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ABSTRACT

THE DESIGN AND SYNTHESIS OF FLUORESCENT
CHEMOSENSORS FOR THE DETECTION OF GOLD AND
MERCURY METAL SPECIES

This study describes thelesign, synthesis and spectral behaviour of a
fluorescent molecular sensahich isable to recognize Hgand A" ions via different
emission modes

Determination of identity and amount of heavy metal ions has crucial
importancefor scientific researche®etection of trace metal iorsan be achieved by
classical spectroscopic methodsich as atomic absorption and atomic emission
spectroscopy and inductivetoupled plasma spectrometry. In contrast to these highly
expensive andirhe consuming methods, fluorogenic or chromogenic metpoalade
an alternative wayor the detection ofthese specied.here are many organic molecules
that act as signaling unit for fluorogenic sensing strategy such as rhodamine,
fluorescein, coumarinral BODIPY derivatives Among these BODIPY fluorophore
was choseffor this workas a signal reporter due to its unique properties.

In this researchhe detection oHg(Il) and Au(lll) ionswas recognized in two
distinct fluorescence changes: oresulting from a reversible Hsensor complex
formation, the other an irreversible Hemediated hydrolysis reactiofthe minimum
amount of Au(lll) and Hg(ll) ions detectable in agueousitsoh was determined to be
128 nM and 160 nMrespectivelyThe capacityof thedeveloped probe famagingwas
studied in living cells. The investigation showed that the paavebe used efficiently

for in vitro imaging of A#* and Hg* species.
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CHAPTER 1

INTRODUCTION

1.1.An Overview

Today, determining tha&lentity and amounbf metal ionss a vital necessityn
different areas of biochemistry, biotechnology, clinical diagnostics, materials science
and envirmmental chemistryWith developing technology in recent yeatisere have
been so many facilities for human beingsdifferent areas of lifeHowever, as an
inevitable consequence of technological advances, environmental pollution has
emerged.The potentiarisk of potable water and soil being contaminated with heavy
metals in the form of industrial wastes threatens hurhealth and the future of
ecosystemlt is well known that heavy metal ions such as'Héwu®*, PI¥*, As** and
Cd?* are harmful andesporsible for the rise oferiousfatal diseases in human body.
Especially Hg" ion has been considered to be the most toxic metal ion leading
enviromental pollution over the othgi®nyido et al., 2004 These heavy metal ions
have no construction functions ihuman body andhey are bioaccudaiative. The
accumulation of very low concentrations in organisms ea&an result inmortal
consequencesAmong these, ercury metal ion can lead to dysfunction of the brain,
kidney and stomach. Bause of the thiophilioature ofproteins and enzymes, the most
affected part in human body tke central nervous systgMang et al. 2009) On the
other hand, gold ions are valid for the treatment of rheumatic, arthritis, tuberculosis and
brain lesions. Unfortunately, overdo®f these drugsised in the treatment of such
diseasesesults in the interaction of goldns with biomolecules including DNA and
enzymes disturbing a series of cellular processekleads to serious health problems
(Do et al, 2010; Emrullahoglu et gl2013) Consequentlythe design of setgive and
sensitive methods hasucial importancen determining heavy metal ions in living
cells

Several techniqueare availablefor this purpose including atomic absorption
spectroscopy, inductively coupled apma atomic emission spectroscopy and

electrochemical sensoringdoweer, all of these methods needpensive equipment



and involve time consuming amconvenientsample preparation steps.addition, die

to long preparation steps, there is a contanonapiossibility. As an alternative way,
fluorometric and colorimetric techniques have become very popinleefluorescence
measurements are very sensitive, easy to carry out, nondestructive and inexpensive.
What is more, photophysical properties of a fyzhore can badjustedby changing
charge, electron and energy trangf@uang et aJ.2007). As a consequencs a need in

the detection of metal ionsseveral articles aboufluorescent chemosensoend
chemodosimeterisave been published.

The termchemalosimeter as a molecule providiagalyte recognition with an
irreversible transduction of an observable signeds first described by Czarnik and
Chae in 1992for the recognition of Hg(ll) ionsin their researchthey reported a
fluorescent dosimetethat indiates mercury ions with fluorescence enhancement in

agueous solutiofChaeet al, 1992) Their work offered an insight into other studies.

1.2BODIPY Fluorophore

Within the classes of fluorescent dyds4-difluoro-4-bora3a, 4adiazas
indaceng usually known as BODIPY,hasrecently attracted great attention and its
popularity has risen in a very short period of timiée first boron dipyrrin dye was
synthesized by Treibs and Kmar in 1968 Treibs et al. 1968) They discovered that
the acylation of 2,4dimethylpyrrole,1, with acetic anhydride and boron trifluoride as
being Lewis acid catalgt, produceda highly fluorescent compourtl Acid catalyzed
condensation of pyrrole$ and 2 resulted in to dipyrrin3, and complexation with a

boron trifluoride generated dye(Figurel.1).

Ac,0 I\ o ' H' N Ac,0
I\ —2 4 o \\ A\ —
N BF;.Et,0 H NH N BF;.Et,O
H
1 2 3 4

Figure 1.1. First synthesis of a boron dipyrrin dye by Treibs and Kreuzer
(Source: Boens et al., 2012)

There are many remarkablieatures of BODIPY fluorophore. dBustness

against light and chemicalselatively high mdar absorption coefficients andigh

2



fluorescence quantum yields, narrow emission bandwidths with high peak intensities,
good solubility, resistance towards selfjgregation in solutign stability in
physiologcal pH rangeand excitation/emission wavelengths in the visible spectral
regi on ( Eulbal @rousenmieresh these compoundBoenset al, 2012)
Apart from this the spectroscopic and photophysical propertiethisffluorophorecan
be adjustd by attachingesidues at the appropriate positions of BODIPY core.

IUPAC numbering system of a boron dipyrrin compound is described in Figure
1.2. The central carbon isalled as the meso position of the cohoreover, the
positions adjacent to nitregn at o ms -posit®ns that indicatthe rekactivity of

this positions in pyrroles, andh e ot hpesitiens ar e b

meso
1 8 7
= ~N
5 A\
N,B,N\
3 3a F2 4a 5
4

Figurel.2. IUPAC numbering system of a boron dipyrrin compound
(Source: Wood et al2007)

\ N N /N~ éN /
© 'B® ® BO
F2 FZ

Figure1.3. Delocalized structures of BODIPY with formal charges

Synthesis routes for borondipyrromethene aminly proceed from porphyrin
chemistry(Wood et al, 2007) Acid catalyzed condensation of aldehy&leith pyrrole
5, in which unsubstitutegyrroles areused as a solvent to avoid polymerizat(bittler
et al, 1999)produces dipyrromethan&, compounds (Figur&.4). On the other hand,

for 2-substituted pyrrolesan excess amount of pgle is not needetdlecausamultiple



condensations are nabmpeting side reactiorDipyrromethane compounds are very
sensitive to light and giand they have a very low stability. Fdnd reason, after they
are prepared, it is better to use them immedjiat@xidation of dipyrromethand,, with
DDQ or pchloranil results in to dipyrrin8. Besides, in very few cases where the
aldehyde is not an aromatic aldehyde, oxidation tends tENaibd et al. 2007) When
the oxidation is complete, allowirgjpyrrin, 8, to reactwith base and boron trifluoride
etherate yields the boron difluoride compfx

(_) ? H* [0] BF3 Et,0
\ " base
S NH HN 7 o NH N

5 6 7 8 9

Figure 1.4. Acid catalyzed condensation of aromatic aldehydes with pyrroles
(Source: Boens et al., 2012)

There is adifferent method to procurkoron difluoride complexes. ihcludes
the condensatioaf pyrrole, 5, with an acylium derivativd0 (Figure 1.5). An acylium
derivative could be an acid anhyrida et al, 2006) an acid chloridéShahet al,
1990) or an ortheester(Yakubovskyiet al, 2009) With the advantage of this route
prodiving us to have asymmetric dipyrrins, an isolated acylpywcafe be allowed to
react withthe second pyrrole moietyb in an acidic condensatioAnd treatingl2 with

an excess base and boron trifluoride etherate generates BODIA8.dye

BF3 Etz N
\ —> \
NH N& base

10 11 5b 12 13

with X=CI, Br, OOCR
or 10 = RC(OR');

—~
o Ir=

—

+

Figure 1.5.Synthesis of BODIPY dyes with the acylation of pyrrole followed by
condensation and complexati(®ource: Boenst al, 2012)

Instead of the comhsation of an acylated pyrrolidhe last alternative for the
synthesis of BODIPY yks was described by Wu and Burgess in 2008 et al, 2008)

4



Theyserendipitouly discovered that without the second equivatemnpyrrole, the same
product can be prepared from the aldehyde aldr@s is because phosphorus
oxychloride has the power obndensing pyrrol€-carbaldehydel4, by itself without a
secondneed inpyrrole. When phosphorus oxychloride is replaced with another Lewis
acid like TFA or BE.EtO, the dipyrromethenium catioormation did not take place

(Figurel.6).
OHC o
a) ~ — i) H" or LA _ ~" M
+
\—NH HN ¢ ii) EtsN, BF3.Et,0 \| N.g-N=
Fa

+

O@
—=NH Cl

EtsN, BF3.Et,O Y YN
> NN, N
~ *
CH,Cl, B
Fa

Figure 1.6.(a) Conventional synthesis of tetrametB@®DIPY and (b) the new
approach describd@ource: Wu et gl.2008)

In the reaction mechanism, the aldehyde oxygen is replaced with chlorine atom
resuling in a chlorinated azafulven&6, by phosphorus oxychloride. It proceeds with
the nucleophilic attack by chloride anion and decomposition of unstable interniediate
generates a dipyrrirl9 (Figure 1.7) Clearly this mechanism is only possible for 5

substituted pyrrole aldehydes.



n
S n - +
C So  ci=Py, - I o'P\Clc' e
N\ NH of _ -PO,CI
o <+N)H 2Cl;
14 15

) S
-Cl = N + co + Hal

18 19

Figure 1.7 A possible mechanism for the formation of dipyrromethene
(Source: Wu et g12008)

Earlier, it was mentioned that the photophysical and spectroscopic properties of
BODIPY can bechanged by the attactent of different residues at the appropriate
positions.When alkyl groups are attached to BODIPY core in the wa3l1p&pectral
properties are not affected signdmtly. Compounds20 and 21 both have high
f 1 uor e s=cOe n9c36,80)((@chmitt et al. 2009) However introductionof anaryl
group to meso position22, results in an important decrease in quantum yield of
fluorescencélLeen et al. 2011) The reason for that is assigned to the rotation of the
aryl group acting as nonfluorescenimaterial. In orderd fix the rotation of the aryl
group, methyl residues can be subjected to the abthe positions1,7 to obtain a
significant increase in quantum yield dddrescence afye 23 (Figure 1.8Gabe et al.,
2004)



Amax (abs.) =503 nm  Amax (@bs.) =505 nm
Amax (em.)=512nm  Amax (ém.) =516 nm
¢p = 0.90 (CH;CN) ¢¢ = 0.80 (CH;OH)

23

Amax (@bs.)=497 nm
Amax (€M.) =507 nm
¢s = 0.65 (CH;0H)

Amax (abs.)=501 nm
Amax (ém.) =517 nm
¢s = 0.06 (CH;0H)

Figure 1.8. hfluence of alkyl and meso aryl substituents on the spectroscopic properties

Among the factors that have an influence on the spectroscopic properties of

BODIPY, conjugation has a substantial importance. Byeiasing the conjugation, the

colour of the dye can be shifted to the red region. This is handily accomplished by

introducing aryl groups in to the systep4 (Verbelen et aJ.2012) But, as long as aryl

groups are free to rotaie space, the red shift eakened. On such systems, fixing the

rotation of the aryl groupsan stillincrease thguantum yield of fluorescence. What is

more, enlargement of the conjuation with larger aromatic systems or alkene or alkyne

groups,25 (Huang et a).2012) shifts theabsorption and emission maxima of the dyes

even further to the re@dFigure 1.9)

24

hmax (abs.) =555 nm
Amax (em.) = 588 nm
$;=0.20 (CHCl;)

Amax (abs.) =629 nm
Amax (€EM.) = 641 nm
¢¢ =0.59 (Toluene)

Figure 1.9Influence of extended conjugation on the spectroscopic properties

The BODIPY chromophore can be easily modified by introducing heteroatoms

directly to the coreSuch modification has similar effects with tbee above.The 8

thiomethylated dy&6 (Leen et al. 2012)has absorption and ession maxima on the

7



red region, ad this also accounts for asBlfur substituted dy27 (Rohand et al., 2006)

and dye28 (Rohand et al., 2006 Aryl group at the meso position is again responsible
for lowering the quantum yiel@Figure 1.10)

S/
\§ N'B'N\
Fa

26

Amax (abs.) =530 nm
Amax (€M.) = 554 nm
¢¢ =0.37 (CH;0H)

27

Amax (@bs.) =508 nm
Amax (ém.) =519 nm
¢;=0.27 (CH;0H)

CO,Et CO,Et

28

Amax (@bs.) =509 nm
Amax (€M.) =522 nm
¢; = 0.35 (CH;0H)

Figure1.10.Influence of electron donating nucleophiles on the spectroscopic properties

Besides the distinctive properties of BODIPY, the fact that it could be modified

according to the purpose of use is the reason why this dye has a significantly large field

of application Some of these application fields are photodynamic th€@plgm et al.

2009) dye sensitized solar ce(Barin et al.,2009),molecular logic gatedozdemir et

al., 2010) ion sensingBozdemir et al., 2010)and light harvesting systeffrigure

1.11).

Light Harvesting Systems

DNA Labeling -

Energy Transfer Cassettes

Molecular Logic Gates

LI

Photodynamic Therapy

Ion Sensing

‘ Solar Cells

Figurel.11. Application fields of BODIPY dyes



1.3. Literature Studies Published on Gold Sensing Probes

Lately, the detectionf gold ions has attracted great attention. As a consequence
of this, plenty ofstudies were reportedlhe first gold ion selective fluorescent
chemosensor was describedYgngand his ceworkersin 2009(Yang et al. 2009) In
their study, they developed an irreversitilmrescent probéhat shows no selectivity to
other metal ions and whose mechanigras based on a cyclization reaction of a
rhodamine amidevith an alkyne group. Duw the strong alkynophilicy of gold ions,
they have the power to activatee cyclization of the alkyne@Cho et al., 2009; Dujols
et al., 1997) When rhodamia amide with an alkyne moiety wastivated with gold
ions, spirocyclic ring openingeaction of rhodamine took plag€igure 1.12). As a

result ofthis, the molecule started fluoresce very strongly.

’Aul
/2
Q 0 7\ @

— . ={

0
A
X, —— X0
RoN o NR, R,N 0 NR,

nonfluorescent strongly fluorescent

Figurel.12. Reactionbased fluorescent sensing of gold ions
(Source: Yang et al2009)

Approximately 50 nM of A" ions could be detected in aquesnedia with the
developed probeTo detect the reversibility of the probe, excess amounts ofi@iN
were conducted to the solutionrelease gold cyanide complexes; howewer decrease
wasobserved in the fluorescence intensijthough they could nosolatethe resulting
reaction productacetylene proton peak seem@dhave disapgaredin the *H-NMR
spectrum Therefore, the process was considered torbeersible.As the last work of
the study, bioimaging applications were condudtgdsing HelLa ells.

In the upcoming times of 200@&nothergold selectivechemodosimetewas
reported.Jou et al. published the first edh fluorescent probe for Atithat wa based
on a cyclization of a propargyl amiddou et al., 2009)Lately, rhodaminederivatives
has beemsed in so many studies. In this work, rhodamine dye was functionalized with

an alkyne moiety to give a fluorescenchange (Figurd.13).
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Figure1.13. Au®*-induced transformation from propargylamigeoxazolecarbaldehyde
(Source: Jou et al., 2009)

The fluorescence change wassigned tohte ring opening spirolactafollowed
by intramolecular cyclization reaction forming oxazolecarbaldehipéeection limit of
the probe was estimated to be 63 ppdr. the detection of gold(l)y ions in living cells,
HaCaT cell line was cultured.

Compared to year 2009, much more studies were published in @00 of
them was developed by Egorova etvethich was based oa rhodaminederived alkyne
(Egorova et al.,, @10). A fluorescence sensing system for Au(l)/Au(lll) species was
designed for the first time based on their alkynophili¢iigure 1.14). In the presence
of Au(l)/Au(lll), spirolactam ring opening reaction and consequent heterocycle
formation upon cordination with gold ions tooglace.And snsing process resultéd
both color and fluorescence chang&s.a major reaction product in aqueous media, 5
formyloxazole which was identified ifH/**C NMR and MS data vea formed
Formyloxazole wa possiblyformed from vinylgold intermediate by gefttomoted
hydration and concomitant double reductive elimination processes. The detection limit

of the developed probe for AuCl was determined to be 0.4 ppm.

Figure1.14. Au(l)/Au(lll)-promoted sensing process
(Source: Egorova et al., 2010)
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Much later in 2010, Do and his -aeorkers reported atudy with a similar
sensing mechanisfrom the papers mentioned abd® et al., 201Q)They designed a
fluorophore to yield a strondluorescence change through a gold -rediated
hydroarylation reaction. According tihe proposed mechanism, flugybore derived
from apocoumarin waactivated with goldil) ions based on the strong alkynophilicy
of gold ions. Then, with a concomitant tramolecular electrophilic aromatic
substitition, hydroarylation reaction wacompleted(Figure 1.15). The fluorescent
reaction product was identified witii/*3C NMR and MS analysis. And the detection
limit of the probe for Au(lll) ions in protic solventsas determined to be 64 pphs
the last work of the paper, fluorescent microscopic imaging studies were performed by
using HaCaT cells.

Et,N
2 \©’ _cat Au(lh_ EtN OF°
T EOH >

Ph

weak f luorescence strong fluorescence

Figure1.15. Response of the developed probe towards Au(lll) species
(Source: Dcet al., 2010)

Towardsthe end of 2010, a study different from all of the work mentioned
above was reported by Dong et(&long et al, 2010) They designed a probe based on
1,8-naphtalimide and alkyne conjugate for the ratiometric sensing ®fahd Hdg* by
adjusting pH in aqueous solutiofBigure 1.16). This study enlightens the selective
detection of two different metal ionsn aqueous solutionswith a significant
fluorescence chang®lechanistic analysief the probefor the recognition of both Al
and Hg* was based on Kucherov reactidn. the presence ahentioned ionsa short
l i ved ~ c¢compl emattackeddywaterevith Mankaynikevaegioselectivity
and antistereoselectivity. The resulting vimyld intermediate wathen converted to
methyl ketone Obtainedreaction products were isolated and characterizedHbyC

NMR and mass spectrometry. The detection limit of the probe was determined to be 10

pph

11



H,0 (0.05% DMSO (v/v))

pH=7.4

CH;0H (5% H,0 (v/v))

zZ
I
N
Intensity (au)
H

Figure1.16. Ratiometric fluorecent sensing At** and Hg*
(Source: Dong et al2010)

As it was mentioned earlieglthough rhodamine derivatives wepeeferred
more oftenthan BODIPY.derived moleculesn gold sensing based studies,goal
example was published in 201y Wang and his cavorkers(Wang et al., 2012)In
their study, they developed a fluorescent BRD-based probe for the detection of
Au(llD/Au(l) through blocking photoinduced electron transfeFhe synthesized
BODIPY derivative wa a nonfluorescent compouraving to photoinduced lectron
transfer from the aniline unit to the BODIPY moieBut, when it wa treated with
Au(llD/Au(l), 26ethynyl biphenylamine unit vgatransformed to the phenanthridine
moiety by intramolecular hydroaminatioffhe loss of electronahating amino group
blocked PET processAs a result the molecule tarted tofluoresce very strongly
(Figurel.17).

No Fluorescence Strong Fluorescence

Figure1.17. Hydroamination of the developed probe in the presence 8fAul
(Source: Wang et al., 2012)

Based on theecorded data, the detection limit of the developed probe was

determned to be 320 nMAnNd fluorescence microscopic imaging for Au(lll) was
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conducted with HelLa cellsThis work provided new ideas for designing fluorescent
probes for gold ions.

In the folbwing years, a new approach, anchorunganchoring of a fluorophore,
was described by Patil et al. for the detection of gold (@agil et al., 2012)In this
approach, e fluorescence of fluorophore svguenched by anchoring with an organic
substrate. By the interaction with gold iomsghly fluorescent molecule sareleased
from the probe with the formation of organic product (FiglLifes).

OH [Au] R OH
e 7 =g e
+H,0

Anchoring w Unanchoring

Figure1.18. Approach inwlving anchoringunanchoring of a fluorophore
(Source: Patil et al., 2012)

Bioimaging studies were performed with A549 lung cancer cells. It was believed
that this studycould allow biodegradable fluorescent probes for cancer diagnostics in
the future.

Lately in 2013 and 2014, our research group developed three gold selective
fluorescent probes. As it was mentioned before, due their strong affinity to
alkynophilic metalsalkynes are favorableinding platforms for gold ions. In one of our
studies, rbdamine dye was functionalized with an alkyne moiety to give a significant
fluorescence chang@mrullahoglu et a). 2013) The overall sensing process was
determined to be reaction bas&dhen A’ ions weresubjected to the solutiogold-
mediated intramlecular cyclization and consagnt ring opening reaction toghace to
generate highly fluorescent isoquinoline rhodamine derivdEigure 1.19). To detect
the reversibility of the developed probe, excess amount ofd®N were releaset the
solution However, no change&as observeih eitherfluorescence or coloDue to this
observationthe sensing process was determined to be an irreversible process. As the
last work of the study, human colon carcinoma cells (HCT 116) were cultured to record

fluorescence images in the presence of'Aans.

13



P
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Figure1.19. Proposed reaction mechanism of Au(lll) sensing process
(SourceEmrullahoglu et a).2013)

In the following study of ourstwo different fluorophoresrhodamineand
BODIPY, were integrated with each othégrough C=N double bonfbr the first time
allowing the differential detection ofig?* and AG* (Karakus et a). 2014) Both
fluorophores wee nonemissive before the addition of any metal species. The C=N
doublebond in BODIPY unit blockethe BODIPY emission because of a naiative
deactivation process of the excited state through a rapid isomerization of the C=N
group. And rhodamine unit wa nonemissivesince it existedn the ring closed form.
When the moleule wa excited at 525 nm in the presence of*Aians,a new emission
band that belongetb the ring opened isomer of rhodamine cames obtainedOn the
other handwhen the same molecule svaxcited at 470 nm, @ifferent emission band
which was a chaacteristic emission band of BODIPY fluorophatas observedThe
additon of Hg" ions to the solution led to the ring opened derivative of rhodamine.
However, wherhe probe solution vwaexcited at 470 nm in the presence of Hg(ll) ions,
no emision bands wre recorded which meant that BODIPY vea#l in its off mode
(Figure 1.20). The bioimaging applications of the developed probe were constructed

with A549 lung adenocarcinoma cell lines.
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Figure1.20. Response of the developed probe to the additon &fafgl AG*

(Source: Karakust al, 2014)

1.4. Literature Studies Published on Mercury Sensing Probes

In literature,there are considerabiyiore mercury selective sensompared to

gold sensing probed.aking into consideration that mercury is one of the most toxic

heavy metals in environment, such resees@re quite valuableMetal ions such as

Hg(ll), Pb(ll), Cu(ll) and Fe(lll) often caus@luorescence intensity to decrease by

guenching the fluorescence due to paramagnetic ef{€etisbrizzi et al., 1994)

it urn

However,chemodosimetric approacilowsu s t o de s

gn
for the quenching of tleeheavy metals.

The first mecury selective probevas described by Czarnik and Chae veltsn

defined the term dosimeter for the first time in 19@haeet al, 1992) In their

research, anthracene fluorophore was functionalized with

thioamide group.

Isomerization of C=S double boraften causethe molecule to exisin the thiolate

form. And it is well known that thiolate structurese readily oxidized and theyuench

the fluorescence intensity of dye molecules through photoinduced electron transfer
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mechanism. However, when Hgions weae subjected into aqueous solution of the
molecule,thioamide formwas converted to the ade structure, and PET processswa

no longer effective.Consequently the molecule startetb fluorescevery strongly
(Figure1.21). The sensingrocess of the deloped probe wairrevasible and because

of that it wascalled as chemodosimeter for the first time in scientific community.
Following this pioneering work, many exciting papers have been published by using
different fluorophores

| |
S H O NH
Hg?*
e D s
H,O
Low Fluorescence High Fluorescence

Figure1.21. Response of the developed probe with the addition éf Hg
(SourceChaeet al, 1992)

Later on in order to develop a technique for the determination of Hg(ll) ion, Tae
and his ceworkers designed a novehemodosimeter in 200&¥ang et al. 2005) In
this paper, they took advantage of the spirolactam ring opening process and Hg(ll)
mediated 1,3;xadiazole cyclization of the thiosemicarbazide (Figar22). The
reaction was monitered lpolorimetric as wi as fluometric intensity changes at room
tempereature in a 1:1 stoichiometric ratio to the amount éf.Hdne developed probe
showed no selectivity to the other metal ions. Although small fluorescence
enhancements appeared with the addition of Ag(l) zmdl), these metal ions did not
interfere with the Hg(lhinduced fluorescence response. The detection limit of the

probe was evaluated to be in parts per billion level.
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Figure 1.22.Hg?*-induced ring opening andyclization of the designed rhodamine
derivative(Source: Yang et al2005)

At the very beginning of 2007, Wu et al. designed a similar Hg(ll) selective
fluorescent and colorimetric chemodosimeféfu et al., 2007) They developed\-
(Rhodamine6G)lactamN éphenylthiouresethylenediamine as a fluorescent and
colorimetric chemodosimeter in an aqueous solution with a broad pH range (Figure
1.23). The design of the probe was based on the well known reaction of thiourea
derivatives withamine resulting into guanidine derivatives with the subjection 6f Hg
ions into the solution. In the presence offHipns, desulfurization reaction took place
and consequent ring opening of spirolactanrtefdamine occurred. The subsequent
intramolecularguanylation was the last step of the sensing mechanism. Introduction of
Hg?* ions also resulted in the color change from blugellow which was observable
with the naked eye. Other metal ions showed no fluorescence and absorbance change
and did not intfere with the Hg(Ihinduced response. This proved that spirocyclic ring

opening and consequent guanylation process was very selective for Hg(ll) ions.
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Figurel1.23. Response of the developed probe to the addition dfHg(s
(Source: Wu et al., 2007)

Anothervaluablework was published by Akkaya and hisworkers in the year
2007(Coskun et a).2007) They have reported the first application of esybstituted
boratriazaindacenes in ratiometric metal ion sensing. The emission peak of the
developed probe was at 682n at the determined solvent. Wherercury ion was
introduced into the solution, an tsestic point of 672 nm was observed andftrened
mercury complex had a reshifted emission peak at 719 nm. The dissociation constant
was determined to be 5.4x4® with a 1:1 binding stoichiometry. It has been seen
before that when electronwithdrawiggoups exist on thdéluorophore " -system and
involved in @tion binding, charge separategcitedstate is more stabilized than the
ground statethus energy gap is reduced. In this articlgyBidyl substituents interact
with mercury ions in this way pducing the observed bathochromic shift in the
spectrum(Figure1.24).

Hg?*

hmax (@bs.) =655 nm Amax (abs.) = 696 nm
Amax (em.) = 682 nm Mmax (em.) =719 nm

Figure1.24. Hg**-induced response of modified boratriazaindacene
(Source: Coskun et aR007)

By now, all of the mercury sensing probes explained so far have been based on

the increase or decrease in the fluorescence intensity at a single emission wavelength. A
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different study apart from these was described by Shang et al. in(2088g et al.,
2008). In this work, fluorescein fluorophore was linked to rhodamine B hydrazide
through a thiourea spacer for the selective ratiometric detection Gfibfzs. When

Hg(ll) ions wereintroduced into a solution, spiaxdtam ring opening process toplace
reailting in the release of fluorescent rhodamine B moiety. Afterwarais
intramolecular fluorescence resonance energy tran$BET) from fluorescein to
rhodamine occurref(Figure1.25. In the free form of the developed probe, fluorescein
chromophoreexhbited a single emission bard 520 nm when excited at 490 nin.

the presence of mercury(ll) ions, different emission band at 591 nm corresponding to
the ring gened form of rhodamine moietyas notedWith the addition of increasing
amounts of Hg(ll), a decrease in fluorescence intensity at 520 nm and a concominant
increase in fluorescence intensity at 591 nm were obselveds concluded thahe
reaction stoichiometry of the probe for Hg(ll) was Bdd the detection limit was
determined to be 0.05 OM.

ex (490 nm)

em (591 nm)

Figure 1.25FRET-based detection mechanism of#g
(Source: Shang et al., 2008)

In 2009, Fan et aldesigned a fluorescent chemosensor containing a BODIPY

fluorophore and carboxythiol metal bonding moieties that is selective tovsar®*
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over other metal ionfFigurel.26) (Fan et al., 2009)T'he molecule had no fluorescence
intensity without the addition of any metal ionsie tothe photoinduced electron
transfer from receptor to the BODIPY fluorophoWith the introduction of Hg ions,

the fluorescence intensity increased by over-ftk3 with a 1:1 binding stoichiometry
The dissociation constamind the detection limiof the probe wereletermined tdbe
5.0N0.41 10 M and 77 nM respectively. To evaluate the selectivity of metal binding
properties, many alkali and alkaline cations wesed and none of them showed any
responseTo detect the reversibility of the system, excess amounts of Nal weretadded
the solution. 50% of the fluescence emission intensity wasenched indicating that
the sensing process could be reversidls.the last work of the study, bioimaging
applications were conducted by using PC12 cell lines.

Figure1.26. Sensing mechanism towards the addition of*Hg
(Source: Fan et al., 2009)

A different selective Hg(ll) sensing methdoly coupling the internal charge
transfer to excitation energy transfer with large Stokes glaift developed by Akkaya
and his ceworkersin the year 201QFigurel1.27) (Atilganet al, 2010) Their main goal
was to push the absomm and the emission wavelengtto the red/near IR region by
using the known BODIPY chemistry together with Huisggpet click chemistry.
Without the addition of any metal ions, there were two clear emission peaks at 518 and
725 nm. Howeverwhen mercury ions wersubjected, a blue shift in the emission
spectrumoccurred with the increment of the intensifflso a decrese in the emission
intensity of the shorter wavelength was observed representing the increased energy
transfer due to the larger spectral overlapthes mercury ions strongly bourid the
dithiaazacrown ligand Later, they made the titration of the chemosensor with Hg(ll)
lons and while shorter wavelength peak did not change, longer wavelengtivagak
shifted hypsochromically providing an isobestic point at 662 nm. For the free

chemosensothe emission lifetimevas determined to be 3.0 ns but when mercury ions
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were present the lifetime decreased to 1.8 n€orresponding energy transfe

efficiencies were 11% and 45%gspectively

Figure 1.27. Selective Hg(ll) sensing by coupd the internal charge transfer to
excitation energy transféouc e : At é R@G@&An et al . ,

At the beginning of 2011, a new hydrazone derivagx@upswas synthesized
by Kim et al. for the selective detection of Hg(ll) ions in microfluidic systéikis et
al., 2011) To achieve this, two new chemosensors were designed one containing thiol
group and thether onecarboxylic acid groupBoth of the chemosensors were in their
off state without the addition of any metal iofiie ring opening prass of spblactam
causedhe colorimetric and fluorimetric changes in the presence éf ldgs and none
of the other metal ions generated any changes. For the chemosensor bearing thiol group,
there was 2:1 binding stoichiometry between the chemosensor &hdRitgire 1.29
and its detection limit was determined b2 1 nM For the other chemosensor
containing carboxylic acid groufd,1 binding stoichiometry was observed between the
chemosensor and Bg(Figure 1.28 and its detection it was determined to be &2
nM. As the last work of the studyn vivo imaging d mercury ions inC.elegansvas

conducted.
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Figure 1.28.Proposed binding modes of the developed two chemosensors containing
thiol and carboxylic acid grougSourceKim et al., 2011)

In year 2014 Bera et al. designed a rhodammmedanine based turn on
fluorescent chemosensor andsdribed its application in livingells as well asin a
living vertebrate organisiiBera et al., 2014)They theorized that the introdign of 3
aminorhodanine to a rhodamine based probe would increase its affinity towafds Hg
ion by anchoring the thiosulphamide bond with?Hdgrhe reaction mechanism was
based orhe spirolactam ring opening process leading cyclizations and insertiggf of
to the formedsevenmembered ring, which was cleaved, and formation of water soluble
mercury complex(Figure 1.29. The process was determined to be irreversible
considering thdormationof 1,3,4o0xadiazole ringThe probe was proved to detect the
presence of 0.5 pM concentration of #gFor in vivo detection of mercurjons were
evaluatedn HelLa, HEK293T (somatic cell), RN46A (serotonerg&uronal cell line),
midbrainderived MN9D (dopaminergimeuronal cell line), and rat primary cortical

neuronal cultures
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