely related to their conformations, indicating the
importance to study the conformations. The most conclusive and direct evidences are
provided by X-Ray crystallography. For example, the first crystal structure of
p-tert-butylcalix[4]arene was proved to be a prefect C, symmetry of cone conformation.

However, it’s worthy of notice that the conformation of calix[4]arene is flexible and can be
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affected by lots of factors. The conformations verified by X-Ray crystallography in the solid
state can not represent the ones in the solutions. Most of the applications of calixarene were
carried out in solution. Therefore other approaches were quite desirable to determine the
conformations of the calixarene in the solution. In 1970s, the studies of
temperature-dependent 'H NMR of p-substituted calix[4]arene by Hermann revealed that the
conformation of the cyclic tetramers were quite flexible and interconversion of different
conformations was possible in solution. From then on, NMR became a standard and the most
powerful tool to determine the conformation of calixarene in solution based on the
development of high field NMR instruments with advanced pulse techniques (COSY, NOESY,
ROESY et al.). Three most commonly encountered 'H NMR resonance patterns of bridged
methylene unit in different fixed conformers are shown in Figure 4-7.'* They exhibit quite
remarkable difference from each other with two, eight and one group of split protons for cone,
partial cone and 1,3-alternate conformation. Furthermore, the magnitude of the chemical shift
(Ad) between the high-field and low-field pairs of resonances resulting from the bridged
methylene group is quite helpful in determination of the conformations of calixarene. When
the measurement was performed in non-polar solvent like CDCl;, Ad is generally 0.9+0.2
ppm and zero for cone and 1,3-alternate conformation, respectively (Figure 4-8). Between
these two extremes, flattened conformations give an intermediate value of Ad ca. 0.5+0.1 ppm.
The value of Ad can provide information about the deviation of the conformation from the
two extremes. Noticeably, the Ad value is also affected by solvent, and generally larger in
polar solvent than that in nonpolar solvent. Not only the 'H NMR provides plenty of
information about the conformation, but also can *C NMR spectra give resonance patterns
for different conformations. The resonance of the bridged methylene carbon is at near o 31
ppm when the attached aryl groups are in syn orientation and near 37 ppm when they are
arranged in anti orientation. Combining the 'H and C NMR spectra, it’s easier and more

precisely to assign and monitor the conformation changes in the binding processes.
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Figure 4-7. "H NMR spectra of calix[4]arenes in (a) cone conformation, (b) the partial cone conformation

and (c¢) 1,3-alternate conformation; the circled region represents the patterns of methylene unit.
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Figure 4-8. Change of chemical between the high-field and low-field pairs of resonance shifts of bridged

methylene unit in different conformations.

Complexation of calix|4](aza)crown

Attachments of the functional groups onto the calixarenes have been widely utilized as the

frameworks for cations, anions and small organic molecules.”'*'"'* Especially, as shown in
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Figure 4-9, calixarene exhibits several advantages in binding alkali metals.” For example,
phenol moiety with or without alkylation shows binding ability to hard alkali metal ions and
hydrophobic aromatic cycles provide additional cation-mt interaction. When the
chromophores/fluorophores are attached to upper rim or phenolic hydroxyl groups, the
binding event can be transduced into electric or optical signals. Many investigations by
introduction of four amide, ester or ketone binding sites on the phenolic groups demonstrated
that they showed selective response to Na~ which might be due to the fixation of the cone

conformation. Calixcrowns bearing larger binding cavity show preference to larger cations.

R R R R

Upper substituents

Hydrophobic
w-binding pocket

e i et il

OR OR OR RO cationbindingsites

Figure 4-9. Structure analysis of calix[4]arene.

Calix[4]arenes with 1,3-dialkylation of the phenolic OH groups and suitable bridged
polyether on the remaining OH groups have been constructed as receptors for K~ with very
higher selectivity over Na'. Ungaro and his coworkers have pioneered in construction of
calixcrowns since their first introduction of polyethyleneoxy moiety on the endo rim in 1983
to have 65.° 65 with different conformations all show high selectivity of K™ over Na' in
CDCls which might be attributed to the better size match of the crown and K1 Moreover,
ligand with partial cone conformation showed most efficient and selective binding to K,
conforming to Cram’s views that the preorganization often enhance both the efficiency and

selectivity in cation complexation.

65

Figure 4-10. Potassium ionophore based on Calix-crown.

After installation of fluorophores onto the calix[4]crowns, fluorescent chemosensors can
be developed for the detection of K'. A new 1,3-alternate 66 composed of anthrancene
fluorophores as the signal reporting site and crown as the binding site for K' was

synthesized.”' Under acidic condition when amino group was protonated, the PET process
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was blocked and the ligand shows moderate fluorescence quantum yield (0.085). The added
K" in MeCN/H,O (99:1) bound with the crown moiety and consequently the repulsion
interaction between K and protonated amino group induced the deprotonation which reset the
PET and caused fluorescence quenching. The "H NMR resonance pattern of protonated 66 in
the presence of K’ almost shifted back to that of the free ligand without protonation,
indicating the deprotonation of amino group in the presence of K'. The addition of even 100
equiv of Na" showed almost no influence on its spectra. With the attachment of two pyrene
fluorophores onto 1,3-alternate calix[4]crown by amido group, a new chemosensor 67 with
different binding sites was synthesized.”” It exhibited strong excimer emission in solution
which was quenched by Pb*", however, restored by addition of K™ to the Pb*" complex in
MeCN. Such a switchable fluorescent chemosensor also shows moderate selectivity to K

+
over Na .

&7

Figure 4-11. Potassium sensor based on calix[4]crown with pyrene and anthrancene.

Azacrown ethers are often used as cation-complexing agents and have the accessibility of
the modification on the secondary nitrogen atom. The nitrogen atom plays important roles by
participation into the complexation and modulation of the spectral properties of the
fluorophores. With the attachment of p-nitrophenol to the calix[4]azacrown, a new chelating
agent 68 was synthesized.” Complexation selectivity was first investigated by 'H NMR.
Remarkable chemical shift and splitting patterns were observed in the presence of K* when
compared with free ligand, indicating the encapsulation of the K" in the calixazacrown cavity.
This was consistent with the absorption spectral change that significant bathochromic shift
from 326 nm to 428 nm was observed in the presence of K*. However, no chemical shifts of
the "H NMR and detectable spectral change were observed after addition of Na” to the parent
ligand. The calixazacrown possesses high binding selectivity to K™ over Na'. Later, Kim et al
prepared the first calixarene-based azacrown fluoroionophore 69 by attaching the pyrene to
the secondary amine.** In the absence of cation, fluorescence was quenched via a PET process.
With the addition of K™ to the free ligand in EtOH solution, fluorescence intensity was

remarkably enhanced. This could be attributed to complexation of K with nitrogen atom
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which suppressed the PET process. Negligible fluorescence change was observed for Na',
which further demonstrated that 1,3-alternate calix[4]azacrown was a highly selective

. + +
ionophore for K" over Na .

e

Figure 4-12. Potassium sensor based on calix[4]azacrown with nitrophenol, pyrene and anthrancene.

1,3-Alternate calix[4]bis(aza)crown bearing two binding sites on the edges connected by
hydrophobic cavity composed of four rotated aryl rings can also provide selective binding to
K. By measurement of '"H NMR, 70 showed much larger association constant to K than
Na“.* Additionally, cation tunneling across calix[4]arene cavity was observed about 100°C,
which is quite important for the study of cation channels in biological systems.
Unsymmetrical crown-azacrown of calix[4]arene 71 was incorporated into polymeric
membrane electrode to study its ion-responsive properties.”® Results showed that it exhibited
selective response to K over a wide concentration range (10 pM- 0.1 M) with a detection
limit of 2 uM and almost no interference came from Na'.

O

J] (')
xo

Figure 4-13. Potassium ionophores based on calix[4]bis(aza)crown

Compound BC6N was the first example of incorporation of a fluorophore naphthalene
into calix[4]biscrown developed in the group of Dr Vicens (Figure 4-14). It showed large
binding constant toward K with logK to be 4.2 in MeCN. However, its spectral response is
not sensitive enough for the practical application and it was only examined in organic
solvent.”” Calix-Coul and Calix-Cou2 based on the calix[4]biscrown were synthesized for
the selective detection of K™ and Cs" (Figure 4-15).%* 6,7-Dialkoxycoumarine with very good

photochemical stability was utilized as the fluorophore. Cation-interrupted intramolecular
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charge transfer in these two ligands was expected to produce photophysical changes.

BC6N

Calix-Cou1 Calix-Cou2

Figure 4-15. Molecular structures of Calix-coul and Calix-cou2.

Spectral investigations were carried out in ethanol and acetonitrile. With the addition of
K" to the solution of Calix-Cou2, a slight increase of the absorbance was observed at the
maximum wavelength. However, fluorescence changes a lot during the titration of
Calix-Cou2 to K" in ethanol, as shown in Figure 4-16. At lower concentrations when the ratio
[K')/[Calix-Cou2] is lower than 10, moderate and steep fluorescence quenching and blue
shift by 3 nm were observed; when the ratio is over 10, gradual fluorescence quenching was
observed and the fluorescence quantum yield was reduced from 0.29 to 0.05 at full
complexation. Emission of coumarine was resulted from the intramolecular charge transfer.
The interaction between K and the oxygen donor decreased the electron-donor character and
reduced the intramolecular charge transfer, leading to the blue shift of the fluorescence
spectrum and decrease of the fluorescence quantum yield. Similar spectral behavior was

observed for Calix-Coul.

Fluorescence titration was analyzed by SPECFIT program. The fitting results
demonstrated that two successive complexes were formed during the titration with1:1 and 2:1
stoichiometry (K+ : Calix-Cou2) and the obtained association constants for logK;; and logKy,;
were 4.81 and 2.46, as shown in Table 4-1. The ratio of K,;/K;; was smaller than 1/4, which
indicated that anticooperative interaction existed in the binding process. Such an
anticooperative interaction was attributed to electrostatic repulsion between the two cations

and unfavorable conformational change induced by the first bound cation.

Selectivity of K versus Na” when expressed as the ratio of the associate constants was

found to be 220 for Calix-Cou2. Such selectivity can be explained by the size match effect of
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different cations with the crown cavity. The resultant looser complex with Na” had larger
average distance between the cation and the oxygen atoms and corresponded to the less

spectral changes.
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Figure 4-16. Fluorescence spectra of Calix-Cou2 in the presence of increasing concentrations of KSCN in

EtOH and plot of fluorescence intensity as a function of ratio of [K']/[ Calix-Cou2].

Calix-Coul Calix-cou2
log K, log K, log K, log K,
Na' 2.75+0.05 - 2.48 £ 0.06 -
K 5.03 £0.09 2.47 +0.09 4.81+0.07 2.46 +£0.06

Table 4-1. Binding constants of Calix-Coul and Calix-Cou2 to Na" and K.

Calix-BODIPY bearing 1,3-alternate calix[4]bisazacrown and BODIPY was developed as
a highly selective fluorescent chemosensor for detection of potassium in our group (Figure
4-17).% Tts absorption spectrum was insensitive to solvent polarity and no charge transfer
band at long wavelength was observed. However, solvatochromism of its emission spectra
was quite remarkable. The emission at shorter wavelength was resulted from the local excited
state. In solvents more polar than hexane, a broad and unstructured emission band at 630 nm
was observed and quite sensitive to solvent polarity. This could be attributed to intramolecular
charge transfer, which was further confirmed by time-resolved fluorescence measurement.
Spectral investigation was carried out in MeCN and EtOH. Addition of K" led to gradual
decrease of absorbance at 260 nm in EtOH, which is quite the same as that of protonation of
the aniline moiety. Meanwhile, fluorescence intensity was gradually enhanced. The
fluorescence titration was analyzed by SPECFIT program. The fraction of the complex with

1:1 and 2:1 (metal:ligand) binding stoichiometry was displayed in Figure 4-18. The selectivity
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towards K over other caitons was expressed as the ratio of association constant to be higher
than 1000. This high selectivity was attributed to the perfect fit of the size between potassium
and the azacrown cavity and a cation-m interaction between K* and m-base columnar channel
composed of four rotated aryl rings. The ratio K,/K;; was smaller than 1/4, indicating an

anticooperative interaction for the second binding of the potassium.

Calix-BODIPY

Figure 4-17. Molecular structures of Calix-BODIPY.

[K' = 2.2x 102 mol.L”"

20

| /a.u.

fraction of species

5 45 4 35 3 25 -2 15
log [K"] fmol L'

Figure 4-18. Fluorescence spectra of Calix-BODIPY in the presence of increasing concentrations of

KSCN in EtOH and plot of fluorescence intensity as a function of ratio of [K']/[ Calix-BODIPY].

As shown in Scheme 4-1, nitrogen atom in Calix-BODIPY plays important roles by
acting as the binding site for cation and as the electron donor. In the excited state, the charge
transfer will result in partial positive charge on the nitrogen atom which may eject the bound
cation out of the crown and reduce the sensing performance. Herein, we envisage to improve
the binding ability by reversing the direction of the charge transfer by using dansyl as
fluorophore in Calix-Dansyl. In the excited state, the charge transfer from dimethylamino
group might result in partial negative charge on nitrogen atom of sulfonamide and enhance
the binding ability of the azacrown to cations by increase of the electron density of the

nitrogen atom.
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Scheme 4-1. Schematic illustration of Calix-BODIPY and Calix-Dansyl interaction with cations.

4.1.2. Synthesis of Calix-Dansyl

Scheme 4-2 shows the synthesis of Calix-Dansyl. Diethyleneglycol was reacted with 0.25
equiv tosyl chloride in the presence of triethylamine in dry DCM at room temperature
overnight. Chromatography on a silica column gave mono-tosylated diethyleneglycol 72 in
58% yield.*® Calix[4]arene in the presence of 7.4 equiv of K,CO; was reacted with
mono-tosylated product in refluxing MeCN to give 73 in 50% yield after isolation by column
chromatography.® Tosylation of the hydroxyl group was carried out with 5 equiv of tosyl
chloride in dry THF for 5 days at room temperature in the presence of NaOH dissolved in
H,0. Chromatography gave ditosylate, tritosylated and tetratosylate 74 in 16% yield. The di-
and tritosylated products could further react with tosyl chloride under the same conditions to
produce 74. Dansylamide was then reacted with 0.5 equiv tetratosylated 74 in the presence of
2.5 equiv K,COj; in the refluxing MeCN overnight. The crude product was isolated by
chromatography to afford the Calix-Dansyl in 47% yield.** The 1,3-alternate conformation of
Calix-Dansyl was deduced from the presence of the singlet peak (8H) at 3.82 ppm for the
ArCH,Ar in "H NMR spectra in CDCl; (Figure 4-19 (top)). It was further confirmed by peaks
at 38.2 ppm for the ArCH>Ar in >C NMR spectra (Figure 4-19 (bottom)), indicating that the

all the four aryl rings were arranged in anti orientation.
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Figure 4-19. 'H (top) and "*C (bottom) NMR of Calix-Dansyl in CDCl,.

- 165 -



Chapter 4. Fluorescent Calix[4]bisazacrown Based Chemosensors

4.1.3. Photophysical properties of Calix-Dansyl

The photophysical properties of Calix-Dansyl were investigated in EtOH and MeCN. As
shown in Figure 4-20, it exhibits an absorption band centered at 338 nm in MeCN with a
molar extinction coefficient of 8898 mol’ L cm™, which is almost twice as large as
dansylamide, indicating no significant interaction between the two dansylamide fluorophores
in the ground state. When excited at 338 nm, it shows a broad emission band with the
maximum wavelength at 532 nm. Its fluorescence quantum yield was determined to be 0.37 .
Fluorescence time decay profile of Calix-Dansyl in MeCN at 533 nm was monoexponential
and its lifetime was measured to be 12.9 ns (x,” = 1.25), which demonstrated that no
interaction of the dansylamide fluorophores in the excited states. As displayed in Table 4-2,

very similar spectral behavior was observed in EtOH, which might be ascribed to their close

polarity and no hydrogen bonding interaction between Calix-Dansyl and EtOH.
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Figure 4-20. Normalized absorption and fluorescence spectra of Calix-Dansyl in MeCN, [Calix-Dansyl]| =

10 uM.
Solvents Aabs/TIM g/mol’ L cm™ Aem/NIM [0} t/ns sz
MeCN 338 8.9 x 10° 532 0.37 12.9 1.25
EtOH 337 nd 533 0.41 13.5 1.24

Table 4-2. Photophysical data of Calix-Dansyl in different organic solvents, nd: not determined, using

sulfate quinine in 0.5N H,SO;, as the reference.

4.1.4. Complexation properties of Calix-Dansyl in organic solvents

The spectral investigation on complexation properties of Calix-Dansyl was carried out in
MeCN, as presented in Figure 4-21. With the addition of increasing concentrations of KSCN,
slightly bathochromic and hyperchromic effects of the absorption band are observed. This
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phenomenon can be attributed to the complexation interaction between K™ and the nitrogen
atom of the sulfonamide group. It reduces the electron density of the nitrogen atom and
enhanced the -electron-withdrawing character of sulfonyl group, thus facilitating the
intramolecular charge transfer from dimethylamino group to sulfonyl group. Accordingly,
fluorescence quenching and gradually red shift of the emission band are observed. An
isoemissive point at 566 nm indicates the interconversion of the free ligand and complex. The
fluorescence quenching reaches a plateau when the concentration of KSCN is 10 mM, with 10
nm red shift and about 16% fluorescence intensity quenched. Fluorimetric titration was
analyzed by means of SPECFIT program (using global analysis with 361 wavelengths). The

successive association constants K;; and K5 are defined as following:

_— K (ML) (eq. 4-1)
M + L . - — L 4-
ML 11 M] [L]
[ML]
M = M,L = —= 4-
+ ML 2 Koq ML L] (eq. 4-2)
The global equilibrium for the full complex ML is:
2M L === MiL P21 = WL (eq. 4-3)
+ ~ 217 eq. 4-
? ML

The values of the association constants derived from the fluorimetric titration are collected
in Table 4-3. It can be seen that K;; of Calix-Dansyl is about one order of magnitude smaller
than that of Calix-BODIPY, although they both have the same calix[4]bisazacrown as the
binding site. Two possibilities could be proposed for this difference: firstly, electron density of
the nitrogen atom in these two ligands is quite different, in Calix-BODIPY the nitrogen atom
conjugated with the phenyl ring, retaining strong basic character; however, sulfonyl group is
much more electron-withdrawing than phenyl group, which reduces the electron density of
the nitrogen and decreases the binding ability with cations; on the other hand, due to the
distorted tetra-hedral geometry of sulfonyl group that the conformation of Calix-Dansyl is in
bent conformation which might produce steric effect on the binding process but it does not
exist in Calix-BODIPY for its more extended and flat conformation. Furthermore, a second
step complexation was observed at the high concentration of K and was assumed to form a
2:1 (metal:ligand) stoichiometry complex. This is consistent with the previous report that the
second step binding constant (K>;) is much lower than the first step (Kj;), indicating that
binding of the second cation is more difficult than the first one. The ratio of K5,/K;; (~0.014)
is much lower than statistical value 1/4 when the two binding processes are independent,
indicative of the anticooperative binding.*” Several reasons can be proposed to explain this

phenomenon. Firstly, the first binding cation in one crown produces electrostatic repulsion
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interaction with sequent binding cation; secondly, it has been reported that the binding K"

show tunneling behavior through the hydrophobic cavity of calixarene with the help of

cation-m interaction; thirdly, the first binding event might induce the conformation change of

the calixarene, which is unfavorable for the second binding process.

Compounds Solvent LogKj, LogKk;, Log/,
Calix-Dansyl MeCN 2.95+0.04 1.11 £ 0.04 4.06 = 0.04
EtOH 2.92+0.19 1.75+0.25 4.67+0.37
Calix-BODIPY MeCN 4.32+£0.04 1.73 £ 0.04 6.05 +0.04
EtOH 4.47+0.14 0.78 £0.14 526+0.14

Table 4-3. Association constants of Calix-Dansyl and Calix-BODIPY with K in MeCN and EtOH.
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Figure 4-21. Absorption (top) and fluorescence (bottom) of Calix-Dansyl with increasing concentrations

of KSCN in MeCN. [Calix-Dansyl] = 10 uM, Ax = 340 nm.

The fraction of different species in the solution during the titration with K" was analyzed

by SPECFIT program. As shown in Figure 4-22 (left), when the concentration of K™ is lower
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than 3 mM, the dominant species are 1:1 complex and free ligand. Then with increasing
concentrations of K, the free ligand is further transformed into the complex and meanwhile
the 1:1 complex is decreased due to the gradual formation of 2:1 complex. The extrapolated
fluorescence spectra of the 1:1 and 2:1 complex are displayed in Figure 4-22 (right). Inferred
from the fluorescence intensity, the second binding of K" just produces slight fluorescence

quenching on the fluorophore in MeCN.
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Figure 4-22. Specfit analysis of Calix-Dansyl fluorometric titration with K™ in MeCN, the fraction of

different species during the titration (left); extrapolated fluorescence spectra (right).

Spectral titration of Calix-Dansyl with K™ was also carried out in EtOH. As shown in
Figure 4-23, it shows quite similar behavior to that in MeCN. Slightly bathochromic and
hyperchromic effects were observed for the absorption band and fluorescence quenching and
red shift for fluorescence spectra. The isoemissive point is at 580 nm, a little red-shifted
compared with that in MeCN. The binding constants shown in Table 4-3 illustrated that the
association constant Kj; is almost the same, indicative of no discrimination of the binding
ability in the first step in these two solvents. However, the K;; is a bit larger than that in
MeCN, indicating that the second binding of K™ in EtOH is easier than that in MeCN. The
ratio of K1/K;; (~0.067) is much lower than statistical value 1/4, indicative of the
anticooperative binding. Figure 4-24 (left) presents analysis of the fractions of different
species in solution during the titration, illustrating that the formation of M,L in EtOH is much
more quickly than that in MeCN. The extrapolated fluorescence spectra of 1:1 and 2:1
complex in EtOH shown in Figure 4-24 (right) indicate that the second binding of K™ could
induce almost the same fluorescence quenching as the first binding by comparison of the ratio

of the fluorescence intensity.
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Figure 4-23. Absorption and fluorescence of Calix-Dansyl with increasing concentrations of KSCN in

EtOH. [Calix-Dansyl] = 10 uM, A.x = 340 nm.
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Figure 4-24. Specfit results from the titration of Calix-Dansyl to K™ in EtOH, the fraction of different

species during the titration (left); extrapolated fluorescence spectra (right).

Time decay profiles of Calix-Dansyl in the absence and presence of potassium were then
recorded in different solvents, as shown in Table 4-4 and Figure 4-25. Mono-exponential
model can give satisfactory fitting results with a value of 12.9 ns in MeCN and 13.5 ns in
EtOH. In the presence of large excess amounts of K, bi-exponential model gives a major
component of free ligand and a minor component with slightly shorter lifetime at 10.2 ns
(23%) in MeCN and 9.8 ns (32%) in EtOH, respectively, which indicates a relatively low

efficient coordination of K* to Calix-Dansyl.

Solvent T(Free ligand)> 118 T(Complex), NS
MeCN 12.9 12.9 (77%), 10.2 (23%)
EtOH 13.5 13.5 (68%), 9.8 (32%)

Table 4-4. Lifetimes of Calix-Dansyl in the absence and presence of K~ in MeCN and EtOH,
[Calix-Dansyl] = 5 uM, [KSCN] =20 mM.
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Figure 4-25. Time decay profiles of Calix-Dansyl in the absence and presence of K™ EtOH, [Calix-Dansyl]
=5 uM, [KSCN] =20 mM.

'H NMR is one of the most powerful tools for the investigation of interaction between
host and guest. The assignment of the protons was accomplished by two dimension corrected
spectra COSY. As shown in Figure 4-26, aromatic protons of dansylamide are located in the
range between 7.25 and 8.75 ppm; while the ones of calix[4]arene moiety with symmetrical
1,3-alternate conformation appear at 6.79 and 7.04 ppm; and protons of crown ethers fall in
the range of 3.0 over 3.5 ppm. 'H NMR spectra of Calix-Dansyl in the presence of varying
concentrations of KSCN were recorded in CD3CN at room temperature (293K), as shown in
Figure 4-26. With the increasing concentrations of KSCN, the down field shift and
broadening of calix[4]arene aromatic and glycolic crown ether peaks were observed. To be
clear, the molar ratio of [K'])/[Calix-Dansyl] was expressed as “R” and the variations of
chemical shifts of protons on calix[4]arene moiety are plotted against R value, as shown in
Figure 4-27. About 0.16 ppm down-field shifts were observed for both m- and /-H and they
reached a plateau when R is over 2. More importantly, gradually down-field shift and
remarkable broadening of the aromatic protons on calix[4]arene moiety during the titration
indicated metal binding to m-basic cavity of calix[4]arene and the rapid metal exchange
between the free ligand and complex within the NMR time scale.”” On the contrast, protons
Hj, linked to sulfonamido group at 3.04 ppm does not shift when R is lower than 1.0 but its
integration is gradually decreases and disappears when R is 1.0, demonstrating the initial
formation of 1:1 complex. After the disappearance of peak at 3.04, a new broad peak at 3.6
ppm appears and its integration increases with increasing concentrations of K” when the R is
over 1.0. This clearly demonstrates that the stepwise and quantitative formation of 1:1
complex and 2:1 complex during the titration. Aromatic protons of dansyl moiety show much

smaller shift (A3 = 0.05 ppm) when compared with calix[4]arene moiety. Based on these
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observations, here we propose the binding model between Calix-Dansyl and K, as shown in

Scheme 4-3.
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Figure 4-27. Plots of chemical shift as a function of ratio of [K'] and Calix-Dansyl in CD;CN.
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intramolecular
exchange

|

Scheme 4-3. Proposed binding model for Calix-Dansyl and KSCN.

In order to examine the practical application of Calix-Dansyl, selectivity was tested for
K" over the other metal ions such as Na', Mg2+, Ca2+, Ba2+, Ag+, Cd2+, C02+, Cu2+, Fe2+, Hg2+,
Pb*", Ni*", Mn*", Zn®" in different organic solvents. As shown in Figure 4-28, several metal
ions show remarkable influence on the spectra of Calix-Dansyl. Besides K, the addition of
Cu”" induced decrease of the absorption band at 340 nm and complete fluorescence quenching.
It’s worthy of notice that the spectral change could not be recovered by the addition of CN,
which indicated the process was irreversible. We supposed that Cu®" with high oxidation
potential in MeCN reacted with dansyl fluorophore and destroyed the intramolecular charge
transfer.’**>?%373%% The addition of Hg?" shows similarity in the fluorescence change,
however, the absorption spectrum of the resultant complex is significantly different from that
of Cu®". It exhibits new absorption bands at 280 and 320 nm, the same spectral pattern as that
of protonation of dimethylamino group, which may indicate that interaction between
dimethylamino group of dansyl and Hg*". The introduction of Fe** shows an identical spectral
change, however to a lesser extent when compared with Hg”". Thereafter, the selectivity
experiment was also performed in MeCN/H,0O mixed solution at pH 4.0 adjusted by HCIOs4,
as shown in Figure 4-29. And only the addition of Hg*" induces slight fluorescence quenching
and other metal ions show no influence on its fluorescence, which can be attributed to the
strong solvation of the metal ions in MeCN/H,O which significantly reduces their binding

ability to Calix-Dansyl.
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Figure 4-28. Absorption (left) and fluorescence (right) of CalixDansyl in the presence of different metal
ions in MeCN. [Calix-Dansyl] = 10 uM, alkyl and alkyl earth metal ions 0.01M, transition metal ions
80 UM, Aex = 340 nm.
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Figure 4-29. Absorption and fluorescence of CalixDansyl in the presence of different metal ions in
MeCN/H,0 (v/v = 3:2, pH 4.0 adjusted by HC1O,). [CalixDansyl] = 10 uM, alkyl and alkyl earth metal

ions 0.01M, transition metal ions 80 uM, A = 340 nm.

Figure 4-30 presents selectivity of Calix-Dansyl to metal ions in EtOH. Quite different
from the behavior in MeCN, only the presence of Hg”" and K cause some different influence
on the spectral properties of Calix-Dansyl. Hg*" caused fluorescence quenching without shift
while K induced fluorescence quenching with 8 nm red shift. No spectral response was
observed in the presence of Cu’, which was attributed to the low oxidation potential of Cu*"
in EtOH and further confirmed our assumption that fluorescence quenching induced by Cu”*
in MeCN was a redox-reaction based process.”® By using the ratio of fluorescence area
400-580 nm and 580-675 nm, the high selectivity of Calix-Dansyl to K over the other metal
ions was obtained. The most common interference coming from Na" was negligible. The high
selectivity of K™ over Na' can be explained by the fact that the much better size fit of K' to

azacrown than Na™ and the preferential cation-m interaction of K with rotated phenyl ring of
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1,3-alternate calix[4]arene. The effect of alkali and alkaline earth metal ions was further
investigated in EtOH/H,O (v:v = 3:1), as shown in Figure 4-31. Still, no spectral response was

observed due to strong solvation of the metal ion in water-containing medium.

— Blank —— Blank
---K 700 K
——Na’ —— Na'
——Mg” 600 |- —— Mg
—ca" L ca®
Ba" % 500 L Ba®
—iy %“ ——Ag’
g — co: § 4oor cd*
2 " £ Co™
Eocoal: Ry ogeae- 0 e Fe'z. § 300 — Fe™
S — Hg‘. E Hg™
Pb’ § 2001 Py
— le" E ST
Mn™ L 100} L M
—zZn" —
cu® [i] a ot
480 400 450 500 550 600 650
Wavelength. nm Wavelength, nm

0.40

75

£ 035f

AAM

0.30

025 TN EEE T REX
S ELSP PP S SSESES

Figure 4-30. Absorption and fluorescence of CalixDansyl in the presence of different metal ions in EtOH.

[CalixDansyl] = 10 uM, alkyl and alkyl earth metal ions 0.01M, transition metal ions 80 uM, A, = 340
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Figure 4-31. Absorption and fluorescence of CalixDansyl in the presence of different metal ions in

EtOH/H,0 (v/v =3:1). [CalixDansyl] = 10 uM, alkyl and alkyl earth metal ions 0.01M, A.x = 340 nm.
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4.1.5. Conclusion

A new fluoroionophore Calix-Dansyl bearing dansylamide fluorophore and
calix[4]bisazacrown was synthesized and fully characterized. It was found to show selective
response to K over the other tested metal ions in EtOH. Complexation with K induced
fluorescence quenching accompanied by about 8 nm red shift. Analysis of the fluorescence
titration by using SPECFIT program indicated a stepwise formation of 1:1 and 2:1 complex,
with an anticooperative interaction in the second binding step. 'H NMR titration in CD;CN
confirmed the stepwise binding mechanism. Consistent with our assumption, due to the good
size match of the cation with azacrown and preferential cation-m interaction with the phenyl
rings of calix[4]azacrown, Calix-Dansyl retained a high selectivity to K™ over Na', which is
of instructive significance for the design of fluorescent chemosensor for K'. However, the
binding constants of Calix-Dansyl to K" were insufficient, which was attributed to the strong
electron-withdrawing character of sulfonyl group and possibly steric effect from fluorophores.
It’s therefore herein we demonstrate that selection of fluorophores is quite important to affect
detecting sensitivity, not only its signal transduction efficiency but also its influence on the
binding ability of azacrown to K. Future work on this project should pay attention to
increasing the binding ability without interruption of the nitrogen atom in azacrown and

avoiding steric effect by using rigid linker.
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4.2. Sulfonated Fluorescent Calix[4]bisazacrown for Selective Detection
of Aluminum(III)

4.2.1. Introduction of selective fluoroionophores of aluminum(III)

Aluminum is the most abundant metallic element in the Earth’s crust. Due to its good
physical and chemical properties, it has been widely used in our daily life and thus its health
concerns are considerably important. Extremely low acute toxicity was reported; however,

exposure to high dose of AI**

can lead to neurotoxity and deposit in bone and central nervous
system.****% For example, it’s considered that Alzheimer’s disease is closely connected to
the accumulation of Al’" in the human body. High concentrations of A" especially in acidic
soils when absorbed by the plants can also reduce the growth. According to the WHO’s
reports, the average daily intake of A" is estimated to be 3-10 mg kg™ of body weight and

the limited concentration of AI** in drinking water is 200 pg L' (7.4 pM). ¥

Advanced techniques are thus highly demanded to study biological and environmental
roles of A", Conventional methods such as graphite furnace atomic absorption spectrometry
and inductively coupled plasma atomic emission spectroscopy have been utilized to detect
elemental aluminum with very high sensitivity and selectivity. However, several
disadvantages like requirement of expensive instruments and complicated sample preparation
processes make them unsuitable for the on-site detection. Fluorescent chemosensors have
been well developed for the detection of important analytes in biological and environmental
samples. They exhibit several advantages when compared with the conventional methods,
such as the low cost, easy sample preparation, on-site detection and biological imaging
applications in vivo/vitro samples. Due to the intrinsic high sensitivity and selectivity of
fluorescence technique, several typical binding motifs have been coupled with efficient
chromophore/fluorophores like small organic molecules, conjugated polymer, nano materials
for the detection of AI’" in environmental systems, and some of them were used for biological

imaging.

Salicylic-Schiff as binding sites

Salicylic schiff base can be very easily synthesized by direct condensation between
salicylic aldehyde and amine. Due to the flexible coordination chemistry, it has been widely
applied in catalysis, material science and biological applications.*’ Its strong binding ability to

metal ions is mainly contributed by the participation of nitrogen atom of imine group and
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oxygen atom of phenolic group based on the formation of a six-membered ring.***

Compound 75 (Figure 4-32) directly coupled between 2-hydroxyaniline and salicylaldehyde
[3+ 48

was designed for the selective detection of A Upon treatment with AI’*, fluorescence

intensity was significantly enhanced under neutral pH condition. This was attributed to the

I*" and 75, which was verified by mass spectra, 'H NMR

formation of 1:1 complex between A
titration and job’s plot. Worthy of notice is that such a simple ligand worked efficiently to
fluorescently visualize intracellular AI’*. By retaining the binding motif, several modified

49,50,51,52 3+
222 AT could

probes have also been reported based on different sensing mechanisms.
form complexes with tridentate ligands (77, 78) and inhibit the trans-cis isomerization along
the imine (C=N) bond. As a result, non-radiative decay process was suppressed and the
fluorescence intensity was enhanced. Fluorescence resonance energy transfer (FRET) dyad 80
was  constructed by combination of coumarin 343 as acceptor and
3,5-bis(o-hydroxyphenyl)-1,2,4-triazole substituted benzoic acid as donor (Figure 4-32). In
the presence of AI’*, emission spectra of donor overlap with the absorption of coumarin 343
and therefore fluorescence of coumarin moiety was enhanced through energy transfer. Other
metal ions expect Cu’" and Fe’" showed noninterference. Other salicylic schiff based

fluoroionophores (76, 79) could also be used as quite selective chemosensors with turn-on

fluorescence for the detection of AI’* (Figure 4-32).
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Figure 4-32. AI’" chemosensors based on salicyclic schiff base six-membered ring.

Salicylic-amino as binding sites

Salicylic amino derivatives can be synthesized from the reduction of salicylic schiff base
with NaBHy. In the absence of imine bond (C=N), photophysical properties of the attached
fluorophores can behave quite differently due to the possible photo-induced electron transfer
from amino group to fluorophore and thus dramatically quench their fluorescence. Several
selective fluorescent chemosensors based on the salicylic-amino binding motif were designed
to detect aluminum (Figure 4-33). For 81, complexation with AI’" induced fluorescence

enhancement and no influence was observed for the other metal ions .>* Moreover, 81 showed
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strongly solvent-dependent spectral behavior to AI’". In MeOH/H,O (1:99) medium,
treatment with AI’" caused slight fluorescence enhancement for the monomer and strong
increase for the excimer. Ratio of the fluorescence intensity between eximer and monomer
facilitated this ligand for ratiometric detection of AI’" in aqueous solution. Detailed 'H NMR
titration demonstrated that the incorporation of the hydroxyl, amino and carboxylic group
together contributed to its high selectivity to AI’". By changing the amino carboxylic acid to
amino alcohol, 82 still showed selectively turn-on fluorescent response to A" in MeOH.**
This fact demonstrated that the preorganization of three binding sites including OH, NH, and
COOH (OH) to form a tridentate binding motif is crucial for the selective interaction with
AI’". Double electron donors comprised of nitrogen and sulfur atom were attached to
1,2-dihydroxyanthraquinone to create a turn-on fluorescent probe 83.”> It showed quite weak
fluorescence under neutral pH condition due to the photoinduced electron transfer. Upon
complexation with AI’", 110-fold fluorescence enhancement was triggered due to the

inhibition of the PET process from the lone electron pair of nitrogen and sulfur atom.

o}
NH2 O OH
OH |
(I H "
OH o ‘O N
OH
O ° Y
81 83

Figure 4-33. AI’" chemosensors based on salicyclic amino six-membered ring.

Triazole as binding sites

1,2,3-Triazolyl moiety can be easily obtained with very high yields and good
regioselectivity by Cu(l) catalyzed alkyne-azide cycloaddition (CuAAC) click reaction, which
has been widely utilized in organic synthesis, material science and bioconjugation chemistry.
Its incorporation with fluorophores has been designed to be fluorescent chemosensors for
different species. However, only rare examples have been reported for the selective detection
of AI’". Three ligands 84, 85, and 86 containing triazolyl moiety and different fluorophores
were synthesized in Govindaraju’s group for the detection of AI’" (Figure 4-34).°%°7>%
Constraining bipyridyl-dansyl linked by triazole, 84 showed distinct spectral behavior to AI*"
with fluorescence quenching at 532 nm and appearance of new peak at 446 nm. The initial
fluorescence quenching and blue shift of the emission band was attributed to complexation of
AP’" with dimethylamino group of dansyl moiety which reduced its electron-donating
character and suppressed the intramolecular charge transfer, causing the blue shift and

fluorescence quenching. The further addition of AI’* coordinated to nitrogen atom on the
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bipyridyl-triazole moiety and consequently blocked the photo-induced electron transfer and
led to fluorescence enhancement. This binding process had been verified by chemical shifts of
84 in the presence of AI’". In another piece of later work, by keeping the bipyridyl-triazole
binding sites, dansyl fluorophore was changed into coumarin to have compound 85. High
selectivity for AI’" was retained in this system. The addition of Al’" induced red shift of
absorption band to 324 nm and concomitantly with large fluorescence enhancement at 443 nm
in MeCN. The formation of 1:1 complex was illustrated by 'H NMR titration and
MALDI/TOF mass spectra. It should be noted that though these two ligands (84, 85)
consisted of different fluorophores, absorption and emission spectra of the final complex was
quite similar, indicating the key binding sites bipyrididyl-triazole might also be the
fluorophore of the complex. Recently Govindaraju et al reported 86, a conjugation of two
fluorophores (coumarin and hydroxyquinoline), as a ratiometric sensor for AP, In the
presence of AI’", fluorescence intensity of ligand 86 at 400 nm was quenched and a new band
at 484 nm appeared in MeCN/H,O (9:1) mixed solution. Comparison of '"H NMR between
free ligand and 1:1 complex suggested that AI’" coordinated to coumarin, triazole and
hydroxyquinoline. The above three pieces of works demonstrated that incorporation of
triazole in chemosensors can potentially selectively response to AP’; however, many of them

still suffered from the limitation in organic solvent medium.

Figure 4-34. AI’" chemosensors based on triazolyl group.

Ion pair interaction

Compared with metal complexation interaction, ion pair interaction usually provides great
advantages to overcome the limitation in organic solvents. Au NPs functionalized with
pentapeptide CALNN 87 (Figure 4-35) showed distinct response to AI’” when compared with
other metal ions.”” Addition of A" induced red shift of surface plasmon band and resulted in
solution color change from purple to blue, strongly indicative of aggregation of Au NPs in the
presence of AI’*. Modified protected ligands were used to demonstrate that the selectivity was
both coming from sequence of the peptide and terminal carboxylic acid group. Detection limit
with 0.2 uM was achieved and this approach was successfully applied for quantitative
analysis of cellular AI’". A new water soluble ligand 88 was found to exhibit aggregation

induced emission (AIE) in THF/H,O medium with increasing fraction of H,O (Figure 4-35).%
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I** to the solution of 88, gradually increased fluorescence

With increasing addition of A
intensity was observed. This was because the electrostatic interaction between AI’" and
carboxylate caused aggregation of 88 and as a consequence intramolecular rotation was
restricted. Other metal ions showed slight effect on its spectra. However, its sensing

mechanism required more detailed investigation.
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Figure 4-35. AI’" chemosensors based on electrostatic interaction.

Others (amido, dimethylamino, quinoline, carbonyl, phenol, polyether)

Other binding motifs have also been designed to selectively detect AI'". A BODIPY
derivative 89 (Figure 4-36) containing a N,N-(dimethylamino)styryl group at its a-position
and aniline moiety at meso-position was investigated in HEPES buffer solution.®’ Efficient
PET and ICT processes quenched its excited states with a low quantum yield. However, the
addition of AI’" complexed with the two dimethylamino groups and inhibited the PET and
ICT process, resulting in decrease of ICT emission band and enhancement of the local excited
state emission, while other tested metal ions showed no remarkable influence. The down field
shift of its protons supported the proposed binding between Al’* and dimethylamino group of
BODIPY.

Amide 90 (Figure 4-36) containing calix[4]arene bis-alkynyl-bridged Au(I) isocyanide
complex in the cone conformation exhibits no Au(I)-Au(I) interaction since the two metal
points are far apart. Upon complexation with Al’", reorganization of the lower rim of
calix[4]arene framework brought the two Au(]) sites into close proximity and switched on the
Au(I)-Au(I) interaction.” During the titration of AP’ to the 90 solution in MeCN/CH,Cl,,
emission at 455 nm decreased and a new emission band at 655 nm appeared. Other metal ions
showed almost no influence on its spectra. The high selectivity to AI’" over other metal ions
was presumably due to the interaction between carbonyl group of amide and AI’" and the
nature of A’ such as its small size, high charge density and oxophilicity.

Two pyrene connected with different length of polyether were found to show selective

response to Al’" over the other metal ions tested (Figure 4-36).*> 91 exhibited a strong
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excimer emission at around 475 nm and a weak monomer emission at 375 nm, which
indicated that the close proximity of two pyrene moieties in the solution and intramolecular
- stacking interaction. In the presence of increasing concentrations of AI’" in MeCN, a
fluorescent ratiometry with enhanced monomer and quenched excimer was observed due to
the less efficient overlap of m-7 stacking interaction interrupted by Al However, selectivity
of these ligands to AI’" through the polyether was not good enough since they also showed

efficient quenching to Pb*".

91

Figure 4-36. AI’" chemosensors based on atypical binding sites.

The introduction mentioned above has demonstrated that ions pair approach possesses
several advantages when compared with others. They generally work well in aqueous
solutions and show high selectivity to Al’" with little interference from other metal ions.
However, there are still rare examples by utilization of ion pair interactions to detect
aluminum with satisfactory results. Investigations on interaction of surfactant containing
sulfonate with AI’" have shown that the strong electrostatic interaction could lead to
precipitation which was quite markedly influenced by pH.** Their results indicated that the
competition among sulfonate monomers, micelles and hydroxyl ions for Al species control the
behavior of the system. For continuous work on the program of developing fluorescent
chemosensors based on the framework of calix[4]arene, we envisage to introduce the
sulfonate groups on to the calix[4]arene moiety. On one hand we intend to study the effect of
the additional sulfonate group on the binding ability of azacrown to K" and on the other hand
the strong interaction between sulfonate and aluminum could lead to form aggregates and
consequently influence photophysical properties of dansyl fluorophore. SulfCalix-Dansyl is

shown in Scheme 4-4.
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4.2.2. Synthesis of SulfCalix-Dansyl

Synthesis of SulfCalix-Dansyl is shown in Scheme 4-4. It was obtained by direct
sulfonation of Calix-Dansyl with chlorosulfonic acid, followed by neutralization with
NaHCOs; in pyridine/H>O mixed solution in 34% yield. SulfCalix-Dansyl was characterized
by 'H, *C NMR and HRMS spectra.

) HSO4CI,CH,Cl, -10°C to RT

ii) H,0, pyridine, NaHCO3, RT

Calix-Dansyl SulfCalix-Dansyl

Scheme 4-4. Synthesis of SulfCalix-Dansyl.

4.2.3. Photophysical properties of Calix-Dansyl

It’s quite surprising to find that Calix-Dansyl exhibits an aggregation induced emission
(AIE) eftect in EtOH/H,O mixed solution. Photophysical behavior of Calix-Dansyl was
investigated in EtOH-H,O mixed solution with different ratios, as shown in Figure 4-37. With
increasing water fraction to 40%, slightly hypochromic effect was observed for the absorption
spectra and gradual fluorescence quenching with a red shift from 532 nm to 550 nm. This is
explained by the increase of solvent polarity by increasing water fraction, which can stabilize
the charge separated state and cause the red shift of the fluorescence. In contrast, when the
fraction exceeds 40%, then a level-off tail absorption band and hyperchromic effect and
broadening for the major band are observed; correspondingly, emission exhibits remarkable
blue shift from 550 to 500 nm and intensity is enhanced by about 2.7 folds . This is in contrast
to the fact that increasing polarity would induce the red shift of the ICT band. As we know
that Calix-Dansyl is not soluble in H,O, thus increasing water fraction could lead to the
formation of aggregate or small particles. Fluorescence quenching is generally observed
during the aggregation mainly because of the formation of H-aggregate. However, it is quite
different in our case. This can be attributed to dramatically reduced micro-environmental
polarity of dansyl fluorophore in the aggregated state which may increase the radiative
efficiency and meanwhile the bulk steric effect caused by calix[4]arene prevented the compact
stacking between the dansyl fluorophores. When the water fraction exceeds 60%,
fluorescence intensity is slightly quenched without wavelength shift, indicating that
precipitation of ligands from the solution starts occurring. It’s therefore here we can conclude
that water-induced formation of stable aggregates of Calix-Dansyl can increase the
fluorescence efficiency. This phenomenon can be utilized as a new fluorescent sensing

approach based on analyte-induced formation of an aggregate or small particle to create a less
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polar micro-environment for ICT type fluorophores.
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Figure 4-37. Absorption (top) and fluorescence (bottom) spectra of Calix-Dansyl in EtOH and milli-Q

water mixed solution; [Calix-Dansyl] = 10 uM, A = 338 nm.

4.2.4. Photophysical properties of SulfCalix-Dansyl

Spectral properties of SulfCalix-Dansyl were investigated in HO. As shown in Figure
4-38, it exhibits a broad absorption band centered at 328 nm and an emission band at 579 nm
under neutral and basic condition, which can be attributed to intramolecular charge transfer
from dimethylamino group to sulfonyl group. By decreasing pH of the solution with the
addition of HCIO4, absorption band at 328 nm decreases and new peaks at 320 and 285 nm
appear, which is characteristic of dansyl fluorophore when its dimethylamino group is
protonated. Meanwhile, gradual decrease of the fluorescence intensity at 579 nm was
observed. Protonation of the dimethylamino group blocks the intramolecular charge transfer.
The pK, of SulfCalix-Dansyl in H;O was obtained by fitting from the titration to be 4.7.
Molecular geometry in solution was investigated by ROESY spectra. As displayed in Figure
4-39, protons at 3.4 ppm of glycol couple with protons of dansyl at 8.1 ppm and protons of
dimethylamnio group of dansyl at 2.7 ppm couple with protons of calixarene at 7.4 ppm. The
results indicate that dansyl fluorophores are in close proximity to calixarene moiety due to
pyramidalization of nitrogen atom and distorted tetra-hedral geometry of sufonyl group,

resulting two of sulfonate anions completely exposed to water.
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Figure 4-38. Absorption and fluorescence of SulfCalix-Dansyl at different pH in milli-Q water, pH was
adjusted by HCIO4 and NaOH, [SulfCalix-Dansyl] = 10 pM.
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Figure 4-39. ROESY of SulfCalix-Dansyl in D,O.

In order to examine how the introduction of four sulfonate groups affect the photophysical
properties of fluorescent core dansylamide, firstly their absorption and fluorescence spectra
were recorded in MeCN/H,O (v:v = 3:2). As shown in Figure 4-40, the normalized spectra
illustrate that the introduction of four sulfonate groups cause about 6 nm blue shift for the

absorption spectra and 5 nm red shift for the emission spectra. More detailed investigation
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was again performed in EtOH/H,O (v:v =9:1), as displayed in Table 4-5. The blue shift of the
absorption band in this medium is 8 nm, a bit larger than that in MeCN/H,O (v:v = 3:2).
However, no wavelength shift was observed for the emission spectra. They both show almost
the same extinction coefficients and fluorescence quantum yield in EtOH/H,O (v:v = 9:1).
Therefore the introduction of four sulfonate groups on the calix[4]arene does not affect
significantly radiative processes but makes it very soluble in water. It’s also assumed that it

may affect the binding ability of the azacrownn moiety to cations.

Calix-Dansyl
- - - SulfCalix-Dansyl

Normalized Absorbance

Normalized Fluorescence Intensity, a.u.

. ' L . L ) ' 0.0
300 350 400 450 500 550 600 650 700
Wavelength, nm

Figure 4-40. Normalized absorption and fluorescence spectra of Calix-Dansyl and SulfCalix-Dansyl in
MeCN/H,0 (v/v =3:2).

7\«maxA kmaxF Alr.a €00 D
Compound
[nm] [nm] [cm™] [L.mol”.cm™]
Calix-Dansyl 338 539 11033 8910 0.39
SulfCalix-Dansyl 330 540 11601 9038 0.34

Table 4-5. Photophysical data of Calix-Dansyl and SulfCalix-Dansyl in EtOH/H,O(v:v = 9:1), using
sulfate quinine in 0.5N H,SO, as the reference.

4.2.5. Complexation of SulfCalix-Dansyl in buffer solutions

Spectral response of SulfCalix-Dansyl to a wide range of metal ions was then screened in
lutidine buffer solution at pH 6.0. As shown in Figure 4-41, the addition of very high
concentrations of alkali metals Na“, K, Li", alkaline earth metal Mg”*, Ca*", Ba®" at 10 mM
level and transition metal ions Eu3+, La3+, Cd2+, C02+, Cu2+, Fe%, Hg2+, Mn2+, Ni2+, Pb*" and
Zn>" at 0.1 mM show almost no effect on the spectral properties of SulfCalix-Dansyl. In
contrast, the addition of AI’" (0.1 mM) induces remarkable fluorescence enhancement
concomitant with large blue shift from 576 to 530 nm and fluorescence color change from
yellow to green. The addition of Fe>* (0.1 mM), however, decreases the fluorescence intensity

without wavelength shift. Concerning the absorption spectra, almost no change was observed
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for all the tested metal ions except AI’" and Fe". In the presence of Fe’" it shows a quite
strong absorption band at 340 nm where it significantly overlaps with the excitation
wavelength. Thus the fluorescence quenching caused by Fe'* quite probably comes from the
inner filtering effect. The level-off tail absorption band in the longer wavelength range is
observed in the presence of AI’", strongly indicating the formation of small particles in
solutions. Considering the large blue shift of the wavelength with respect to AI*", selectivity is
expressed as the ratio of fluorescence intensity at 540 nm and 640 nm, as shown in Figure
4-43. 1t further confirms that SulfCalix-Dansyl shows very high selectivity to AI’* over other
metal ions and the interference from Fe’” was reduced to a large extent when compared with
the selectivity expressed as fluorescence intensity at single wavelength. Ratiometric detection
not only has a built-in correction for the environmental effects but also reduces the

interference behaving in the way of fluorescence intensity variation at single wavelength.
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Figure 4-41. Absorption and fluorescence spectra of SulfCalix-Dansyl in the presence of various metal
ions in lutidine buffer solution (pH = 6.0, 10 mM); [SulfCalix-Dansyl] = 10 uM, alkali and alkaline earth

metal ions were 10 mM, and the others were 0.1 mM, A, = 328 nm.

To examine the practical application of our protocol, we investigated the spectral response
of SulfCalix-Dansyl to AI’* in the presence of other competing metal ions. As shown in
Figure 4-42, even the presence of high concentrations of alkali metals Na*, K', Li*, (10 mM),
alkaline earth metal Mg®", Ca®", Ba*", (10 mM), they did not influence the detection of AI’".
For transition metal ions, except Cu”” and Fe’" all the others almost show no interference. The
presence of Cu® and Fe’" induced remarkable fluorescence quenching but to different extents;
however, it’s worthy of notice that they all show large blue shift compared with
SulfCalix-Dansyl. We believe that the presence of Cu" does not interrupt the first binding
process but quenches the fluorescence of the resultant “green” complex (SulfCalix-Dansyl
-AI’") by heavy atom effect or electron/energy transfer. The major quenching of Fe' is

attributed to the inner filter effect. When the ratio of fluorescence intensity at 540 nm and 640
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nm was used to establish the competition experiment, the interference of Cu>" was eliminated
and Fe'" was reduced, as shown in Figure 4-43. Therefore SulfCalix-Dansyl was

demonstrated to be a promising selective fluorescent chemosensor for aluminum in complex
samples.

Na', K', Li", Mg™ Ca” Ba™ Eu™ La™ Cd™,

Co™ Co™ Fe’ Hg" Mn™ Ni** Pb™ Zn® + A"
200 g

100 |-

Fluorescence Intensity, a.u.

400 450 500 550 600
Wavelength, nm

Figure 4-42. Fluorescence spectra of SulfCalix-Dansyl in the coexistence of various metal ions and Al in

lutidine buffer solution (pH = 6.0, 10 mM); [SulfCalix-Dansyl] = 10 uM, alkali and alkaline earth metal
ions were 10 mM, and the others were 0.1 mM, A, = 328 nm.
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Figure 4-43. Ratiometric response Is4¢/Is0 of SulfCalix-Dansyl in the presence of selected metal ions in
lutidine buffer solution (pH = 6.0, 10 mM). The light bars represent the response of SulfCalix-Dansyl in
the presence of selected cations; the dense bars represent the response upon an addition of AI’* to a solution

of SulfCalix-Dansyl in the presence of selected cations; [SulfCalix-Dansyl] = 10 uM, alkali and alkaline

earth metal ions were 10 mM, and the others were 0.1 mM, A., = 328 nm..

As shown in Figure 4-44 (top), the absorption and fluorescence titration of
SulfCalix-Dansyl to AI’" were then carried out in lutidine buffer solution at pH 6.0. Upon

addition of increasing concentrations of AI’*, the absorption band at 328 nm shows a little red
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shift to 335 nm, which is quite close to that of Calix-Dansyl and indicates that partial
negative charges were neutralized by Al’*. Meanwhile, level-off tail absorption band ranging
in long wavelength region increases due to scattering effect from the incremental formation of
aggregates/particles. With respect to the fluorescence titration, when the concentration of AI**
is lower than 0.1 mM, there is a gradual fluorescence enhancement and emission band blue
shift from 576 nm to 530 nm. It reaches a plateau when the concentration is over 0.1 mM.
Due to 46 nm blue shift, it’s possible for us to detect A’ in ratiometric method. Ratio of
fluorescence intensity at 540 and 640 nm as the functions of concentrations of added AP is
plotted, as shown in Figure 4-44 (middle). A nice linear dependence is obtained ranging from
0 to 0.1 mM. According to the 3o/, the detection limit in this approach was calculated to be
1.8 uM, meeting with the requirement of WHO with a limit of 7.41 pM AI’" in drinking water.
We also try to make a plot by integration fluorescence area from 400 to 640 nm versus
concentration of AI’*, as displayed in Figure 4-44 (bottom). However, the linear dependence
is not as good as the ratiometric methods. In order to test the validation of this approach under
physiological conditions, the titration was also conducted at pH 7.0, as shown in Figure 4-45.

It shows very similar spectral response to AP’ as that under pH 6.0. However, the solution

was not stable, especially when the concentration of AI** was over 0.1 mM.
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Figure 4-44. Absorption and fluorescence spectra of SulfCalix-Dansyl in the presence of increasing
concentrations of A’ in lutidine buffer solution (pH = 6.0, 10 mM); [SulfCalix-Dansyl] = 10 pM, Aex =
330 nm.
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Figure 4-45. Absorption and fluorescence spectra of SulfCalix-Dansyl in the presence of increasing
concentrations of A’ in lutidine buffer solution (pH = 7.0, 10 mM); [SulfCalix-Dansyl] = 10 pM, Aex =
330 nm.

Reversibility is one of the most important parameters of chemosensors. The reversible
binding process between SulfCalix-Dansyl and AI’" was investigated in lutidine buffer
solution both at pH 6.0, as illustrated in Figure 4-46. With the addition of 2 equiv of
Na;EDTA or NaF with respect to AI’", fluorescence spectra of SulfCalix-Dansyl were
recovered and nearly overlapped with free ligand. This is due to much stronger binding ability
of EDTA*/F to AI’" compared with sulfonate anion. Regeneration of free ligand is important

for the fabrication of devices to sense Al*".
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Figure 4-46. Reversibility SulfCalix-Dansyl -Al'" in lutidine buffer solution (pH = 6.0, 10 mM);
[SulfCalix-Dansyl] = 10 uM, [AI’'] = 0.1 mM, [EDTA] = [NaF] = 0.2 mM, A, = 328 nm.

In Figure 4-44, with the increasing concentrations of AI’*, the increment of absorption tail
(450-500 nm) resulted from the scattering effect indicates large particle was formed during
the titration. Two possibilities can be proposed for this phenomenon: one is the addition of
AI*" could coordinate with sulfonate ion to form metal coordination polymers, which
subsequently form aggregates; the other is AI*" itself at pH 6 hydrolyzes into AI(OH); and

suspends in solution.

In order to get insight into sensing mechanism of our protocol, we then first investigated
the pH effect on the binding ability of SulfCalix-Dansyl to AI’". As mentioned above,
dansylamide fluorophore is sensitive to pH change.®® Protonation on the dimethylamino group
inhibits intramolecular charge transfer and decreases its emission intensity. However, no
wavelength shift for ICT band is observed in the tested pH range (4-9) and thus ratio of
fluorescence intensity at 540 nm and 640 nm keeps constant under different pH conditions, as
shown in Figure 4-47 (left). While in the presence of Al'", the ratio of resultant complex
shows maximum at pH 6 and decreases dramatically when pH deviates 6. When pH is lower
than 5 or higher than 8, the presence of Al** almost shows no influence on the ratio value. It’s
well known that the existing forms of aluminum change with pH, as shown in Figure 4-47
(right). In pure water, when the pH is lower than 4, 90% of aluminum exists as the free
[Al(H,0)s] **; with increase of pH but lower than 7, aluminum hydrolyzes to produce
precipitate AI(OH)s; and when the pH is higher than 7, AI(OH); is again transferred into
Al(OH),.% The pH effect on the spectral response of SulfCalix-Dansyl to AI’" is a bit like
the curve of fraction distribution of AI(OH); in water under different pH, though with a
narrower half-peak width. It’s supposed that SulfCalix-Dansyl with four negative charge can

be adsorbed onto the AI(OH); colloid surface covered with positive charge through

-191 -



Chapter 4. Fluorescent Calix[4]bisazacrown Based Chemosensors

electrostatic interaction. From pH 5 to 6, there may exists species with positive charge such as
AI’*, AI(OH)*" and AI(OH),", which result in the strong adsorption of SulfCalix-Dansyl;
however when pH further increases, density of the positive charge on the surface will reduced
quickly, which might be the reason why it shows narrower half-peak width.
Micro-environmental polarity of the dansylamide changes a lot when SulfCalix-Dansyl was
adsorbed onto the colloid surface. As we know, decrease of the polarity will induce blue shift
and fluorescence enhancement. This explanation is consistent with our results.

Al(lll} Species Distribution
Pure Water

40 —a— SulfCalix-Dansyl } AllQH), Al{OH),
—a— SulfCalix-Dansyl + Al 08
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Figure 4-47. The pH effect on the change of fluorescence intensity at 533 nm of SulfCalix-Dansyl before
and after addition of AI’” in lutidine solution (10 mM), Aex = 328 nm; [SulfCalix-Dansyl] = 10 uM and the

pH effect of species of A" in pure water; right: AI(III) species distribution in pure water®.

Resonance light scattering spectrometry plays important roles in physical chemistry,
colloid chemistry and macromolecule chemistry, mainly providing important information on

molecular weight, radius of rotation, shape and size of particle.®”®

Theory of light scattering
may be categorized into two theoretical frameworks.” One is Rayleigh scattering when
diameter of particle is much smaller than incident light wavelength; and the other is Mie
scattering when particle size is about the same or larger than wavelength of incident light.
Though versatile theories have been developed for analytical calculations, herein it’s difficult
for us to obtain information about the size and shape of the particles formed in-situ. Rayleigh
approximation is then simply used to describe our system, from which we can see the light
intensity is proportional to diameter of particles with sixth power orders dependence.”
Anyhow, variation of resonance light scattering can still qualitatively indicates the change of
particles size. As displayed in Figure 4-48, both AI’" and SulfCalix-Dansyl in lutidine buffer

I’" to the solution of

at pH 6.0 show very weak signal. However, with addition of A
SulfCalix-Dansyl, a quite strong resonance relay scattering was observed from 300 nm to 500
nm. This demonstrates that interaction between Al’* and SulfCalix-Dansyl promotes to form
a large particle in solution and the absorption of SulfCalix-Dansyl in this range induces the

resonance light scattering and greatly enhances the signal. No change is observed in the case
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of Zn*", while addition of Fe’™ causes an enhancement but to a lesser extent when compared
with A" (Figure 4-48).
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Figure 4-48. Resonance Rayleigh scattering of SulfCalix-Dansyl in the presence of various metal ions in

lutidine buffer solution (pH = 6.0, 10 mM); [SulfCalix-Dansyl] = 10 uM, metal ions were 0.1 mM.

Anisotropy measurement has been proved to be a robust approach to obtain information
on size and shape of macromolecules or assemblies or the rigidity of molecular environment.
It’s significantly affected by several factors, among which rotational diffusion is the most
common cause. Assuming no other processes result in loss of anisotropy, the expected
anisotropy can be given by Perrin equation:

T
"0
where 7 is the anisotropy measured in the absence of rotational diffusion, and t is lifetime of
the fluorophore, and 0 is the rotational correlation time for the diffusion process.”' Therefore
larger anisotropy would be obtained when the rotational diffusion time is increased by

> PWe then carried out the anisotropy

attaching the fluorophore to large particles.
measurement of our sensing systems. As can be seen from Figure 4-49, the free
SulfCalix-Dansyl shows very small anisotropy with the average value at 0.05 from 560 to
600 nm, due to the rapid rotation of fluorophore in its lifetime scale. It’s quite surprising to
find that with the addition of 10 equiv of AI’", anisotropy of the resultant complex was
increased to 0.23 from 520 to 560 nm. The significant increase of the anisotropy strongly
demonstrates that SulfCalix-Dansyl is attached to large particles which results in decrease of
the rotational diffusion rate. This is consistent with our results from the light resonance

scattering.
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Figure 4-49. Anisotropy of SulfCalix-Dansyl in the absence and presence of AI’" in lutidine buffer
solution (pH = 6.0, 10 mM); [SulfCalix-Dansyl] = 10 uM, [A’'] = 0.1 mM, A = 328 nm.

Reference compound Calix-Dansyl without sulfonate groups was further utilized to verify
the role of electrostatic interactions in the binding process. Under the identical conditions,
spectral response of Calix-Dansyl and SulfCalix-Dansyl to Al’* was examined. Considering
the different solubility of both ligands, it was carried out in EtOH and lutidine (pH = 6.0, 10
mM) mixed solution (Veion: Viuidine = 9:1). As shown in Figrue 4-50, with addition of 10 equiv
AI’", there is a fluorescence enhancement and slight blue shift for SulfCalix-Dansyl while no
influence on Calix-Dansyl. The smaller blue shift and less fluorescence enhancement can be
attributed to the less variation of polarity of danysl fluorophore before and after adsorption
onto the colloid AI(OH);. This phenomenon confirms our assumption that the electrostatic
interaction plays an important role in the binding process and the azacrown in

SulfCalix-Dansyl seems to act as a linker not a binding site.
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Figure 4-50. Fluorescence spectra of SulfCalix-Dansyl and Calix-Dansyl in the absence and presence of
AI’" in EtOH and lutidine buffer solution (pH = 6.0, 10 mM) mixed solution (Veou:Viutidine = 9:1);
[SulfCalix-Dansyl] = 10 uM, [A13+] = 0.1 mM, A¢ = 328 nm for SulfCalix-Dansyl and , A.x = 338 nm for
Calix-Dansyl.
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Finally naked eye detection is fascinating due to its great simplicity. There is a blue shift
by 40 nm from 579 to 537 nm with the fluorescence change from dark yellow to bright green
under illumination of 365 nm (Figure 4-51). When the resultant complex was kept still for
another two hours, very obvious flocs with bright fluorescence were observed at the bottom of

cuvette, indicating the agglomeration of destabilized particles into large size.

Keep still [
)

Figure 4-51. Photographs of SulfCalix-Dansyl in the absence and presence of AI’" in Ilutidine buffer
solution (pH = 7.0, 10 mM); [SulfCalix-Dansyl] = 10 uM.

4.2.6. Conclusion

In this section, we have presented that sulfonated SulfCalix-Dansyl exhibited very high
selectivity to AI’" under weak acid condition pH 6.0. Remarkable fluorescence blue shift and
about 3-fold enhancement were observed due to the adsorption of SulfCalix-Dansyl to
colloid particle of AI(OH); with positive charge on its surface, as illustrated in Scheme 4-5.
This assumption was verified by the increase of absorption tail band, pH effect, resonance
light scattering, anisotropy measurement and also flocculation formation. The change of the
micro-environmental polarity of ICT characteristic dansyl fluorophore results in the
fluorescence enhancement and blue shift. It should be noted that many reported investigations
on fluorescent AI*" chemosensors have been conducted under weak acidic condition, however
without consideration of the distribution of different species of AI’" may cause
misunderstanding of the binding process. From our results above, it’s already known that the
selectivity stems from the unique character of A", thus the vast choices of the indicators may
largely and easily extend our strategy by using different ICT characteristic

chromophore/fluorophores for the selective detection of aluminum.
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® AIO

Scheme 4-5. Schematic illustration of interaction between SulfCalix-Dansyl and AI’".

- 196 -



Chapter 4. Fluorescent Calix[4]bisazacrown Based Chemosensors

References

[1] Sterns, R. H.; Cox, M.; Feig, P. U.; Singer, 1. "Internal Potassium-Balance and the
Control of the Plasma Potassium Concentration.” Medicine 1981, 60, 339-354.

[2] Minta, A.; Tsien, R. Y. "Fluorescent Indicators for Cytosolic Sodium." Journal of
Biological Chemistry 1989, 264, 19449-19457.

[3] Steed, J. W.; Atwood, J. L. "Supramolecular Chemistry, 2nd edition" John Wiley & Sons,
2009.

[4] Baruah, M.; Qin, W. W.; Vallee, R. A. L.; Beljonne, D.; Rohand, T.; Dehaen, W.; Boens,
N. "A highly potassium-selective ratiometric fluorescent indicator based on BODIPY
azacrown ether excitable with visible light." Organic Letters 2005, 7, 4377-4380.

[5] Lin, S. Y.; Liu, S. W.; Lin, C. M.; Chen, C. H. "Recognition of potassium ion in water by
15-crown-5 functionalized gold nanoparticles.” Analytical Chemistry 2002, 74, 330-335.

[6] Kim, J.; McQuade, D. T.; McHugh, S. K.; Swager, T. M. "lon-specific aggregation in
conjugated polymers: Highly sensitive and selective fluorescent ion chemosensors."”
Angewandte Chemie-International Edition 2000, 39, 3868-3872.

[7] Xia, W. S.; Schmehl, R. H.; Li, C. J. "4 highly selective fluorescent chemosensor for K"
from a bis-15-crown-5 derivative.” Journal of the American Chemical Society 1999, /21,
5599-5600.

[8] Yamauchi, A.; Hayashita, T.; Kato, A.; Nishizawa, S.; Watanabe, M.; Teramae, N.
"Selective potassium ion recognition by benzo-15-crown-5 fluoroionophore/y-cyclodextrin
complex sensors in water." Analytical Chemistry 2000, 72, 5841-5846.

[9] Wang, X. R.; Hu, J. M.; Liu, T.; Zhang, G. Y.; Liu, S. Y. "Highly sensitive and selective
fluorometric off-on K probe constructed via host-guest molecular recognition and

aggregation-induced emission." Journal of Materials Chemistry 2012, 22, 8622-8628.
[10]Lehn, D. B.; Sauvage, J. P.; Blanzat, J. "Cryptates—X : Syntheses et proprietes physiques

de systemes diaza-polyoxa-macrobicycliques.” Tetrahedron 1973, 29, 1629-1645.

[11]He, H. R.; Mortellaro, M. A.; Leiner, M. J. P.; Fraatz, R. J.; Tusa, J. K. "4 fluorescent
sensor with high selectivity and sensitivity for potassium in water." Journal of the American
Chemical Society 2003, /25, 1468-1469.

[12]Zhou, X. F.; Su, F. Y.; Tian, Y. Q.; Youngbull, C.; Johnson, R. H.; Meldrum, D. R. "4 New
Highly Selective Fluorescent K Sensor." Journal of the American Chemical Society 2011,
133, 18530-18533.

[13]Carpenter, R. D.; Verkman, A. S. "Synthesis of a Sensitive and Selective
Potassium-Sensing Fluoroionophore.” Organic Letters 2010, /2, 1160-1163.

[14]Gutsche, C. D. "Calixarenes An Introduction 2nd Edition" The Royal Society of
Chemistry, 2008.

[15]Valeur, B.; Leray, 1. "lon-responsive supramolecular fluorescent systems based on
multichromophoric calixarenes: A review.” Inorganica Chimica Acta 2007, 360, 765-774.
[16]Kim, J. S.; Quang, D. T. "Calixarene-derived fluorescent probes." Chemical Reviews
2007, 107, 3780-3799.

[17]Joseph, R.; Rao, C. P. "lon and Molecular Recognition by Lower Rim I,3-Di-conjugates
of Calix[4]arene as Receptors.” Chemical Reviews 2011, /11, 4658-4702.

-197 -



Chapter 4. Fluorescent Calix[4]bisazacrown Based Chemosensors

[18]Oueslati, 1. "Calix(aza)crowns: synthesis, recognition, and coordination. A mini review."
Tetrahedron 2007, 63, 10840-10851.

[19]Ikeda, A.; Shinkai, S. "Novel cavity design using calix[n]arene skeletons: Toward
molecular recognition and metal binding." Chemical Reviews 1997, 97, 1713-1734.

[20] Alfieri, C.; Dradi, E.; Pochini, A.; Ungaro, R.; Andreetti, G. D. "Synthesis, and X-Ray
Crystal and Molecular-Structure of a Novel Macrobicyclic Ligand - Crowned
Para-Tert-Butyl-Calix[4] Arene.” Journal of the Chemical Society-Chemical Communications
1983, 1075-1077.

[21]Bu, J. H.; Zheng, Q. Y.; Chen, C. F.; Huang, Z. T. "New fluorescence-quenching process
through resumption of PET process induced by complexation of alkali metal ion." Organic
Letters 2004, 6, 3301-3303.

[22]Kim, S. K.; Lee, S. H.; Lee, J. Y.; Lee, J. Y.; Bartsch, R. A.; Kim, J. S. "4n excimer-based,
binuclear, on-off switchable calix[4]crown chemosensor." Journal of the American Chemical
Society 2004, 726, 16499-16506.

[23]Kim, J. S.; Shon, O. J.; Ko, J. W.; Cho, M. H.; Yu, L. Y.; Vicens, J. "Synthesis and metal
ion complexation studies of proton-ionizable calix[4]azacrown ethers in the 1,3-alternate
conformation.” Journal of Organic Chemistry 2000, 65, 2386-2392.

[24]Kim, J. S.; Shon, O. J; Rim, J. A.; Kim, S. K.; Yoon, J. "Pyrene-armed
calix[4]azacrowns as new fluorescent ionophores: "Molecular taekowndo" process via
fluorescence change.” Journal of Organic Chemistry 2002, 67, 2348-2351.

[25]Koh, K. N.; Araki, K.; Shinkai, S.; Asfari, Z.; Vicens, J. "Cation-Binding Properties of a
Novel 1,3-Alternate Calix[4]Biscrown - Formation of 1/1-Complex and 1/2-Complex and
Unique Cation Tunneling across a Calix[4]Arene Cavity." Tetrahedron Letters 1995, 36,
6095-6098.

[26]Kim, S. G.; Kim, H.; Noh, K. H.; Lee, S. H.; Kim, S. K.; Kim, J. S. "Potassium
ion-selective membrane electrodes based on 1,3-alternatecalix[4]crown-5-azacrown-5."
Talanta 2003, 61, 709-716.

[27]ArmaudNeu, F.; Asfari, Z.; Souley, B.; Vicens, J. "Binding properties of
calix[4]-bis-crowns towards alkali cations.” New Journal of Chemistry 1996, 20, 453-463.
[28]Leray, I.; Asfari, Z.; Vicens, J.; Valeur, B. "Synthesis and binding properties of
calix[4]biscrown-based fluorescent molecular sensors for caesium or potassium ions."
Journal of the Chemical Society-Perkin Transactions 2 2002, 1429-1434.

[29]Malval, J. P.; Leray, 1.; Valeur, B. "4 highly selective fluorescent molecular sensor for
potassium based on a calix[4]bisazacrown bearing boron-dipyrromethene fluorophores.”
New Journal of Chemistry 2005, 29, 1089-1094.

[30]van Ameijde, J.; Liskamp, R. M. J. "Synthesis of novel trivalent amino acid
glycoconjugates based on the cyclotriveratrylene ("CTV") scaffold.” Organic & Biomolecular
Chemistry 2003, 7, 2661-2669.

[31]Kim, S. K.; Sim, W.; Vicens, J.; Kim, J. S. "Modular chemistry. Double- and
multi-1,3-alternate-calixcrowns. " Tetrahedron Letters 2003, 44, 805-809.

[32]Kim, J. S.; Lee, W. K.; No, K.; Asfari, Z.; Vicens, J. "Two novel 1,3-calix[4]azacrowns."”
Tetrahedron Letters 2000, 4/, 3345-3348.

[33]Haddadi, H.; Alizadeh, N.; Shamsipur, M.; Asfari, Z.; Lippolis, V.; Bazzicalupi, C.
"Cation-pi Interaction in Complex Formation Between TI™ Ion and Calix[4]crown-6 and

- 198 -



Chapter 4. Fluorescent Calix[4]bisazacrown Based Chemosensors

Some Calix[4]biscrown-6 Derivatives: Thallium-203 NMR, Proton NMR, and X-ray
Evidence." Inorganic Chemistry 2010, 49, 6874-6882.

[34]Zatko, D. A.; Kratochv.B "Copper (2) Oxidation of Thioureas in Acetonitrile.” Analytical
Chemistry 1968, 40, 2120-2013.

[35]Kratochv.B; Zatko, D. A.; Markusze.R "Copper(2) as an Analytical Oxidant in
Acetonitrile.” Analytical Chemistry 1966, 38, 770-772.

[36]Kratochv.B; Zatko, D. A. "Oxidation of Some Arylamines by Copper(2) in Acetonitrile.”
Analytical Chemistry 1968, 40, 422-424.

[37]Li, A. F.; He, H.; Ruan, Y. B.; Wen, Z. C.; Zhao, J. S.; Jiang, Q. J.; Jiang, Y. B. "Oxidative
cyclization of N-acylhydrazones. Development of highly selective turn-on fluorescent
chemodosimeters for Cu’"." Organic & Biomolecular Chemistry 2009, 7, 193-200.
[38]Rodriguez-Morgade, M. S.; Planells, M.; Torres, T.; Ballester, P.; Palomares, E. "4
colorimetric molecular probe for Cu(ll) ions based on the redox properties of Ru(ll)
phthalocyanines." Journal of Materials Chemistry 2008, /8, 176-181.

[39]Wang, D. P.; Shiraishi, Y.; Hirai, T. "4 BODIPY-based fluorescent chemodosimeter for
Cu(Il) driven by an oxidative dehydrogenation mechanism." Chemical Communications 2011,
47,2673-2675.

[40]Kawahara, M.; Muramoto, K.; Kobayashi, K.; Mori, H.; Kuroda, Y. "Aluminum Promotes
the Aggregation of Alzheimers Amyloid Beta-Protein in-Vitro." Biochemical and Biophysical
Research Communications 1994, 798, 531-535.

[41]Paik, S. R.; Lee, J. H.; Kim, D. H.; Chang, C. S.; Kim, J. "Aluminum-induced structural
alterations of the precursor of the non-A beta component of Alzheimer's disease amyloid."
Archives of Biochemistry and Biophysics 1997, 344, 325-334.

[42]Lin, J. L.; Kou, M. T.; Leu, M. L. "Effect of long-term low-dose aluminum-containing
agents on hemoglobin synthesis in patients with chronic renal insufficiency.” Nephron 1996,
74, 33-38.

[43]Good, P. F.; Olanow, C. W.; Perl, D. P. "Neuromelanin-Containing Neurons of the
Substantia-Nigra Accumulate Iron and Aluminum in Parkinsons-Disease - a Lamma Study."
Brain Research 1992, 593, 343-346.

[44]Geneva, W. W. H. O. "Guidelines for drinking water quality 4" edition", 2011.
[45]Kumar, S.; Dhar, D. N.; Saxena, P. N. "Applications of metal complexes of Schiff bases-A
review." Journal of Scientific & Industrial Research 2009, 68, 181-187.

[46]Su, Z. A.; Chen, K. Y.; Guo, Y. A; Qi, H. P; Yang, X. F.; Zhao, M. L. "4
Coumarin-Based Fluorescent Chemosensor for Zn’" in Aqueous Ethanol Media."” Journal of
Fluorescence 2010, 20, 851-856.

[47]Hisaindee, S.; Zahid, O.; Meetani, M. A.; Graham, J. "Fluorescent Studies of
Salicylaldehyde and Other Related Carbonyl Compounds for the Selective and Sensitive
Detection of Zinc(Il) lons in Aqueous Solution.” Journal of Fluorescence 2012, 22, 677-683.
[48]Kim, S.; Noh, J. Y.; Kim, K. Y.; Kim, J. H.; Kang, H. K.; Nam, S. W.; Kim, S. H.; Park, S.;
Kim, C.; Kim, J. "Salicylimine-Based Fluorescent Chemosensor for Aluminum lons and
Application to Bioimaging." Inorganic Chemistry 2012, 5/, 3597-3602.

[49]Upadhyay, K. K.; Kumar, A. "Pyrimidine based highly sensitive fluorescent receptor for
AP" showing dual signalling mechanism.” Organic & Biomolecular Chemistry 2010, 8,
4892-4897.

-199 -



Chapter 4. Fluorescent Calix[4]bisazacrown Based Chemosensors

[50]Maity, D.; Govindaraju, T. "Naphthaldehyde-Urea/Thiourea Conjugates as Turn-On
Fluorescent Probes for A" Based on Restricted C = N Isomerization.” European Journal of
Inorganic Chemistry 2011, 5479-5485.

[51]Sahana, A.; Banerjee, A.; Das, S.; Lohar, S.; Karak, D.; Sarkar, B.; Mukhopadhyay, S. K.;
Mukherjee, A. K.; Das, D. "4 naphthalene-based A" selective fluorescent sensor for living
cell imaging." Organic & Biomolecular Chemistry 2011, 9, 5523-5529.

[52] Arduini, M.; Felluga, F.; Mancin, F.; Rossi, P.; Tecilla, P.; Tonellato, U.; Valentinuzzib, N.
"Aluminium fluorescence detection with a FRET amplified chemosensor.” Chemical
Communications 2003, 1606-1607.

[53]Ma, T. H.; Dong, M.; Dong, Y. M.; Wang, Y. W.; Peng, Y. "4 Unique Water-Tuning
Dual-Channel Fluorescence-Enhanced Sensor for Aluminum lons Based on a Hybrid Ligand
from a 1,1 '-Binaphthyl Scaffold and an Amino Acid." Chemistry-a European Journal 2010, /6,
10313-10318.

[54]Dong, M.; Dong, Y. M.; Ma, T. H.; Wang, Y. W.; Peng, Y. "4 highly selective
fluorescence-enhanced chemosensor for AP in aqueous solution based on a hybrid ligand
from BINOL scaffold and beta-amino alcohol.” Inorganica Chimica Acta 2012, 381, 137-142.
[55]Lu, Y.; Huang, S. S.; Liu, Y. Y.; He, S.; Zhao, L. C.; Zeng, X. S. "Highly Selective and
Sensitive Fluorescent Turn-on Chemosensor for AP~ Based on a Novel Photoinduced Electron
Transfer Approach.” Organic Letters 2011, /3, 5274-5277.

[56]Maity, D.; Govindaraju, T. "Pyrrolidine constrained bipyridyl-dansyl click
fluoroionophore as selective A" sensor."” Chemical Communications 2010, 46, 4499-4501.
[57]Maity, D.; Govindaraju, T. "Conformationally Constrained
(Coumarin-Triazolyl-Bipyridyl) Click Fluoroionophore as a Selective AP* Sensor." Inorganic
Chemistry 2010, 49, 7229-7231.

[58]Maity, D.; Govindaraju, T. "4 differentially selective sensor with fluorescence turn-on
response to Zn’" and dual-mode ratiometric response to A" in aqueous media.” Chemical
Communications 2012, 48, 1039-1041.

[59]Li, X. K.; Wang, J. N.; Sun, L. L.; Wang, Z. X. "Gold nanoparticle-based colorimetric
assay for selective detection of aluminium cation on living cellular surfaces.” Chemical
Communications 2010, 46, 988-990.

[60]Han, T. Y.; Feng, X.; Tong, B.; Shi, J. B.; Chen, L.; Zhi, J. G; Dong, Y. P. "4 novel
"turn-on"  fluorescent chemosensor for the selective detection of AP" based on
aggregation-induced emission.” Chemical Communications 2012, 48, 416-418.

[61]Wang, Y. W.; Yu, M. X.; Yu, Y. H.; Bai, Z. P,; Shen, Z.; Li, F. Y.; You, X. Z. "4
colorimetric and fluorescent turn-on chemosensor for A’ and its application in bioimaging."
Tetrahedron Letters 2009, 50, 6169-6172.

[62]Hau, F. K. W.; He, X. M.; Lam, W. H.; Yam, V. W. W. "Highly selective ion probe for A"
based on Au(l)center dot center dot center dot Au(l) interactions in a bis-alkynyl
calix[4]arene Au(l) isocyanide scaffold.” Chemical Communications 2011, 47, 8778-8780.
[63]Kim, H. J.; Kim, S. H.; Quang, D. T.; Kim, J. H.; Suh, I. H.; Kim, J. S. "Highly selective
fluorescent signaling for A" in bispyrenyl polyether" Bulletin of the Korean Chemical
Society 2007, 28, 811-815.

[64] Somasundaran, P.; Ananthapadmanabhan, K. P.; Celik, M. S. "Precipitation Redissolution
Phenomena in Sulfonate AICl; Solutions.” Langmuir 1988, 4, 1061-1063.

- 200 -



Chapter 4. Fluorescent Calix[4]bisazacrown Based Chemosensors

[65]Metivier, R.; Leray, 1.; Valeur, B. "Photophysics of calixarenes bearing two or four dansyl
fluorophores: charge, proton and energy transfers.” Photochemical & Photobiological
Sciences 2004, 3, 374-380.

[66]Elkins, K. M.; Nelson, D. J. "Spectroscopic approaches to the study of the interaction of
aluminum with humic substances."” Coordination Chemistry Reviews 2002, 228, 205-225.
[67]Collings, P. J.; Gibbs, E. J.; Starr, T. E.; Vafek, O.; Yee, C.; Pomerance, L. A.; Pasternack,
R. F. "Resonance light scattering and its application in determining the size, shape, and
aggregation number for supramolecular assemblies of chromophores.” Journal of Physical
Chemistry B 1999, 703, 8474-8481.

[68]Wu, J. J; Li, N; Li, K. A; L, F "J-aggregates of diprotonated
tetrakis(4-sulfonatophenyl)porphyrin induced by ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate.” Journal of Physical Chemistry B 2008, /72, 8134-8138.

[69]Brar, S. K.; Verma, M. "Measurement of nanoparticles by light-scattering techniques."
Trac-Trends in Analytical Chemistry 2011, 30, 4-17.

[70]Barnett, C. E. "Some Applications of Wave-length Turbidimetry in the Infrared.” Journal
of Physical chemistry 1942, 46, 69-75.

[71]Valeur, B. "Molecular Fluorescence: Principles and Applications" Wiley-VCH Verlag
GmbH, 2001.

[72]Sowmiya, M.; Purkayastha, P.; Tiwari, A. K.; Jaffer, S. S.; Saha, S. K. "Characterization
of guest molecule concentration dependent nanotubes of beta-cyclodextrin and their

secondary assembly:  Study with trans-2-[4(dimethylamino)styryl]benzothiazole, a
TICT-fluorescence probe.” Journal of Photochemistry and Photobiology a-Chemistry 2009,
205, 186-196.

[73]Liu, B.; Bao, Y. Y.; Wang, H.; Du, F. F.; Tian, J.; Li, Q. B.; Wang, T. S.; Bai, R. K. "4n
efficient conjugated polymer sensor based on the aggregation-induced fluorescence
quenching mechanism for the specific detection of palladium and platinum ions." Journal of
Materials Chemistry 2012, 22, 3555-3561.

-201 -



Chapter 4. Fluorescent Calix[4]bisazacrown Based Chemosensors

-202 -



Chapter 5. Preliminary Investigation on Modulation of Cation

Binding in the Excited State

-203 -



-204 -



Chapter 5. Preliminary Investigation on Modulation of Cation Binding in the Excited State

5.1. Preliminary investigation on cation photoejection based on a

fullerene-azacrown dyad

5.1.1. Introduction

Discovery of crown ether has significantly promoted the development of supramolecular
chemistry of macrocyclic compounds.'? Due to its high binding affinity and selectivity to
inorganic ions, it has been widely used in fluoroionophres as the receptor.* The abrupt
change of the spectral properties of the fluorophores upon complexation with cation then
gives great advantage in serving as fluorescent chemosensors in determination of trace
amount of metal ions. Of those reported approaches, the most fascinated probably is the
n,m-conjugation between one (or more) heteroatom of the macrocyle and the chromophore
fragment. Early studies on such chromophores by using ethylenediaminetetraacetic acid
revealed unusual change in fluorescence spectra of some compounds upon complexation. The
shift of the fluorescence maxima was abnormally small when compared with those of the
absorption maxima.” The first detailed study by using monoaza-15-crown-5-ether as the
binding site was based on compound PCT-2, as shown in Scheme 5-1.°"**!'" With the
addition of metal ions to the solution of PCT-2 in MeCN, solution color changed from
orange-red to yellow but the fluorescence maximum did not shift.® For example upon full
complexation with Ca®*, the hypsochromic shift of the absorption maximum was 3600 cm’,
whereas the shift of the fluorescence maximum was ten times smaller. The normalized
fluorescence of the complex overlapped very well with that of the free ligand. Moreover, the
lifetime of the complex showed only slight difference from the free ligand. Relaxed
intramolecular charge transfer (RICT) was proposed to explain the spectral features of PCT-2
to cations. Photoinduced intramolecular charge transfer could lead to the positive polarization
of the chromophoric heteroatom of the macrocycle, resulting in the Coulomb repulsion
between the heteroatom and metal ions present in the cavity. Furthermore, the reduced
electron density of the heteroatom due to charge transfer would weaken the coordination bond.
Together, they both bring the recoordination of the metal ions in the cavity, and in some cases
the metal ions would be completely ejected from the crown cavity to the bulk solution.” The
mechanism of this phenomenon was mainly studied by picosecond transient absorption
spectra. It should be pointed out that this discovery is important for the design of fluorescent
chemosensors for metal ions, molecular switch and other photodevices.!" Based on the

reversible binding, the accumulation process can increase the signal-to-noise (S/N) ratio.’
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Scheme 5-1. Fluoroionophore PCT-2 based on aza-15-crown-5.

Successive investigations on the photoejection of cations from their complex with PCT-2
were carried out. Strong evidences from the transient absorption spectra were obtained to
verify the photoejection processes. To be clear, here release of calcium from its complex with
PCT-2 is taken as an example. Femtosecond transient absorption spectroscopy was used for
this purpose.” Within the timescale of hundred femtoseconds, appearance of the structured
stimulated emission band from 525 nm to 750 nm was observed and attributed to the locally
excited (LE) state of the complex, as shown in Figure 5-1 (a). The vibrational structure
disappeared in 300 fs accompanied by its red shift and concomitant blue shift of the excited
state absorption, indicating the primary interruption of bond linking the cation to the nitrogen
atom of the azacrown. On a picosecond timescale (Figure 5-1 (b)), the rise of an absorption
band at 530 nm was assigned to intraligand charge transfer state, resulted from the LE state of
the free-like ligand. The isosbestic point in the simulated emission band confirmed the
evolution of LE state to CT states. In a few hundred picoseconds time scale(Figure 5-1 (c)),
the red shift of the stimulated emission stemmed from the further motion of the cation away
from nitrogen atom of the crown while the CT reaction proceeded. When the delay ranged
from 250 ps to 1.2 ns (Figure 5-1 (d)), the differential absorbance decayed in the whole
spectral range and the simulated emission band kept shifting to the red and reached a
maximum at 1.2 ns, indicating the photoejection cation moved away to the bulk solution. For
strontium, the formation of ultra-loose complex from the charge transfer complex in about
400 ps and the cation rebinding in the ground state proceed after nearly 110 ns.® It was
calculated that only 5%-10% of ultra-loose complex underwent dissociation with the release
of cation. Since the lifetime of PCT-2 in the excited state is about 2 ns, it is not long enough
for the complete release of the cation from the azacrown. In search for a highly efficient
photoinduced cation release system, a photoinduced charge separated state with a long

lifetime is much more favorable.
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Local excited state
of the complex
ML ¢*
T Loose complex
M,LLE‘

Charge transfer
state

M..Lor

cation | ejection

Loose complex Free ligand

LCT* + ]

Charge transfer
ML state

T Mol

‘Wavelength/nm Wavelength/nm
Figure 5-1. Transient absorption spectra of PCT-2-Ca complex in MeCN upon excitation with a 50 fs laser
pulse at 405 nm, pump-probe delay time a) 0.15 ps and 0.5 ps, b) 0.9 and 20 ps; ¢) 20 and 250 ps and d)

250 and 1200 ps.’

In pursuing of long-live excited state for the cation release, Lewis et al have developed a
novel platform based on crown-containing complex (bpy)Re'(CO)L (bpy represents
bipyridine) whose lifetime is in the order of tens and hundreds of nanoseconds, as shown in

Figure 5-2.'*"

oc\+ co (‘O/ﬁ
OC—/R{—ND%@*{/ oj Re—NQ—NH
N N=
O~ ~~ @—O &0\)
92 93

Figure 5-2. Photoinduced cation release based on Re complexes.

Complex of 92 with Ba®" was studied by transient absorption spectra on the nanosecond
and microsecond time scales.'” The H-analogue of compound 92 gave a characteristic MLCT
excited state with a lifetime of 260 ns. For compound 92, its lifetime was dramatically
decreased to lower than 5 ns, which was explained by the ultrafast electron transfer from the
nitrogen atom of the azacrown to Re", resulting in a ligand-to-ligand charge-transfer (LLCT)

excited state. Upon binding to Ba>", the resulting complex 92-Ba”" after excitation at 355 nm
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gave a constant transient absorption band with the time delay larger than 20 ns and it
consisted of a bleach at 340-360 nm and an absorption band at 410 nm which matched very
well with the difference spectrum by subtracting the steady state absorption spectrum of
92-Ba”" from that of 92 (Figure 5-3), demonstrating the release of Ba*" after 20 ns and the
ground state of 92 formed after 20 ns.

2

AAbsorbance

0.0

AAbsorbance

14

1 1 L 1 1
350 400 450 500 550 600
Wavelength / nm

-0.02

Figure 5-3. (Top): Transient absorption spectra of 92-Ba®" in MeCN at different delay times; (bottom) :
comparison of transient absorption spectra of 92-Ba®" at 100 ns overlaid with the difference spectrum

obtained by subtracting the steady state absorption spectrum of 92-Ba>" from that of 92.

Scheme 5-2 depicts the photochemical mechanism of 92-Ba*" upon exposure to UV
illumination.” Excitation of 92-Ba®" at 355 nm leads to the formation of MLCT state, where
an electron is transferred from Re' to bipyridine. Subsequent electron transfer from nitrogen
atom of azacrown to Re' results in a LLCT-M state, which produces a positive charge on
nitrogen atom and consequently ejects the cation present in the crown within 10 ns. The free
ligand is generated after deactivation of LLCT state, which is inferred from the similarity of
transient absorption spectra after 20 ns as the difference absorption between compound 92 and
92-Ba’". The rebinding of cation shows a bimolecular constant of 9.3 x 10’ L mol™ s, which

takes from 100 to 1000 ns depending on the concentration of Ba®" in the solution.

When the linking alkyne group in 92 is replaced by amide group, compound 93 upon
complexation with metal ions showed a similar photochemical path to that of 92 with a larger
time scale.'® Photorelease of the metal ions strongly depended on metal ions charge density:
Li" and Na" released faster than Ca®" and Ba®*, while no release of Mg”" was observed. The

cation rebinding takes a few microsecond to reach a thermal equilibrium.

Free ligand 93 exhibited an absorption band at 344 nm, which was attributed to the ILCT

- 208 -



Chapter 5. Preliminary Investigation on Modulation of Cation Binding in the Excited State

state and masked a weaker MLCT band at 350 nm. Excitation of the ligand 93 at 355 nm led
to a MLCT state which was quenched by LLCT in nearly 500 ps. Upon complexation with
metal ions, such as Ba®", the lifetime of MLCT state increased considerably to 47 ns.
Transient absorption spectra when recorded with a time delay shorter than 50 ns, resembled to
pattern of protonated form, indicating a slow formation of LLCT state. As the delay time
increased to 50-200 ns, the spectra of complex with Ba>" changed significantly. Photoejection
of Ba®" is inferred from the similarity of transient absorption spectra after 200 ns as the
difference absorption between compound 93 and 93-Ba*" (Figure 5-4). The lifetime of LLCT
state of the free ligand was about 19 ns; during this time interval Ba*" travel distance from 57
A. Transient absorption spectra recorded in 1 - 100 ps indicate the existence of exclusive
complex, where the cation was far away from the equilibrium position of macrocycle. Cation
rebinding Ba>" to a thermal equilibrium shows a bimolecular rate constant with 5 x 10’ L

mol™ s, lower than that of 92.
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Scheme 5-2. Photochemical mechanism for 92-Ba”".
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Figure 5-4. Comparison of transient absorption spectra of 93-Ba”" at 100 ns overlaid with the difference

spectrum obtained by subtracting the steady state absorption spectrum of 93-Ba>" from that of 93.

New photoinduced intra-/intermolecular electron-transfer systems based on fullerenes and
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their derivatives are attractive for their wide applications in light-driven molecular systems
including artificial photosynthetic models.'*'*'® Fullerenes display very promising features as
a three-dimensional electron acceptor, which in principle could be utilized as an electron
accumulator and electron relay.'”'®!"” Its promising properties as an electron acceptor are
mainly due to the small reorganization energy (1)."” Various electron donors have been used
to couple with fullerenes, such as aromatic amines, ferrocences, oligovinylenes,
tertathiafulvalene derivatives and porphyrins, phthalocyatnines.18 In the case of aromatic
amine, when linked with a long rigid spacer to Ceo, a novel dyad 94 was constructed (Figure
5-5).2° Its low fluorescence quantum yield and short fluorescence lifetime in PhCN and THF
indicated that charge separation took place via the singlet excited state with a quite fast rate
and very high efficiency. The nanosecond transient absorption spectra exhibited two broad
bands at 880 nm and 1100 nm, which were assigned as the radical cation of aromatic amine
and radical anion of fullerene moiety. This charge separated state decayed with a lifetime of
330 ns in PhCN. The long-live charge separated state of this dyad is quite intriguing for its

potential application in cation release.

Figure 5-5. Molecular structure of 94.

It is assumed that if the long-live charge separated state can be kept in the cation release
system, then an efficient and reversible cation release system can be constructed. In order to
realize the hypothesis, a new dyad Full-aza (Figure 5-6) with monoazacrown as metal
binding site and meanwhile its conjugation with aromatic system is used as the electron donor
and fullerene Cg as the electron acceptor can be established. Upon excitation, the highly
charge separated and long-live species can eject the metal ions present in the cavity of crown

to the bulk solution very completely.

Full-aza

Figure 5-6. Molecular structure of Full-aza.
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5.1.2. Synthesis of Full-aza

Synthetic routine of Full-aza is shown in Scheme 5-3. The coupling between
1-bromo-4-nitrobenzene with aza-15-crown-5 under the catalysis of Pd(AcO), in the presence
of NaOtBu afford 95 in 78% yield.”' 95 was reduced by hydrogen using Pd/C as the catalyst
to give the amine 96 in 90% yield.”” 3,4-Dimethylbenzoic acid was bromonated with NBS in
the presence of BPO (benzoyl peroxide) to afford 97 in 38% yield.”® The coupling between
amine 96 and 98 in the presence of Et;N then give the amide 99 in 67% yield. Diels-Alder
reaction of 99 and Cy in refluxing toluene afforded Full-aza in 10% yield.”* Full-aza was
characterized by '"H NMR, C NMR and HRMS. Reference compound Full-Ben was
synthesized according to the reported procedure.”” And Ben-aza was obtained by direct
coupling between amine 96 and 101 in the presence of Et;N in 38% yield. It was
characterized by 'H NMR, ?C NMR and HRMS.
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Scheme 5-3. Synthesis of ligand Full-aza and reference compounds Full-Ben and Ben-aza.
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5.1.3. Photophysical properties of Full-aza

Figure 5-7 shows the steady spectra of Full-aza and its reference compounds in polar
solvent THF. Two characteristic absorption bands stemming from Cgp with 58-m conjugated
system are observed at 639 and 706 nm.” It should be noted that the whole absorption spectra
of Full-aza is very similar to the sum of both reference compounds Full-Ben and Ben-aza.
Especially, its absorption pattern above 400 nm matches very well with that of Full-Ben,
indicating no significant interaction between Cgy moiety and aromatic amine in the ground
state. With respect to the fluorescence spectra, Full-aza shows a very weak emission band
with a maximum at 713 nm. When compared with Full-Ben, they both emit at the same
wavelength 713 nm, indicating the observed fluorescence is resulting from Cg moiety;
however, Full-aza has much lower fluorescence intensity, which is due to the electron transfer
from aromatic amine to Cgyp moiety in the excited state. This can be further confirmed by the
spectral properties of Full-aza in toluene (Figure 5-8), where it still has almost the same
absorption spectra as that of Full-Ben above 400 nm but it provides a higher fluorescence
intensity than that in THF. This is can be explained by the fact the charge separated species

are more stable in polar solvent THF than non-polar solvent toluene.

5
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Figure 5-7. Absorption (left) and fluorescence (right) spectra of Full-aza, Full-Ben and Ben-aza in THF,
Aex = 432 nm, [Full-aza] = [Full-Ben] =[Ben-aza] = 10 pM.
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Figure 5-8. Absorption (left) and fluorescence (right) spectra of Full-aza and Full-Ben in toluene, Aex =
432 nm, [Full-aza] = [Full-Ben] = 10 uM.

Nanosecond transient absorption spectra of Full-aza were acquired under Ar by laser
excitation at 432 nm in PhCN. Due to instrumental limitation, they were recorded in the range
of 475 to 850 nm. As shown in Figure 5-9, it exhibits a structured absorption band between
475 nm and 650 nm, which was firstly assigned as the absorption of radical cation of aromatic
amine moiety. The decay profile at 575 nm gives the lifetime of the charge-separated state of
165 ns at room temperature. In order to verify that attribution of absorption band in the
transient state, Ben-aza was chemically oxidized by Cu(ClO4),; in MeCN under Ar at room
temperature (Scheme 5-4).>* As shown in Figure 5-10, a new structured absorption band
between 450 nm and 650 nm appears, which results from the radical cation of aromatic amine.
The normalized absorption spectra of the oxidative product of Ben-aza and the transient
charge separated species of Full-aza match very well with each other (Figure 5-10 (right)),
demonstrating that the electron transfer in the excited state affords long-live charge separated
species. Characteristic absorption band of radical anion C60" generally locates at around
1000 nm.*® An advanced instrument with larger wavelength window should be used in order

to observe the decay of radical anion of C60°".
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Figure 5-9. Transient absorption spectra of Full-aza in PhCN under Ar, laser excitation at 432 nm,

[Full-aza] = 0.16 mM.
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Scheme 5-4. Reaction between Ben-aza and Cu’" in MeCN.
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Figure 5-10. Absorption spectra of Ben-aza in the absence and presence of Cu’* under Ar in
MeCN/THF(98:2). [Ben-aza] = 20 uM, [Cu2+] = 80 uM and comparison of radical cation of Full-aza and

Ben-aza.

5.1.4. Complexation properties of Full-aza

Consistent with our assumption, long-live charge separated species with positive charge
on the nitrogen atom of azacrown was obtained based on the dyad Full-aza. Next, we
investigated the spectral response of Full-aza to metal ions in PhCN. For example, as shown
in Figure 5-11, with the addition of increasing concentrations of Ca>" to the solution of
Full-aza in PhCN, absorption band at 329 nm decreases gradually and an isosbestic point at
306 nm is observed which indicates that the equilibrium between free ligand and the complex.
However, no spectral change is observed for the absorption ranging above 400 nm, which
illustrates that binding site of Full-aza is on the azacrown moiety shared with the aromatic
amine. This can be further confirmed by the the spectral response of Ben-aza to Ca’’ in
MeCN (Figure 5-12), in which the absorption band at 313 nm decreases in the presence of
increasing concentrations of Ca®', consistent with that of Full-aza. Regarding the
fluorescence titration, fluorescence enhancement can be observed during the titration process.
This is generally explained by the complexation-suppressed photoinduced electron transfer
from aromatic amine to Cg. Non linear regression analysis of the spectral titration based on
1:1 binding stoichiometry gives large binding constants (logK = 5.5) in both the ground state
and excited state. Spectral titrations with other metal ions such as Li’, Mg2+, Ba*" and Sr*

were carried out. They all consistently exhibited similar influence on the spectra of Full-aza,
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with decreased absorbance of aniline moiety (Figure 5-13) and enhanced fluorescence of Ceg
moiety at 714 nm. The binding constant of Full-aza with various metal ions are collected in
Table 5-1, which is consistent with the reported results.'> The addition of CF;COOH also has

the same effect as that of the tested metal ions (Figure 5-14).
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Figure 5-11. Absorption (top) and fluorescence (bottom) spectra of Full-aza in the presence of increasing

concentrations of Ca®" in PhCN, A =432 nm, [Full-aza] = 10 pM.
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Figure 5-12. Absorption spectra of Ben-aza in the presence of increasing concentrations of Ca®" in MeCN,

[Ben-aza] = 10 uM.
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Figure 5-13. Absorption spectra of Full-aza in the presence of various metal, [Full-aza] = 10 pM, [M""] =

0.2 mM.
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— Full-aza
L'
PR Mgb
—ca”
-5
——Ba™

Wavelength, nm

LOgK (Absorption) LOgK (Fluorescence) Ion Diameter [A] Charge DenSity [q A_1]

Li’
Mg2+
Ca2+
Sr2+

N
Ba’

448 £0.01
3.76 £0.01
5.56 £0.06
5.15+£0.02
5.32+£0.01

446 +0.01
3.86 £0.03
5.52£0.04
5.10+£0.02
5.32+£0.02

1.52
1.44
2.00
2.36
2.70

1.31
2.78
2.00
1.69
1.48

Table 5-1. Binding constant of Full-aza to metal ions in PhCN; ionic diameters are from Handbook of

Chemistry and Physics, 84th ed,; CRC Press LLC: D. R. Lide, 2003-2004.
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Nanosecond transient absorption spectra of Full-aza complex was recorded in PhCN, as
shown in Figure 5-15 (right). Under the laser excitation at 432 nm, a broad absorption band at
700 nm is observed. According to the reported data, this band can be assigned as the triplet
state Ceo (3C60*).]7 No absorption band peaked at 550 and 591 nm is observed any more,
which may indicate no charge separated species after complexation with Ca®". Transient
absorption spectra of other Full-aza complexes with Ba*" and Sr** were acquired under the
identical conditions (Figure 5-16 and 5-17). They all show almost the identical absorption
band as that of Ca®". It is postulated that due to suppression of the electron transfer by
complexation, no more charge separated species can be generated and the subsequent cation
release is unable to occur. We then also try to excite Full-aza-Ba>" complex at 260 nm (Figure
5-18), the maximum of the aromatic amine moiety after complexation with Ba*"; however, no

signal was observed in the range from 475 to 825 nm.
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Figure 5-15. Transient absorption spectra of Full-aza in the absence (left) and presence (right) of

Ca(ClOy); in PhCN under Ar, laser excitation at 432 nm, [Full-aza] = 0.16 mM, [CaH] =16.5 mM.
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Figure 5-16. Transient absorption spectra of Full-aza in the absence (left) and presence (right) of

Ba(ClOy), in PhCN under Ar, laser excitation at 432 nm, [Full-aza] = 0.2 mM, [Ba2+] =20.0 mM.
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Figure 5-17. Transient absorption spectra of Full-aza in the absence (left) and presence (right) of Sr(ClO4),
in PhCN under Ar, laser excitation at 432 nm, [Full-aza] = 0.2 mM, [Sr2+] =20.0 mM.
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Figure 5-18. Transient absorption spectra of Full-aza in the presence of Ba(ClO,), in PhCN under Ar, laser
excitation at 260 nm, [Full-aza] = 0.2 mM, [Ba2+] =20.0 mM.

As shown in Scheme 5-5, an energy diagram is proposed to explain the electronic
transition of Full-aza and its complex when the 432 nm laser is used as the excitation light. In
the free ligand, the charge separated state mainly takes place via ]Céo*-Spacer-Aza, inferred
from strong fluorescence quenching, short fluorescence lifetime and no appearance of 3Ceo"
absorption band. Upon complexation with metal ions, the energy level of the aromatic amine
is reduced to lower than ground state of Cgo-Spacer-Aza. No electron transfer is possible
under this condition and the 1C60*-Spacer-Aza could deactivate through either by fluorescence
emission or intersystem crossing. It’s therefore that fluorescence enhancement and absorption

band of * C6o* at 700 nm are both observed in the complex.
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Scheme 5-5. Schematic energy diagram for the electron transfer in PhCN before and after complexation

with metal ions.

5.1.5. Conclusion

A new Cgp-azacrown dyad Full-aza was readily constructed. Photoinduced charge
separation via 'Cg -Spacer-Aza was observed in PhCN at room temperature with a lifetime of
165 ns. Meanwhile, Full-aza shows strong binding ability to Ca*", Ba®" and Sr’" in PhCN.
Investigation on its complex by using nanosecond transient absorption showed that no charge
separated species was detected and the main deactivation of 'Cgy-Spacer-Aza was
intersystem crossing and fluorescence emission. The absence of the charge separated
absorption band in the complex may indicate that cation release based on dyad Full-aza is not
accessible. Further work on designing the long-live charge separated species should focus on

these systems involving strong intramolecular charge transfer.
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5.2. Preliminary investigation on metal ions translocation based on

betaine pyridinium-azacrown dyad

5.2.1. Introduction

Heterocyclic betaine pyridinium derivatives, as one of the most important intramolecular
charge transfer molecule,”?® hold great potential in the development of non-linear optics
(NLO).>"*** Among them, (1-pyridinio)benzimidazolat, abbreviated as SBPa, has been the
object of intensive investigations.””** As shown in Scheme 5-6, in the ground state, SBPa is a
zwitterionic molecule, with negative charge localized on benzimidazole moiety and positive
charge localized on pyridinium moiety. Its dipole moment in the ground state has been
obtained as 10.33 D by both experimental determination and advanced MP2 calculation.’*'
Upon photoexcitation, an intramolecular charge transfer involving a displacement of the ©
charge from benzimidazole moiety to pyridinium moiety results in a large dipole moment
inversion. This leads to a particularly large negative first-order hyperpolarizability (j3)
(115+£25)10™° esu,”” which is 5-fold larger than that of 4-nitroaniline in chloroform. A deep
knowledge of its photophysical properties is crucial for its various applications. Recently, a
comprehensive investigation on the solvatochromism and photoinduced ICT properties of
SPBa was carried out by Aloise et al to obtain a reliable evaluation of the dipole moment
involved in the charge transfer transition by both steady and time-resolved optical
spectroscopic techniques.’”*?** A clear negative solvatochromism was observed for SPBa’s
absorption spectra while no such an effect for its emission spectra, as shown in Figure 5-20
(top). As illustrated in Scheme 5-6, the different solvatochromic effect on absorption and
fluorescence spectra of SBPa was attributed to the fact that that its absorption band stemmed
from the S¢—$S; transition while emission band from S;—S,. Dipole moments in aprotic
solvents were determined with £4(So) = +9.1 D, 1(S) = -1.5 D, £4(S1) = 0 D, 14,(So") = +3.3
D, which clearly indicated a dipole inversion in the excited state.
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Scheme 5-6. Photoinduced dipole moment inversion in SBPa.
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Benzimidazole moiety has been commonly utilized as the molecular recognition site for
cation, anion and neutral molecules due to its unique spectral properties and good versatile
coordination chemistry.>”® As shown in Figure 5-19, when the benzimidazole moiety were
appended onto the calix[4]arene, a novel molecule 102 was constructed to be a Hg*" selective
sensor in an 50% aqueous solution with a fluorescence turn-off manner. 'H-NMR
demonstrated that nitrogen atom in the benzimidazole and oxygen atom of the amide group
contributed as the binding site for Hg*"."” Compound 103 based on rhodamine B and
benzimidazole moiety exhibited high selectivity to Cu®" in CH;CN/HEPES (v/v = 2:3)
solution at pH 7.0 based on complexation-indcued ring-opening of rhodamine lactam. It was
postulated that coordination of oxygen atom of carbonyl group as well as nitrogen atom of the
benzimidazole moiety to Cu®" led to the ring-opening of 103.%® To date, most of the reports
have focused on its neutral form, which exhibits interesting binding response to Hg*" and

Cu”" et al.”® However, no data are available for the complexation properties of its anion form.

QL
O
M N

102 103

Figure 5-19. Fluorescent chemosensors based on benzimidazole.

A new ligand Bet-aza (Scheme 5-7) with an aza-15-crown-5 attached to the pyridinium
moiety is designed and synthesized to investigate the photoinduced metal motion in the
excited state for these considerations: (1) nitrogen atom of benzimidazole shows strong
binding affinity to metal ions, especially in polar organic solvents; (2) in addition,
aza-15-crown-5 is one of the most important binding motif in the supramolecular chemistry
and can compete with benzimidazole moiety to bind metal ions; (3) upon photoexcitation, a
large dipole moment inversion of betaine pyridinium occurs, which means the significant
redistribution of the charge in the excited state and consequently changes the binding ability
of different moieties in Bet-aza. Therefore, such kind of novel ligands can be used to study

cation translocation in the excited state.

5.2.2. Synthesis of Bet-aza and Bet-DiMe
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Synthesis of Bet-aza is shown in Scheme 5-7. 104 was achieved by palladium-catalyzed
coupling of aza-15-crown-5 with 4-bromopyridine hydrochloride in toluene with a 30%
yield.”” Bet-aza was then prepared by coupling 2-chlorobenzimidazole and 104 in n-BuOH
under Ar, followed by deprotonation in concentrated NH; solution with a 40% yield.*
Reference compound Bet-DiMe was directly obtained from the coupling between
2-chlorobezimidazole and excessive 4-dimethylaminopyridine (DMAP) in 75% yield.*' These
two new compounds were characterized by 'H and ?C NMR, HRMS.

Br

N
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Scheme 5-7. Synthesis of Bet-aza and Bet-DiMe.

5.2.3. Photophysical properties of Bet-aza

Solvatochromic effect of Bet-aza was investigated in different organic solvents. Figure
5-20 (bottom) depicts the steady absorption and fluorescence spectra of Bet-aza in toluene,
THF, MeCN and MeOH. A very clear negative solvatochromism is observed for the
absorption spectra with a maximum at 386 nm in toluene and 347 nm in MeOH. In contrast, it
exhibits the emission band at the same wavelength of 533 nm except a blue shift to 509 nm in
MeOH which is probably due to the intermolecular hydrogen bonding interaction between
solute and solvent. According to the reported results of SBPa (Figure 5-20 (top)), we can
identically attribute the absorption band stemming from Sy—S; and emission band from
S1—S¢.** Though no detailed determination of the dipole moment of Bet-aza, we can
postulate from the negative solvatochromism of the absorption spectra that dipole moment
inversion occurs upon photoexcitation. Additionally, when compared with the spectral
properties of SBPa, remarkable blue shift are both observed for the absorption (33 nm in
MeCN) and fluorescence spectra (154 nm in MeCN). This is due to the introduction of strong
electron-donating amino group on the 4-position of pyridinium moiety induced reduction of

the charge transfer from benzimidazole moiety to pyridinium part.
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Figure 5-20. Solvatochromism of SBPa (top) and Bet-Aza (bottom); [Bet-Aza] = 5 uM, fluorescence
spectra were recorded under excitation at their maximum absorption wavelengths; data of SBPa cited from

. 32
literature.

Solvent-dependent spectral shift are often described by using Lippert-Magata
equation;**** however, it’s available only when the dipole moments in the Frank-Condon
and the relaxed state are identical. In our case, the absorption transition and the emission
transition come from two different states and therefore this equation is not suitable for
analyzing solvatochromism of Bet-Aza. Alternative approach has to be used to treat the

solvatochromic data.

E+1(30) values are defined as molar transition energy (in kcal/mol; 1 kcal = 4.184 kJ) of the
standard betaine dye 105, as shown in Figure 5-21. It is derived from solvatochromic

measurement in solvents of different polarity at room temperature (25°C) and normal pressure
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(1 bar), as calculated in eq. 5-2:
E,(30)(kcal/mol) = hcv

N, =(2.8591x107)v__ (cm™)=28591/A4_, (nm) (eq.5-2)

max

where v is the wavenumber and A, the wavelength of the maximum of the

X

long-wavelength solvatochromic intramolecular CT absorption band of betaine dye 105, and 4,
¢, and N, represent Planck’s constant, the speed of light and Avogadro’s constant, respectively.

According to Figure 5-21, high £E1(30) values correspond to high solvent polarity.45

M= 6D
CgHs Solvent Polarity
[ :
HeCe N “CeHs Franck—Condon excited state
HsCg CeHs
101
. = i=453nm —» S a0y
+ h'VCTT 1 810 nm : E1(30) c V- Ny
in (HsCg),0 in H:0 = molar Transition
CgHs Energy
a
o)
HsCg™ N""CgHs .
@C ’ Electronic ground state
HeCe 15 S Nonpolar Polar
) Solvent Solvent
105 pg=15D

Figure 5-21. Definition of E(30) value as molar transition energy of 105.

The related photophysical data of Bet-aza are collected in Table 5-2 and then the
solvatochromic data including the absorption and fluorescence maximum bands as a function
of E1(30) values are plotted in Figure 5-22. For the absorption, it is analyzed by using the
whole set of solvents, which shows a good linear correlation from nonpolar solvents to polar
sovent and aprotic polar solvents. This demonstrates that the solvatochromic effect of Bet-aza
in the ground state is closely related to solvent polarity. By contrast, a clear distinction
between protic and aprotic solvents is observed for emission. The emission wavenumber of
Bet-aza keeps constant in aprotic solvents and protic solvents, respectively (Figure 5-22).
However, blue shift was observed in protic solvent when compared with that in aprotic
solvents. This indicates that Bet-aza in the excited state is not dependent on the solvent
polarity but affected by specific interaction like hydrogen bonding between solute and
solvents. The no dependence on the solvent polarity may indicate that the dipole moment of

Bet-aza in the excited state is 0 D.
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A A
kmax v

ET(30) € n o B i v
No. Solvents . ¥ 1 D
[kcal.mol ] [nm] [em™] [nm] [cm ]
1 Toluene 339 238 1494 0 0.11 054 386 25907 534 18727 0.23
2 THF 37.4 7.58 1405 0 055 058 380 26316 533 18762 0.19
3 DCM 40.7 893 1421 0.13 0.1 082 367 27248 532 18797 0.20
4 PhCN 41.5 26.00 1.528 0 037 090 369 27100 529 18904 0.28
5  Acetone 42.2 20.56 1356 0.08 043 0.71 365 27397 533 18762 0.15
6 DMF 43.2 3671 1428 0 0.69 0.88 365 27397 528 18939 0.18
7 MeCN 45.6 3594 1.341 0.19 04 075 360 27778 533 18762 0.12
8 BuOH 50.2 17.8 1399 0.84 0.84 047 357 28011 511 19569 0.27
9 EtOH 51.9 24.55 1359 0.86 0.75 0.54 353 28329 512 19531 0.21
10  MeOH 554 3266 1.326 098 0.66 0.6 347 28818 509 19646 0.17
11 H,0 63.1 7836 1.333 1.17 047 1.09 341 29325 512 19531 0.04

Table 5-2. Photophysical data of Bet-aza in different solvents, solvent properties (Dimroth-Reichardt

E1(30) parameter, dielectric constant g, refractive index n, Kamlet-Taft o,  and n parameters) are given;

fluorescence quantum yields were determined using Comarine 153 in EtOH (® = 0.53) as a reference.*®
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Figure 5-22. Solvatochromic plot for absorption spectra as a function of the E1(30) polarity index.

Kamlet-Taft correlation has been successfully applied to treat the absorption and

fluorescence solvatochromism of SBPa separately.’” It can give directly the contribution of

electrostatic interaction and specific hydrogen bonding interaction between solute and solvent.

According to Kamlet-Taft correlation, the solvent-dependent spectral shift can be linearly
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corrected with empirical Kamlet-Taft solvatochromic parameter 7*, o and B as follow:*"**

v=v,+pr*taa+bf (eq.5-1)

Where n* represents a measurement of nonspecific solvent polarity and polarizability, o and
[ are the solvent hydrogen bond donating (donate a proton) and accepting (donate an electron
pair) properties; v, p, a, and b are solvent independent correction coefficients. Their
magnitude and sign provide measure of the influence of the corresponding solute-solvent
interaction on the wavenumber of the maximum of the electronic transition band, which can
be determined by multiple linear regression analysis. As presented in Table 5-3, Kamlet-Taft
correlation coefficients of Bet-aza were determined from absorption and emission
solvatochromic data. In the case of absorption, coefficient p is larger than a and b,
demonstrating that electrostatic interaction dominates the solvatochromism; however, the
specific hydrogen bonding interaction is not negligible. In the other case of emission, p is
almost negligible when compared with a and b, that is the excited state of Bet-aza is
insensitive to solvent polarity but mainly controlled by hydrogen bonding interaction.
Moreover, when we compare the ratio of coefficients a/b, it’s almost the same no matter in the
ground state or in the excited state, which might indicate that the same molecular group

involved into the absorption and emission.

Kamlet-Taft correlation coefficients

Solvent 5
Vo a b p R
NO.
25128 1684 826 1979
Absorption 1-11 0.86
+612 +303 +613 + 658
18675 689 386 -65
Fluorescence 1-11 0.93
+ 166 + 82 + 167 +179

Table 5-3. Corresponding Kamlet-Taft correlation coefficients obtained from the multiple linear

regressions of solvatochromic data of Bet-aza.

In order to investigate the conformation of Bet-aza in solution, its '"H NMR spectra were
acquired in CD;0D, CD3;CN and CDCls, as shown in Figure 5-24. The assignment of protons
of Bet-aza was accomplished through 'H and °C NMR, 'H-'H COSY (Figure 5-23). The
proton Hc, in the ortho position to the pyridinium nitrogen, locates at the highest chemical
shift due to the strong deshielding by the positive charge on pyridinium and the
intramolecular hydrogen bonding interaction with benzimidazole moiety. From the 'H-'H

COSY, Hq locates at the lowest chemical shift because the strong electron-donating amino
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group increases shielding effect. Protons H, and Hy on benzimidazole moiety locate between
H. and Hy. Chemical shift of H. increases from 8.9 ppm in CD;0D to 9.2 ppm in CD;CN then
9.4 ppm in CDCls, which correlates with the hydrogen bonding ability of solvent akr-Pkr.
This demonstrates that specific interaction between solute and solvent interrupts
intramolecular hydrogen bond between H. and nitrogen atom of imidazole moiety. In contrast
when compared with those in CDs;OD, protons Hy, H,, and Hy shift to the high field in MeCN
from 7.5, 7.3, 7.0 ppm to 7.4, 7.0, 6.9 ppm, respectively, which can be explained by the

electrostatic interaction.>>

i 2 He |, "hh Haj W4

Figure 5-24. "H NMR spectra of Bet-aza in different deuterated solvents.

5.2.4. Complexation properties of Bet-aza
Spectral response of Bet-aza to metal ions was also examined in MeCN. As shown in
Figure 5-25, the addition of Na" and K' almost does not affect the spectral properties of

Bet-aza; while the introduction of alkaline earth metal ions causes fluorescence quenching at
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534 nm and enhancement at 450 nm to different extents. For Mg”™ and Ca’", 1 equiv is
enough to reach equilibrium. This may be attributed to the high charge density of these two
metal ions when compared with other tested ions and might indicate the electrostatic
interaction between Bet-aza and metal ions. Due to the strong binding ability, following

experiments focus on investigating the interaction between Bet-aza and Ca”".
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Figure 5-25. Absorption and fluorescence spectra of Bet-aza in the presence of increasing concentrations

of metal ions in MeCN, [Bet-aza] = 10 uM, A = 359 nm.

Figure 5-26 (a) and (b) shows the evolution of absorption and fluorescence spectra of
Bet-aza in the presence of increasing concentrations of Ca®"in MeCN. With the addition of
the Ca’" to the solution of Bet-aza, gradual decrease of the absorption maximum at 359 nm
are observed, concomitantly with appearance of a new peak at 335 nm. A well-defined
isosbestic point at 353 nm indicates the interconversion of free ligand and the complex during
the titration. Blue shift is also observed for fluorescence spectra from 534 nm to 450 nm, with
a clear isoemissive point at 462 nm indicating only two emissive species in the solution. Both
the absorption and fluorescence spectra reach a plateau after 1 equiv of Ca’" is introduced to
the solution of Bet-aza, demonstrating that the stoichiometry of the complex is 1:1. Nonlinear
regression analysis of the spectral titrations based on 1:1 binding ratio then gave the binding
constants between Bet-aza and Ca®" with Log K equal to 8.2 in the ground state and 7.9 in the
excited state, as presented in Table 5-4. However, it should be noted that our further

investigation on kinetics indicates that the binding constants are even larger.
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Figure 5-26. Absorption (a, c, ¢) and fluorescence (b, d, ) spectra of Bet-aza, Bet-DiMe and SBPa in the
presence of increasing concentrations of Ca®" in MeCN; (a, b) [Bet-aza] = 2.5 uM, A = 359 nm; (c, d)

[Bet-DiMe] = 2.5 UM, Aex = 354 nm; (e, f) [SBPa] = 10 uM, Aex = 393 nm.
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Abs Fluo
Ligand Complex Ligand Complex
Amax Amax
Amax (M) Logk “ Amax (M) Logk “
(nm) (nm)
SBPa MeCN 393 339 34 693(br) 570 34
Bet-DiMe MeCN 356 331 7.0 539 450 7.1
Bet-aza MeCN 359 335 8.2 534 450 7.9
Bet-aza MeOH 348 336 3.5 508 459 3.5

Table 5-4. Photophysical data of SBPa, Bet-DiMe and Bet-aza; their 1:1 complex with Ca®" and the
binding constants from spectral titrations; a: it should be noted that the observed binding constants LogK

given here without considering the kinetics effect, therefore the real binding constants are even larger.

It’s well known that complexation kinetics usually proceed very fast. However, in our case,
it’s quite surprising to find a relatively long response time of Bet-aza to Ca’" in MeCN by
accident. As shown in Figure 5-27, with increasing concentrations of Ca*" when the Bet-aza
was kept at 2.5 uM, the response time can be slightly reduced. When the concentration of
Ca®" is 12 pM, the equilibrium can be reached in 5 min. Figure 5-28 presents the fluorescence
spectra of Bet-aza in the presence of various concentrations of Ca’" recorded after sufficient
equilibrium. It reached a plateau after introduction of 1 equiv Ca®". Non linear regression
analysis of this titration based on 1:1 binding ratio, however, did not give a satisfactory fitting;

however, it’s definitely that the binding constant for the complex is very large (Log K > 7).
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Figure 5-27. Kinetics profile of Bet-aza in the absence and presence of different concentrations of

Ca(ClO4), in MeCN at 359 nm, [Bet-aza] = 2.5 uM, [Ca’>'] =0, 0.8, 1,6, 2.0, 2.4, 2.8, 3.2, 6.0, 12.0 uM.
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Figure 5-28. Fluorescence spectra of Bet-aza, recorded 30 min after the addition of different
concentrations of Ca(ClQy); in MeCN, [Bet-aza] = 2.5 uM, [Ca2+] =0,08,1,6,2.0,2.4,28,3.2,6.0,12.0
UM, Aex = 359 nm.

Kinetic study on the absorbance variation at 359 nm of Bet-aza with the addition of Ca**
was analyzed based on the 1:1 complex, as shown in Figure 5-29. The fitting results give k=
1.77 x 10° M s and k> = 0.0245 s, and thus binding constant can be calculated by
following: K = ki/kx=7.22 x 10° M, that is logK = 6.85. This is consistent with the strong
complexation between Bet-aza and Ca>" obtained from the absorption and fluorescence

titrations.

k1 2+ k
Bet-aza- Ca K=-—1
P k,

Bet-aza + Ca2*

16x10”

14

12 —
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[Ca2+]=2.8 uM
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©
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Figure 5-29. Kinetic profile of Bet-aza with the addition of Ca(ClO,); in MeCN, [Bet-aza] = 2.5 uM,

[Caz+] = 2.8 uM, AA denotes the variation of absorbance at 359 nm.

There are two potential binding sites for metal cations in Bet-aza: benzimidaozle moiety
and aza-15-crown-5 moiety. In order to get insight into the binding process, "H NMR titration

of Bet-aza with Ca’" was then carried out in CDsCN. As shown in Figure 5-30, upon
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complexation with Ca®", proton H, exhibits a remarkable up-field shift, while Hy shows a
down-field shift. Protons of H, and Hy, also exhibit a slight down-field shift as compared with
Hy. However, it’s surprising to find that the addition of Ca®" almost does not affect the
chemical shifts of aza-15-crown-5 moiety, which has been widely reported to bind strongly
with metal ions. Anyhow, in our case the 'H NMR titration demonstrates that Ca>" strongly
binds to benzimidazole moiety rather than aza-15-crown-5. This can explained by the positive
charge on the pyridinium ring strongly reduce the electron density of nitrogen atom in
aza-15-crown-5 moiety. The mesomeric structure of Bet-aza (Scheme 5-8) indeed
demonstrates that the partial positive charge on this nitrogen atom results in the loss of its
binding ability to cations.”” The up-field shift of the proton H. could be explained by the
destroy of the intramolecular hydrogen bonding between H. and benzimidazole upon
complexation with Ca>".*® The slight down-field shift of protons H, and Hy were due to Ca**
complexation with benzimidazole, as shown in Scheme 5-8. The remarkable blue shift of the
absorption and fluorescence bands in the complex indicates that the weaker intramolecular
charge transfer as compared with the free ligand, which further confirm complexation of Ca”"

with benzimidazole. The complexation-induced destroy of intramolecular hydrogen bonding

interaction may explain the long kinetics (5 min) of Bet-aza to Ca®".
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Figure 5-30. "H NMR spectra of Bet-aza in presence of different concentrations of Ca(Cl0y), in CD5CN.
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Scheme 5-8. Schematic illustration of mesomerism of Bet-aza and its interaction with metal ions.

In order to verify the proposed binding mechanism, a new ligand Bet-DiMe without
aza-15-crown-5 was synthesized. As shown in Table 5-4, it exhibits an absorption band
centered at 356 nm, about 4 nm blue shift as compared with Bet-aza; while its fluorescence
band at 539 nm is about 6 nm red shift. Spectral titrations (Figure 5-26 (c) and (d)) were
carried out in MeCN under identical conditions. Upon addition of increasing concentrations
of Ca®" to the solution of Bet-DiMe, blue shift of the absorption band from 356 nm to 331 nm
and emission band from 539 nm to 450 nm are observed. The clear isosbestic point at 348 nm
and isoemissive point at 481 nm demonstrate the equilibrium between free ligand and
complex during the titration. Additionally, kinetics of Bet-DiMe to Ca®" in MeCN is almost
the same as that of Bet-aza, as presented in Figure 5-31. In the presence of 12 uM Ca®” when
Bet-DiMe is 2.5 pM, it reaches equilibrium in 5 min. When the fluorescence spectra of
Bet-DiMe in the presence of Ca*" were recorded after sufficient equilibrium, it reached a
plateau at 1 equiv (Figure 5-32). Non linear regression analysis of the titration based on 1:1
binding ratio , however, did not give a satisfactory fitting due to the quite large binding
constant (Log K > 7) for the complex, as shown in Figure 5-32. These evidences strongly
confirm that benzimidazole moiety in Bet-aza plays a crucial role in binding to metal ions;
however, more precise binding constants need to be obtained in order to evaluate the effect of

the azacrown on the binding process.
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Figure 5-31. Kinetics profile of Bet-DiMe in the absence and presence of different concentrations of

Ca(ClO4), in MeCN at 354 nm, [Bet-DiMe] = 2.5 uM, [Ca’'1=0, 0.8, 1,6, 2.0, 2.4, 2.8, 3.2, 6.0, 12.0 uM.
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Figure 5-32. Fluorescence spectra of Bet-DiMe, recorded 30 min after the addition of different
concentrations of Ca(ClOy), in MeCN, [Bet-DiMe] = 2.5 uM, [Ca2+] =0,0.8,1,6,2.0,24,228, 3.2, 6.0,
12.0 uM, Aex = 354 nm.

As we points out above that benzimidazole in Bet-aza acts as the coordination sites for
metal ions,” the spectral response of SBPa to Ca®” was also performed in MeCN in order to
investigate the effect of amino group appended to pyridinium moiety on the complexation
properties of benzimidaozle moiety. As presented in Figure 5-26 (e) and (f), the addition of
increasing concentrations of Ca®" induces the blue shift for both the absorption band from 393
nm to 337 nm and emission band from 693 nm to 570 nm. This is consistent with our
assumption that complexation of benzimidazole moiety to Ca*” would lead to a weaker
intramolecular charge transfer. However, nonlinear regression analysis of fluorescence
titration gives the binding constant with Log K = 3.39, which is several orders of magnitude
lower than that of Bet-aza and Bet-DiMe. This is probably because electrostatic repulsion
between pyridiuniu moiety of SBPa and metal ions is much stronger than that in the complex

of Bet-aza and Bet-DiMe. In latter case, the mesomeric effect may push partial positive
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charge on pyridinium moiety to nitrogen atom and thus reduce the electrostatic repulsion

between pyridiunium moiety and Ca®".

Spectral response of Bet-aza to CF;COOH was also investigated in MeCN. As we can see
from the Figure 5-33, the addition of CF;COOH has exactly the same effect with Ca’". Both
absorption and fluorescence spectra of protonated Bet-aza overlap with those of Bet-aza
complex with Ca*". This further demonstrates that benzimidazole moiety in Bet-aza is the

binding site to Ca*".
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Figure 5-33. Absorption and fluorescence spectra of Bet-aza in the absence and presence of CF;COOH in

MeCN, [Bet-aza] = 10 uM, [CF3COOH] = 12.0 pM, [Ca®'] = 20.0 uM, hex = 359 nm.

5.2.5. Conclusion

A new ligand Bet-aza bearing betaine pyridinium and aza-15-crown-5 was synthesized.
Solvatochromism of Bet-aza indicated that its absorption band stemmed from Sy—S;
electronic transition while emission band from Sl—>S()' transition. Dipole moment inversion in
the excited state can be inferred from negative solvatochromism of absorption spectra.
Treatment of the solvatochromic data of Bet-aza with E1(30) and Kalmet-Taft correlation
demonstrated: (1) solvatochromism of Bet-aza in the ground state was dominated by solvent
polarity; however, specific hydrogen bonding interaction should not be negligible; (2)
solvatochromism of Bet-aza in the excited state was independent on the solvent polarity,
indicating the dipole moment of Bet-aza in the excited state was 0 D. Strong intramolecular
hydrogen bonding interaction in Bet-aza was also verified by 'H NMR in different solvents.
Addition of metal ions to the solution of Bet-aza led to remarkable blue shift of absorption
and fluorescence spectra, which was explained by the coordination of benzimidazole moiety
in Bet-aza to metal ions. The proposed binding mode was verified by 'H NMR titration,

metallo-responsive properties of reference compounds Bet-DiMe and SBPa, protonation of
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Bet-aza. Based on these results, we believe that dipole moment inversion of Bet-aza in the
excited state will in one aspect decrease the binding ability of its benzimidazole moiety to
Ca®" and in the other aspect there will be an increase of electron density on the nitrogen atom
of aza-15-crown-5 to enhance its affinity to Ca*". They both cooperatively realize the
translocation of metal ions from benzimidazole moiety to aza-15-crown-5 moiety in the
excited state, as shown in Scheme 5-9. Transient absorption technique will be used to monitor

the each step in the excited state.
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Scheme 5-9. Schematic illustration of translocations of Ca”" in the excited state.
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General conclusions and perspectives

The related works in this dissertation are focused on rational design, synthesis and
spectroscopic evaluation of fluorescent chemosensors for Hg*", Ni*", Cu®" based on triazole

1>

moiety and K, AI’" based on calix[4]bisazacrown moiety. Preliminary investigations on

modulation of cation binding in the excited state have also been carried out.

1. Fluorescent chemosensors based on 1,2,3-triazole
Comprehensively photophysical and complexing investigations on a series of “click”
fluoroionophores were performed to elucidate the roles of 1,2,3-triazole moiety in fluorescent

chemosensors, concluded as following:

1.1. Triazole as a linker

Fluorescein derivative Flu-1 showed selective response to Hg*" over a range of metal ions
in THF in a fluorescence turn-on manner. While in the presence of protic solvent
(Vbem/Vmeon=9:1), its fluorescence changed in a ratiometric manner with gradual addition of
Hg*". "H NMR titration and IR spectra suggested that specific spectral behavior was due to the
complexation between carbonyl group of xanthene moiety and Hg*". When triazole was grafted
on xanthene moiety, Flu-2 exhibited almost the same spectral behavior as that of Flu-1,
indicating that triazole moiety was just a linker. This result provides us the possibility to
incorporate an internal reference by click reaction or to construct a FRET pair to realize a
ratiometric detection of analytes. However, limitation of our probes in pure organic solvent
medium suggests that the carbonyl group is not a good binding site. Replacement of oxygen
atom of the carbonyl group with nitrogen or sulfur atom with strong binding ability to metal
ions should be considered to further utilization of metal modulated spectral properties of

fluorescein core.

Cu”"-catalyzed Fenton reaction is well known to yield hydroxide and hydroxyl radical
very efficiently. Flu-3 and Flu-4 containing fluorescein lactone were capable of highly
sensitive detection of Cu*" based on a ring-opening process, induced by the hydroxide
stemming from Cu®’-catalyzed Fenton reaction. Triazole moieties in Flu-3 and Flu-4 were
demonstrated to be linkers. Exploration of biologically important catalytic reactions for the
detection of analytes is highly attractive for its good sensitivity; however, the limitation of our

approach is that spectral change was is induced by the pH change. To realize the application
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of our approach in real samples under physiological conditions, indicators that are sensitive to

hydroxyl radical can be used.

1.2. Triazole acts as sole or important binding sites

NBD-1 showed selective spectral response to Hg*" in EtOH/H,0 mixed solution at pH 7.4.
in a fluorescence turn-off manner. '"H NMR titration demonstrated that 1,2,3-triazole was the
sole binding site for NBD-1 to Hg*". The fluorescence quenching and red shift were
postulated to be caused by the increase of the local polarity of the fluorophore and the
possible photoinduced electron transfer. NBD-2 with a more rigid terminal amino acid moiety

responded to Hg”" in a similar way.

Rho-1 with sugar unit attached to rhodamine fluorophore was linked by triazole moiety. It
showed selective response to Hg”™ in MeCN/DMSO (99:1), which took 26 h to reach the
equilibrium at room temperature. Surprisingly, photochromic approach was able to reduce the
response time to 2 min. Insightful investigation demonstrated that small amount of DMSO
played an important role in promoting the ring-opening of rhodamine lactame, which was
supposed to react with the excited Rho-1- Hg”" complex. Rho-2 with a disaccharide units
displayed similar spectral changes in the presence of metal ions as that of Rho-1.Although the
Hg”" induced ring-opening process was limited in MeCN/DMSO (99:1) medium, it

demonstrates a new approach to improve the sensing performance of chemosensors.

1.3. Assemble of triazoles as the binding sites

By grafting seven triazole units on the narrow rim of B-CyD, the assembled CDPy
exhibited strong excimer emission and low monomer emission in various solvents, indicating
the close proximity of pyrene fluorophores in the excited state. Its structural conformation
was evidenced by NOESY NMR and circular dichroism spectra. Investigation on the
metallo-responsive properties demonstrated that CDPy showed moderately selective affinity
to Hg”" and more interestingly a signal amplification process occurred during the titration
with Hg?" in THF and toluene. This phenomenon would be instructive for using CyD scaffold

for chemical sensing.

1.4. Triazoles as conjugated fluorophores and co-binding sites
The incorporation of two 1,2,3-triazoles into benzothiadiazole can extend the conjugated
system and subsequently change the spectral properties, which are dependent on the position

of the substituents on the triazole, the number of triazole unit but almost independent on the
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terminal amino acids moiety. Spectral response of Benzo-x to metal ions mainly related to the
preorganized structure between benzothiadiazole and triazole moiety. For 1,4-disubstituted
Benzo-2 showed binding ability to Ni*", Cu®", Hg*" and Co®" in MeCN. In contrast,
1,5-disubstituted Benzo-5 showed selective response to Hg*" but no affinity to Ni*", Cu®", and
Co”". Finally 1,4-disubstituted Benzo-8 was successfully developed as a highly selective
chemosensor of Cu*" in HEPES buffer solution under physiological pH condition by a

judicious selection of solvent medium and molecular structure.

From the above, we can conclude that 1,2,3-triazole shows flexible coordination
chemistry in organic solvent. However, its binding ability to metal ions is dramatically
decreased in water containing system, which limits its application as chemosensors in real
samples. Therefore the incorporation of other complementary binding sites to improve the

binding affinity in aqueous solution is more promising than just a sole triazole.

2. Fluorescent chemosensors based on calix[4]bisazacrown

Calix-Dansyl bearing bisazacrown showed selective response to K™ over Na™ in EtOH. 'H
NMR titration in CD3CN demonstrated that the binding was attributed to the good match of
the cation size with the azacrown and preferential cation-r interaction with the phenyl rings of
calix[4]azacrown. The unsatisfying binding constant of Calix-Dansyl to K" was due to the
strong electron-withdrawing character of sulfonyl group and possibly some steric effect from
dansylamide fluorophores. Enhancement of the charge density of nitrogen atom in azacrown

should be considered for the improvement of sensing sensitivity.

Among various metal ions, A’ shows a unique character with formation of colloid
particles AI(OH); with positive charge on its surface under weak acid condition pH 6.0.
SulfCalix-Dansyl with four negative charges could be efficiently adsorbed by electrostatic
interaction. Dramatic change of the microenvironmental polarity caused fluorescence
enhancement, concomitantly with blue shift of its maximum. The sensing mechanism was
verified by the increase of absorption tail band, pH effect, resonance light scattering,
anisotropy measurement and also flocculation formation. By virtue of unique character of Al*",
negative charged ICT chromophore/fluorophores may be explored for the detection of AP

under weak acidic condition.

3. Modulation of Cation Binding in the Excited State
Constructing a dyad by using fullerene Ce as an electron acceptor and aniline moiety as

electron donor, we were able to get a long-live charge separated state with a lifetime of 165 ns,
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providing the possibility of complete cation release in the excited state. In the other aspect,
steady state spectral investigation demonstrated that Full-aza exhibited strong binding ability
to divalent cations in PhCN. Transient absorption spectra of the complex, however, did not
display absorption band of the radical cation any more. Instead, the deactivation of excited
state mainly occurred by intersystem crossing and fluorescence emission, inferred from the
strong triplet state absorption of * Ceo and enhancement of fluorescence emission. This was
attributed to the complexation inhibiting PET process and consequently no charge separated
species would be detected. It seems that cations release does not work based on Full-aza and
PCT approach may be more efficient than PET. For example, with amide group in Full-aza
replaced by alkyne group, Full-alkyne-aza with strong charge-transfer characteristic and

lower binding affinity to metal ions is going to be explored for cation release.

Scheme 1. Molecular structure of Full-alkyne-aza.

Treatment of solvatochromic effect of Bet-aza with E1(30) and Kamlet-Taft correlation
demonstrated that in the ground state solvatochromism of Bet-aza was mainly dominated by
solvent polarity, even though the specific hydrogen bonding interaction was not negligible;
while in the excited stated solvatochromism was almost independent on solvent polarity but
affected by hydrogen bonding interaction, indicating that dipole moment of Bet-aza in the
excited state is 0 D. Based on the literatures, we identically attributed a dipole inversion in the
excited state. Study of complexation properties by spectral titrations demonstrated that
benzimidazole was the binding site of Bet-aza to metal ions, as verified by '"H NMR titration
in CD3CN and model compound Bet-DiMe and SBPa. Mesomerism induced positive charge
on the nitrogen atom of azacrown was proposed to explain the loss of the binding ability of
azacrown moiety. Kinetic study base on 1:1 complex further confirmed the strong binding
affinity of Bet-aza to Ca>". Growing a complex crystal is ongoing in our lab to obtain direct
evidence of their binding mode. It’s hypothesized that photoexcited dipole moment inversion
would change the charge distribution on Bet-aza by decreasing the density on benzimidazole
moiety and increase for nitrogen of azacrown, which consequently causes cation translocation
from benzimidazole moiety to azacrown moiety in the excited state. Femtosecond transient

absorption will be used to monitor the photochemical processes.
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6.1. General procedures

All chemicals were purchased from Sigma-Aldrich and used as received. Solvents for
synthesis were synthetic or spectroscopic grade and purchased from Carlo-Erba or SDS.
Anhydrous solvents (toluene, tetrahydrofuran, acetonitrile, dichloromethane,
dimethylformamide) were purchased from Sigma-Aldrich. The deuterated solvents were
purchased from SDS. Colum chromatography was performed on silica gel 60 (40-63 um).
Analytical thin layer chromatography (TLC) was performed on silica gel F250 plates (SDS),
detected by UV light (254 and 365 nm).

'H and *C NMR were performed at room temperature on a JEOL JNM ECS 400MHz
spectrometer using tetramethylsilane or solvent peak ("H NMR: CHCI; in CDCls, 7.26 ppm;
CHD,SOCD; in DMSO-dj, 2.49 ppm; CHD,CN in CD;CN, 1.94 ppm; C NMR: *CDCl; in
CDCl, 77.14 ppm; CD3;SOCD; in DMSO-ds, 39.6 ppm) as a reference; chemical shift were

given in ppm, coupling constants in Hz.

Mass spectra were recorded on an ESI/TOF mass spectrometer at ICSN institute (Gif sur

Yvette, France).
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6.2. Synthesis and characterization

6.2.1. 9-[1-(2-Methoxycarbonyl)phenyl]-6-methoxy-3 H-xanthen-3-one: Flu-1
MeO. o} (0]
L0
O COOMe

C22H1605 (360.36 glmol)

To a suspension solution of fluorescein (0.2 g, 0.6 mmol) in MeOH (15 mL) was added 6
drops of concentrated H,SO4. The resulting mixture was refluxed for 15 h. After the reaction
mixture was cooled down to room temperature, it was poured onto ice and then extracted with
CH,Cl, three times. The organic layer was evaporated to obtain a red solid which was used
directly for the next step. The above solid was dispersed in acetone followed by addition of
Cs,CO;3 (0.39g) and CHsl (75 pL, 1.2mmol), and then the mixture was stirred at room
temperature for 28 h. After concentration, HO was added and the mixture extracted by
CH,Cl,. The organic layer was dried over MgSO,4 and evaporated. The crude product was
purified by column chromatograph with elute CH,Cl,/CH;OH (97:3) to give the titled
compound in 55% yield.'

'H NMR (400 MHz, CDCLs): 5(ppm) 3.64 (s, 3H, ), 3.92 (s, 3H), 6.46 (d, 1H, J = 1.8Hz),
6.54 (dd, 1H, J= 9.6, 1.8Hz), 6.74 (dd, 1H, J = 8.7, 2.3Hz), 6.85 (d, 1H, J = 9.6Hz), 6.88 (d,
1H, J = 9.2Hz), 6.96 (d, 1H, J = 2.3Hz), 7.31(dd, 1H, J = 7.3, 1.3Hz), 7.67 (td, 1H, J = 7.8,
1.3Hz), 7.74 (td, 1H, J = 7.8, 1.4Hz), 8.25 (dd, 1H, J = 7.8, 1.3Hz);

13C NMR (100 MHz, CDCLy): & (ppm) 52.6, 56.1, 100.4, 105.9, 113.5, 114.9, 117.7, 130.0,
130.3, 130.9, 131.3, 132.8, 150.2, 154.4, 159.1, 164.1, 165.8, 185.9.
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6.2.2. Toluene-4-sulfonic acid 2-(2-hydroxyethoxy)ethyl ether: 72

HQ Q OTs

C11H1605S (260.30 g/mol)

Diethyleneglycol (10 mL, 11.2 g, 0.105 mol, 4 equiv) and triethylamine (7.1 mL, 0.053
mol, 2 equiv) were dissolved in dry DCM (80 mL) followed by the addition of tosyl chloride
(5.03 g, 0.027 mol, lequiv) at one portion. The mixture was stirred overnight at room
temperature. After washing twice with IN HCI and 5% NaHCO3, the organic layer was dried
over MgSO4 and evaporated to obtain crude product which was purified by column
chromatography over silica gel (eluent: DCM was firstly used to remove the di-tosylated
product followed by DCM/MeOH (95:5)). The pure mono-tosylated product was obtained as
a colorless oil (4.0 g, 58%).”

'H NMR (400 MHz, CDCl3): § 7.80 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.2 Hz, 2H), 4.19 (t, J =
4.6 Hz, 2H), 3.68 (m, 4H), 3.53 (t, J = 4.6 Hz, 2H), 2.45 (s, 3H), 2.14 (s, 1H);

BC NMR (100 MHz, CDCls): & 145.1, 133.1, 130.0, 128.1, 72.6, 69.3, 68.7, 61.7, 21.8 ppm.

6.2.3. 25,26,27,28-Tetra(2-(2-hydroxyethoxy)ethoxy)calix[4]arene: 73

C44H5¢012 (776.90 g/mol)

Calix[4]arene (0.37 g, 0.89 mmol) and K,COs (0.92 g, 6.6 mmol) in dry MeCN (10 mL)

was stirred at room temperature for 30 min. Then compound 72 (1.38 g, 5.3 mmol) in MeCN

(5 mL) was added and the resulting mixture was refluxed for 45 h under Ar. The solvent was
then removed by evaporation and the crude product was dissolved in DCM and washed with
IN HCI twice and H,O. The organic layer was dried over MgSO,4 and evaporated to obtain
crude product. The pure product (0.3 g, 50%) was obtained by column chromatography over
silica (elute: DCM was firstly used to remove calix[4]arene followed by DCM/MeOH
(95:5)).

"H NMR (400 MHz, CDCls): & 7.10 (d, J = 7.3 Hz, 8H), 6.78 (t, J = 7.4 Hz, 4H), 3.80 (m,
16H), 3.67 (s, 8H), 3.62 (m, 16H);

13C NMR (100 MHz, CDCl3): § 156.0, 133.8, 130.6, 122.9, 72.8, 71.2, 70.2, 61.8, 36.6 ppm.
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6.2.4. 25,26,27,28-Tetra(2-(2-tosylethoxy)ethoxy)calix[4]arene: 74

C72Hg0020S, (1393.65g/mol)

To a solution of compound 73 (0.2 g, 0.25 mmol), tosyl chloride (0.27 g, 1.3 mmol) in dry
THF (15 mL) in an iced bath, was added NaOH (0.1 g, 2.5 mmol in 0.7 mL H,O) dropwise
under Ar. The resulting mixture was stirred for 5 days at room temperature. The solvent was
removed by evaporation and the residual was dissolved in DCM and washed with H,O twice.
The organic layer was dried over MgSQO,4 and the crude product was purified by column
chromatography over silica (elute: first with CHCl; followed by CHCl3/MeOH (99.5:0.5)) to
obtain pure product (0.06g, 16%).’

"H NMR (400 MHz, CDCls): 5 7.80 (d, J = 8.2 Hz, 8H), 7.32 (d, J= 8.2 Hz, 8H), 6.97 (d, J =
7.3 Hz, 8H), 6.64 (t, J = 7.3 Hz, 4H), 4.18 (t, J = 4.6 Hz, 8H), 3.65 (m, 16H), 3.58 (s,

8H), 3.47 (t, J = 5.0 Hz, 8H);

BC NMR (100 MHz, CDCl3): & 155.8, 144.8, 133.6, 132.9, 129.9, 129.8, 127.9, 122.0, 70.4,
70.2, 69.3, 68.7, 36.0, 21.6 ppm.
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6.2.5. 25,27:26,28-Bis(5’-N,N-dimethylaminonaphtalene-1’-sulfonyl
bis(2-(2-aminoethoxy)ethoxy))calix[4]arene: Calix-Dansyl

\N > o
/ || r\O O—\

CegH7sN401,S; (1207.49g/mol)

Dansylamide (0.114 g, 0.46 mmol) and K,CO; (0.16 g, 1.15 mmol) in dry MeCN (20 mL)
was stirred at room temperature for 30 min followed by the addition of compound 74 (0.32 g,
0.23 mmol in MeCN (10 mL) at one pot. The resulting mixture was refluxed overnight. Then
solvent was evaporated and the residual was dissolved in CHCls, washed with H,O twice. The
organic layer was dried over MgSQO,4 and evaporated to obtain crude product. It was purified
by column chromatography over silica ( elute: DCM/MeOH (99:1)) to obtain pure product
(0.25 g, 47%).*

'"H NMR (400 MHz, CDCL): § 8.54 (d, J = 8.2 Hz, 2H), 8.33 (d, J = 8.7 Hz, 2H), 8.18 (dd, J
=7.3, 1.4 Hz, 2H), 7.59 (t, J = 7.8 Hz, 2H), 7.53 (t, J = 7.4 Hz, 2H), 7.20 (d, J = 7.8 Hz, 2H),
7.04 (d, J=7.3 Hz, 8H), 6.79 (t, J = 7.4 Hz, 4H), 3.82 (s, 8H), 3.47 (m, 16H), 3.40 (t, J = 5.0
Hz, 8H), 3.04 (t, J = 5.0 Hz, 8H), 2.89 (s, 12H);

BC NMR (100 MHz, CDCls): 8 157.3, 151.8, 135.3, 133.6, 130.3, 130.2, 130.1, 129.7, 129.3,
128.1,123.2, 122.5, 119.7, 115.3, 70.8, 70.3, 69.5, 47.5, 45.5, 38.2 ppm;

HRMS (ESI) m/z calcd for C¢gH76N4NaO,S, [M + Na+] 1227.4799, found 1227.4822.
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6.2.6. 5,11,17,23-Tetrasulfonated
25,27:26,28-Bis(5’-N,N-dimethylaminonaphtalene-1’-sulfonyl
bis(2-(2-aminoethoxy)ethoxy))calix[4]arene sodium salt: SulfCalix-Dansyl

\N O NaO;S— >
/
CS 4 oo 1
\/Ouo N\) o /
Na0;s—— -o O N

C63H74N4Na402486 (1 61 5.67glm0|)

To a solution of compound Calix-Dansyl (110 mg, 0.091 mmol) in dry DCM (3 mL) was
added HSO;C1 (120 puL in 3 mL DCM) dropwise at -20°C. After stirring at room temperature
for 3h, the solution was poured into ice-water solution and adjusted pH to 7 with NaHCO;.
The aqueous solution was evaporated to dry and redissolved in pyridine (6 mL) and water (2
mL). After stirring at room temperature for 2 h, the solution was concentrated (about 1.0 mL).
Large precipitate was obtained by the addition of addition of acetone. The precipitate was
again dispersed in 0.5 mL H,O at 30°C. The insoluble residual was filtered off and washed
with acetone to obtain the pure product (80 mg, 54%).’

"H NMR (400 MHz, D,0): § 8.34 (d, J = 8.7 Hz, 2H), 8.10 (d, J = 7.4 Hz, 2H), 8.06 (d, J =
8.7 Hz, 2H), 7.63 (t, J = 8.2 Hz, 2H), 7.58 (t, J = 7.8 Hz, 2H), 7.43 (s, 8H), 7.28 (d, J = 7.8 Hz,
2H), 3.90 (s, 8H), 3.39 (m, 16H), 3.14 (t, J = 5.0 Hz, 8H), 2.81 (t, J = 5.0 Hz, 8H), 2.73 (s,

12H);

BC NMR (100 MHz, CDCl3): § 159.2, 150.4, 137.5, 133.8, 130.0, 129.4, 129.1, 128.9, 126.6,
124.2,123.2,119.8, 116.1, 70.0, 68.6, 46.4, 45.0, 36.9 ppm;

HRMS (ESI) m/z calcd for C68H72N4Na302486 [M + Na+] 15892554, found 1589.2628.
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6.2.7. N-(4-Nitrophenyl)aza-15-crown-5: 95

oM
e )

Lol P
RN
C16H24N206 (34037glmol)

A Schlenk tube was charged with 1-bromo-4-nitrobenzene (80mg, 0.4mmol), NaO'Bu
(50mg, 0.52 mmol), Pd(OAc), (5mg, 0.055eq), PPh; (13mg, 0.05mmol) and toluene (3 mL)
under argon. Then 1-aza-15-crown-5 (100mg, 0.48mmol) in anhydrous toluene (2 mL) was
injected with syringe. After that the reaction mixture was heated to 100°C for 3 days. The
reaction mixture was cooled down to room temperature and absorbed onto silica gel and
purified by column chromatograph (elutes: ethyl acetate/hexane (1:1) followed by ethyl
acetate) to obtain the titled compound as a yellow solid (105 mg, 78%).°

"H NMR (400 MHz, CDCl5): & 8.10 (d, J = 9.6 Hz, 2H), 6.62 (d, J = 9.6 Hz, 2H), 3.79 (t, J =
6.0 Hz, 4H), 3.69 (m, 12H), 3.63 ppm (s, 4H);

BC NMR (100 MHz, CDCl;): & 152.9, 126.4, 110.6, 71.5, 70.2, 70.5, 68.2, 53.3 ppm.

6.2.8. N-(4-Aminophenyl)aza-15-crown-5: 96

C16H26N204
(310.38g/mol)

A schlenk tube was charged with compound 95 (50mg, 0.15mmol), Pd/C (10%, 10mg),
0.6 mL CH30H and 2.4 mL EtOAc. Then the mixture was stirred under a H, atmosphere (via
balloon) for 2 hour until the solution color disappeared. The mixture was filtered through a

plug of Celiteo and the solvent was removed under reduced pressure to give an oil (40 mg,
90%).”

"H NMR (400 MHz, CDCls): 8 6.65 (m, 2H), 6.58 (m, 2H), 3.61-3.80 (m, 16H), 3.53 (m,
4H);
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6.2.9. 3,4-Bis(bromomethyl)benzoic acid: 97

Br
COOH
Br
CoHgBr,0, (307.96g/mol)

3,4-Dimethylbenzoic acid (0.45g, 3 mmol) was dispersed in CCly (25 mL). NBS (1.10g,
6.2 mmol) and BPO (0.05g) was added batch by batch during 2h at 80°C. The reaction
mixture was stirred at 80°C for another 2h. The formed succinlamide was removed by
filtration and the filtrate was evaporated. The crude product was allowed to crystallize in
MeOH at -20°C. The obtained white solid was subjected to column chromatography (elute:
CH,Cl, and 0.5%-1% AcOH) to obtain pure compound (0.35 g, 38%)."

"H NMR (400 MHz, CDCls): 8 8.11 (d, J = 1.4 Hz, 1H), 8.04 (dd, J=7.8 Hz, J = 1.8 Hz, 1H),
7.50 (d, J="7.8 Hz, 1H), 4.69 (s, 2H), 4.68 ppm (s, 2H);

BC NMR (100 MHz, CDCLy): 8 166.4, 141.2, 137.0, 132.0, 131.6, 131.4, 129.9, 30.3, 29.8
ppm.

6.2.10. 3,4-Bis(bromomethyl)benzoyl chloride: 98

Br
COCl

Br

C9H7Brzc|0
(326.41g/mol)

Compound 97 (0.1 g, 0.32 mmol) and oxalyl chloride (0.16 mL, 1.86 mmol) were
dissolved in dry toluene (4 mL). The resulting mixture was stirred at 80°C for 4h. Then it was

cooled down to room temperature and evaporated to obtain a yellow liquid.’

"H NMR (400 MHz, CDCL3): & 8.13 (s, 1H), 8.05 (m, 1H), 7.54 (m, 1H), 4.67 (m, 4H).
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6.2.11. N-(4-(Aza-15-crown-5)phenyl)-3,4-bis(bromomethyl)benzamide: 99

C25H32BraN,05
(600.34g/mol)

Compound 96 (0.09 g, 0.3 mmol) was dissolved in dry THF (4 mL) under Ar followed by
the addition of EtsN (0.15 mL, 1.1 mmol). Compound 98 (0.13 g, 0.4 mmol) in THF (3 mL)
was added dropwise at 0°C. The reaction mixture was stirred at 0°C for another hour then at
room temperature for 24 h. The solvent was removed by evaporation and absorbed to silica,
which was then purified by column chromatography over silica (elute:
EtOAc/Cyclohexane(1:1)) to obtain a pale yellow solid (0.12 g, 67%)."°

"H NMR (400 MHz, CDCl3): § 7.7-8.0 (br d, 3H), 7.46 (m, 3H), 6.67 (br s, 2H), 4.69 (s,
2H), 4.67 (s, 2H), 3.4-3.8 (m, 20H);

BC NMR (100 MHz, CDCly): § 164.3, 145.2, 140.0, 137.2, 136.1, 131.6, 130.0, 127.9, 126.5,
122.8,111.8,71.4,70.4,70.2, 68.6, 52.7, 29.4, 29.0 ppm;

HRMS (ESI) m/z caled for CasHs3BraN,Os [M + H'] 601.0736, found 601.0759.
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6.2.12. N-(4-(Aza-15-crown-5)phenyl)-[1,9](Ceo-11)[5,6]fullerene-3’,4’-bismethylbenzamide:

Flu-aza

C85H32N2°5 (1160.23g/mol)

To a schlenk tube charged with compound 99 (29.6 mg, 0.05 mmol), KI (58 mg, 0.35
mmol), 18-crown-6 (53 mg, 0.2 mmol) and Cg (37 mg, 0.05 mmol) was added dry toluene
(20 mL). The resulting mixture was refluxed at 110 °C for 22h under Ar. The product was
absorbed onto silica and purified by column chromatography over silica (elute: toluene first to
collect unreacted Cgp followed by CHCly/MeOH(99.5:0.5)) (6 mg, 10%)."

"H NMR (400 MHz, CDCL3): & ; 8.21 (s, 1H), 8.04 (d, J= 7.8 Hz, 1H), 7.87 (s, 1H), 7.78 (d,
J=17.8Hz, 1H), 7.51 (d, J= 8.7 Hz, 2H), 6.69 (d, J = 7.8 Hz, 2H), 4.86 (d, J = 12.8 Hz, 2H),
4.52 (d, J = 14.6 Hz, 2H), 3.78 (d, J = 6.0 Hz, 4H), 3.58-3.72 (m, 16H);

BC NMR (100 MHz, CDCly): § 165.5, 156.7, 156.3, 147.9, 146.7, 146.4, 145.7, 145.3, 145.2,
144.9, 143.2, 142.7, 142.3, 142.2, 142.0, 141.9, 141.7, 140.5, 140.3, 138.9, 136.2, 136.1,
135.5 135.2, 128.5, 126.9, 126.8, 126.6, 122.8, 111.8, 71.5, 70.4, 70.3, 68.7, 65.8, 52.8, 45.2,

45.1, 31.1, ppm;

HRMS (ESI) m/z caled for CgsH33N,05 [M + H'] 1161.2389, found 1161.2360.
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6.2.13. Methyl 3,4-bis(bromomethyl)benzoate: 100

Br

D/COOMe

Br
C10H1oBr202 ( 321999/"]0')
To a solution of compound 3 (0.1 g, 0.32 mmol) in MeOH (6 mL) was added SOCI,
(0.069 mL, 0.96 mmol). The resulting mixture was refluxed for 2 h. After removal of the

solvent, the residual was dissolved in EtOAc and washed with H,O. The organic layer was

dried over MgSO, and evaporated to obtain the product (0.09 g, 86% ).

"H NMR (400 MHz, CDCls): 5 8.04 (d, J = 1.4 Hz, 1H), 7.97 (dd, J= 7.8, 1.8 Hz, 1H), 7.46
(d, J=8.2 Hz, 1H), 4.74 (br s, 4H), 3.89 (s, 3H);

BC NMR (100 MHz, CDCls): 8 166.1, 140.9, 136.5, 131.9, 131.0, 130.9, 130.5, 52.5, 42.8,
42.5 ppm.

6.2.14. Methyl [1,9](Ceo-11)[5,6]fullerene-3’,4’-dimethylbenzoate: Full-Ben

C7oH400; (882.82g/mol)
Ceso (100 mg, 0.14 mmol), compound 100 (45 mg, 0.14 mmol), KI (166 mg, 1.0 mmol)
and 18-crown-6 (80 mg, 0.3 mmol) were dissolved in dry toluene (100 mL). The resulting

mixture was refluxed for 22 h under Ar. After removal of the solvent, the crude product was
purified by column chromatograph over silica (elute: toluene/hexane (2:1)) to obtain black
solid (50 mg, 41%)."

"H NMR (400 MHz, CDCLy): & 8.37 (s, 1H), 8.25 (d, J = 7.8 Hz, 1H), 7.77 (d, J = 7.8 Hz,
1H), 4.84 (br s, 2H), 4.53 (br s, 2H), 4.01 (s, 3H);
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6.2.15. N-(4-(Aza-15-crown-5)phenyl)-3,4-dimethylbenzamide: Ben-aza

H3C

e O ials
HN
Q/O\)O
C5H3aN205 ( 442.54g/mol)

To a solution of 3,4-dimethylbenzoic acid (60 mg, 0.4 mmol) in toluene (4 mL) was added
oxalyl chloride (0.19 mL, 2.2 mmol). The reaction mixture was refluxed at 100°C for 4 h. The
solvent was evaporated to obtain acyl chloride.

To a solution of compound 96 (0.09 g, 0.3 mmol) and Et;N (0.23 mL, 1.7 mmol) in dry
THF (4 mL) was added acyl chloride (67 mg, 0.4 mmol in 5 mL THF) under Ar at 0°C. The
reaction mixture was stirred at room temperature overnight. The solvent was removed by
evaporation and absorbed to silica, which was then purified by column chromatography over
silica (elute: DCM/MeOH(98:2)) to obtain a viscous yellow solid (0.05 g, 38%).’

'"H NMR (400 MHz, CDCL): § 7.67 (s, 1H), 7.64 (s, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.43 (d, J
= 8.7 Hz, 2H), 7.20 (d, J = 7.8 Hz, 1H), 6.64 (d, J = 8.7 Hz, 2H), 3.75 (t, J = 7.4 Hz, 4H),

3.64-3.68 (m, 12H), 3.59 (t, J = 7.4 Hz, 4H), 2.32 (s, 6H);

BC NMR (100 MHz, CDCly): § 165.9, 145.1, 140.7, 137.2, 132.9, 129.9, 128.4, 127.1, 124.4,
122.6,111.8,71.4,70.3, 68.7, 52.7, 20.0 ppm;

HRMS (ESI) m/z caled for CosH3sN,O5 [M + H'] 443.2546, found 443.2546.
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6.2.16. 1-N-Benzimidazolyl-4-dimethylaminopyridiunium: Bet-DiMe

N /—\ ./
o)

C14H14N4 (238.289/m0|)

To a schlenk tube were added 2-chlorobenzimidiaole (0.2 g, 1.32 mmol) and
dimethylpyridine (1.6 g, 13.2 mmol). After the reaction mixture was stirred at 150°C for 3 h
under Ar, it was cooled down to room temperature followed by the addition of 30 mL H,O.
The precipitate was filtered off and washed with water, ethanol twice to obtain a pure product.
0.27 g, 75%)."

"H NMR (400 MHz, CD;0D):  8.89 (d, J = 8.2 Hz, 2H), 7.48 (dd, J = 6.4, 3.2 Hz, 2H), 7.07
(d,J=7.8 Hz, 2H), 7.02 (dd, J= 6.4, 3.2 Hz, 2H), 3.27 (s, 6H);

13C NMR (100 MHz, CD;OD): § 158.3, 154.9, 146.1, 138.9, 121.3, 117.4, 108.6, 48.4 ppm;
HRMS (ESI) m/z caled for CaHsNy [M + H'] 239.1297, found 239.1289.

6.2.17. N-Pyridine-aza-15-crown-5: 104

<;O O\>

(@)
v
X
O
N
C.15H24N»0,(296.36g/mol)

To a schlenk tube added 4-bromopyridine hydrochloride (0.2 g, 1.0 mmol)
aza-15-crown-5 (0.1 g, 0.46 mmol), +-BuONa (0.19 g, 2.0 mmol), Pd(dba), (21 mg, 0.04
mmol) and 2-dicyclohexylphosphino-2’-(N, N-dimethylamino)biphenyl (20 mg, 0.05 mmol).
The reaction mixture was stirred at 100°C for 41 h under Ar. Crude product containing some

EtsN and aza-15-crown-5 was obtained by column chromatography on silica gel (elute:
MeOH/DCM/Et;N = 5:95:0.5) (40 mg, 30%)."*

'"H NMR (400 MHz, CDCl3): & 8.18 (d, J = 5.5 Hz, 2H), 6.48 (d, J = 5.0, 2H), 3.6-3.8 (m,
20H);
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6.2.18. 1-(1-N-Benzimidazolylpyridiunium)-aza-15-crown-5: Bet-aza

oM

Co-0¢ )
o

022H28N404(41 2.489/m0|)

Compound 104 (0.17 g, 0.57 mmol) and 2-chlorobenzimidiazole (0.13 g, 0.86 mmol)
dissolved in dry n-BuOH (3 mL) were stirred at 110°C for 50 h under Ar. The solvent was
evaporated and the residual was redissolved in MeOH (2 mL) followed by the addition of
concentrated aqueous NHj (33%, 1 mL) and stirred at room temperature for 30 min. The
solvent was evaporated and the crude product was separated by column chromatography
(elute: MeOH/DCM/Et;N = 2:95:1) to obtain a viscous solid which was dissolved in diluted
aqueous NHj3 (10%) and extracted with CHCl;. The organic layer was dried over MgSO4 and
evaporated to obtain a yellow solid (100 mg, 40%)."

"H NMR (400 MHz, CDCls): §9.26 (d, J = 7.8 Hz, 2H), 7.63 (dd, J = 6.0, 3.2 Hz, 2H), 7.09
(dd, J = 6.0, 3.2 Hz, 2H), 6.76 (d, J = 7.8 Hz, 2H), 3.80 (t,J= 5.5 Hz, 4H), 3.65 (m, 12H),
3.58 (s, 4H);

BC NMR (100 MHz, CDCls): 156.2, 154.1, 146.0, 137.8, 120.0, 117.0, 107.4, 72.3, 70.6,
70.0, 68.1, 53.8 ppm;

HRMS (ESI) m/z caled for CoyHyoN4O4 [M + H'] 413.2189, found 413.2179.

6.2.19. Benzene-1,2,4,5-tetracarbonyl tetrachloride: 105
O O

Cl Cl
Cl Cl

O O
1,2,4,5-Benzenetetracarboxylic acid (0.8g, 3.1 mmol) was digested with PCls (2.63g,
12.8mmol) at 150°C for 24 hours. After that the reaction was cooled down to room
temperature and POCl; was evaporated under reduced pressure. The obtained solid was used

directly for the next step.'*
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6.2.20. Benzene-1,2.4,5-tetra(5’-N,N-dimethylaminonapthalene-1’-sulfonyl carboxamide):

106
/
\

/Nl‘ O NG
) : *
/O \

//S\/ O Q /S\\

O'HN NH O
0 _HN NH O
\Si O O :S/

* ’ ’ I
WA oW
| |

C53H54N3°1zs4 (1 1 83.359/"\0')

Dansyl amide (0.34g, 0.3 mmol), DAMP (0.18¢g, 1.47), EtsN (0.4mL, 2.75 mmol) were
dispersed in 15 mL DCM and 1 mL DMF followed by the dropwise addition of 105 (0.1g, 0.3
mmol in 5 mL DCM) at 0°C. After that the reaction mixture was stirred at 0°C for another
hour and then at room temperature for 3 days. After the reaction completed, there is a large
amount of white precipitate in the solution, which was then filtered and washed with DCM 3
times, and dispersed in 0.5M HCI to remove the Et;N. Finally the precipitate was again
filtered and washed with H,O until the pH 6~7. The obtained yellow solid was dry under high

vacuum condition.

"H NMR (400 MHz, DMSO-dj): & 8.26 (br, s, 4H), 8.23 (br, s, 8H), 7.60 (br, d, 10H), 7.30 (br,
s, 4H), 2.86 ppm (s, 24H);

BC NMR (100 MHz, DMSO-ds): & 164.3, 150.7, 135.3, 134.4, 130.5, 130.3, 128.9, 128.6,
128.3,123.7, 118.7, 115.6, 40.1 ppm.

ESI-HRMS (m/z): for CsgHssNgO;,S,4 Caled. 1183.2822 (M + H'), found: 1183.2811 and for
CssHs4NgNaO,S4 (M + Na") Caled. 1205.2642, found: 1205.27009.
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6.3. Spectroscopic measurement

6.3.1. Instrumentation

UV-visible absorption spectroscopy

Hellma quartz cells with an inner path length of 10 mm were used for absorption
spectroscopy measurement. The UV-visible absorption spectra were recorded on double beam

Uvikon 943, Cary-5E, or Cary-5000 spectrophotometers.

Steady state fluorescence spectroscopy
Hellma quartz cells with an inner path length of 10 mm were used for fluorescence
spectroscopy measurement. The fluorescence was recorded on FluoroMax-3, FluoroMax-4,

and Fluorolog spectrophotometers.

FluoroMax-3: A Xenon arc lamp (150W) was used as the light source. The spectral range
went through 200 to 900 nm. The band pass of the monochromator of excitation and emission

were automatically adjusted via the software (0.5 to 10 nm).

FluoroMax-4: A Xenon arc lamp (150W) was used as the light source. The spectral range
went through 200 to 950 nm. The band pass of the monochromator of excitation and emission

were automatically adjusted via the software (0 to 30 nm).

Fluorolog FL3-221: A Xenon arc lamp (450W) was used as the light source. The spectral
range covers from 200 to 1300 nm. The band pass of the monochromator of excitation and
emission were automatically adjusted via the software (0 to 30 nm). The excitation and

emission beam can be polarized independently.

6.3.2. Time-resolved spectroscopy

Instrument of time-resolved spectroscopy

The fluorescence decay was obtained with a time-correlated single-photon-counting
(TCSPC) technique. The technique is based on the repetitive precisely timed registration of
single photons of a fluorescence signal, the probability of detecting a photon at a time t after
the excitation pulse is proportional to the fluorescence signal. Each photon detected is stored
in different channels. The fluorescence decay is finally reconstructed by summing the photon

of each channel.

The excitation source is a tunable Titanium Sapphire laser pumped by a argon ion laser. It

delivers pulse with 300 fs in width at half maximum at a rate of 80 MHz (12 ns between two
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pulses) within a wavelength range between 690 and 1000 nm. The pulse rate is reduced to 4
MHz to guarantee that long lifetime components can relax completely before the next pulse.
The frequency of the excitation beam can be doubled with excitation wavelength between 280

and 330 nm or tripled with excitation wavelength between 420 and 500 nm.

After excitation by pulse, the fluorescence is collected at 90° through a monochromator,
with width of the slit adjusted manually. The fluorescence photons are then detected by
Photomultiplier (PM) microchannel plate. A constant fraction discriminator is placed after the
PM to pass the signal with a suitable amplitude and remove a portion of noise and
interference pulse. The signal is sent to the channel and start time-to-amplitude converter. A
portion of the excitation beam is sent to a photodiode with a discriminator. The detected

signal delayed by a delay box stop time-to-amplitude converter.

The fluorescence decay was recorded on 4096 channels. For each measurement, at least
10* photons were counted at the channel with the maximum intensity and excitation function

E(t) was measured from the Ludox scattering at the excitation wavelength of the laser.

Analysis of fluorescence time decay
When the excitation pulse is infinitely short, multiple-exponential fluorescence with n
components can be expressed as eq. 6-1:

1.(t)= iai exp(—t/7,) (eq.6-1)

i=l
where [,.(¢) represents the decay of fluorescence intensity, 7, is the decay time of each

component, ¢, is the pre-exponential factor.

However, when the duration of the pulse is not short enough compared with the decay

time, the recorded I(t) is convolution of the excitation function E(t), as shown in eq. 6-2:
() =E0®I.(t)=E{)®) a,exp(-t/1,) (eq.6-2)
i=1

The collected data were analyzed by a nonlinear least-square method with the aid of
Globals software (Globals Unlimited, Univeristy of Illinois at Urbana-Champaign, Laboratory
of Fluorescence Dynamics). Pulse deconvolution was carried out by using the decay profile of
the exciting pulse recorded by using Ludox solution under the identical condition. To evaluate

the quantity of the collected data, x* defined as the weighted sum of the squares of the

deviations of experimental response from the calculated ones is used as an indicator. A good
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fit require %* should be close to the unity, with the acceptable value range from 0.8 to 1.2.

6.3.3. Transient absorption spectroscopy

Nanosecond transient absorption spectra were obtained from LP 920 using a pump-probe
setup, as shown in Figure 6-1. It composes of four parts: Xe lamp as the probe, the sample
compartment, monochromator and PMT detector. Neodymium-YAG laser with pulse at 10 Hz
was equipped with two nonlinear crystals to obtain the third harmonic generation at 355 nm
with a maximum energy at 160 mJ/pulse. The energy can be reduced by increasing Q-switch
delay or adjusting the attenuator. Using optical parametric oscillator (OPO) we could transfer
355 nm into 432 nm at ca. 5 mJ/pulse, which was directed to the sample to produce the
transient species. Xe lamp of 450 W producing a wide range of spectrum from 160 to 2600
nm was used as the probe. The intensity of the probe beam after absorbed by sample was
detected by photomultiplier which received the photons passing through the monochromator

and converted them into electric voltage.

‘ Fitter |
_____ holder | Photomultiplier
v Y. ; Sample
=1 3¢ compartrment
| 40 | | n I
Laxrenp E > O > Monochromator
| SIS R r
. N
| Diaphrag ' | Diaphragms

Figure 6-1. Experimental setup of transient absorption spectroscopy.

6.4. Reagents and solvents

The solvent used for spectral investigation were spectroscopic grade and commercially
available from Aldrich or SDS. Perchloric acid (70% in water) was purchased from Aldrich
and its purity was 99.999%. 2,6-Lutidine, HEPES were used as buffer systems as received
from Aldrich or Fluka. The tested metal salts were Cu(ClO4),, AgNOs3, Ba(ClO4),, Mn(ClOy)s,
Co(ClO4),, Cd(CI04)2, Zn(ClO4),, Ni(ClO4)2, Fe(ClO4),, Pb(ClO4),, Mg(ClO4),, Ca(ClOs),,
Hg(Cl0O4),, KSCN, NaSCN, LiClO4, AI(NOs);, Eu(NOs)s, La(NOs)3, FeCl; and they were all

commercially available.
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6.5. Experimental protocols

6.5.1. Determination of fluorescence quantum yield

The fluorescence quantum yield ®r is the ratio of the number of the emitted photons to the
number of absorbed photons. Fluorescence quantum yield was determined using a standard
reference. It’s preferable to choose a reference which is capable to be excited at the same
wavelength and whose emission spectrum overlaps with that of the tested compound. The
quantum yield is calculated using eq. 6-3:

(]unk / ‘4unk ) n k ’
o =0 = .6-3
" v (]std / ‘4std ) nstd (eq )

Where @, and @y, are the quantum yield of the sample and standard, 1+ and I, are the
integrated emission intensity of the corrected spectra of the sample and standard, A,z and Ay
are the absorbance of the sample and standard at the excitation wavelength (lower than 0.05),

and # 1s the refractive index of the solvent used for the two solutions.

The standard reference compounds used for the determination of the fluorescence quantum
yield were quinine sulfate in 0.5 N HySO4 (g = 0.546),15 coumarine 153 in EtOH (@, =
0.53).'

6.5.2. Measurement of stability constants

The stability constants were obtained from the absorption or fluorescence titrations. By
using Specfit Global Analysis system V3.0 for 32-bit windows system, the complexation
stability constants, and binding stoichiometry were easily obtained. Furthermore, this
software provides the access to have the spectra of different species and the proportion of
different species as a function of cation concentrations.

For the 1:1 complexation, eq. 6-4 was also used to get the stability constant:'’

1 1

1+ 2 ) 47 (eq. 6-4)

L K CL L K cL CL

Y -Y
Y=Y, +-1n -0 °{1+ci+
2 c

where Y donates the fluorescence intensity or absorbance; cy and ¢y are the concentrations of

metal ions and ligand; Ky is the association constant of 1:1 complex. Y, and Y, are the

fluorescence intensity or absorbance value when Cy; = 0 and for full complexation.
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