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Abstract A fluorescent receptor, isocyanatopropyl
trimethoxysilane grafted 9-amino acridine (4c/), was synthe-
sized and characterized by elemental analysis, FTIR and
NMR spectroscopy. Photophysical properties and
pH-dependent fluorescence behavior of Ac/ were investigated
and its complex stoichiometry with uranyl ion was elucidated.
Change in fluorescence emission of Ac/ with pH of the solu-
tion was observed and pKa value was determined by using
integrated emission intensity versus pH. It was found that Ac/
exhibited fluorescence enhancement, which can be attributed
to an internal charge transfer (ICT) mechanism, upon titration
with uranyl ions in mixture of ethanol-buffer solution while
the fluorescence emission of Ac/ was not affected by addition
of other divalent transition metal ions except mercury (II) ions.
On the other hand, the both fluorescence and UV-vis titration
measurements revealed unique selectivity for uranyl ions over
the interfering mercury (II) ions. The spectrofluorometric
titration clarified that uranyl interacted with Ac/ to form Ach
(UO3%"); (2:3) complex structure with an apparent association
constant of K=7.41x10° M %>, The interference effect of
some cations on fluorescence enhancement exhibited by com-
plex was also tested.

Keywords Fluorescent receptor - ICT - Uranylion - Complex
stoichiometry

Introduction

Uranium is a soil and water contaminant at during the pro-
cessing of uranium mining and nuclear fuel production [1-3].
Under environmental conditions, uranium typically occurs in
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the hexavalent form as the mobile aqueous uranyl ion (UO3 ™),
which can be found in soils around nuclear waste sites and
processing facilities. Uranyl ion is transported through the
most soil matrices and the rate of uranyl migration depends
on a variety of parameters including soil porosity and compo-
sition, water content and temperature [4,5]. Uranium and its
compounds are highly toxic and may lead to kidney failure
and death. The inhalation of uranium compounds results in
deposition of uranium in lungs, which reach kidneys through
the blood stream [6].

There has been a growing interest in low-cost rapid
techniques for measuring heavy metal ions and polluting
wastes in environmental water [7-9]. The determination
of uranium is crucial in a number of nuclear related
applications, such as environmental monitoring, fuel
preparation and reprocessing [10—12]. The sensitive
and selective photometric reagents and improving
existing procedures have been dedicated to develop
simple and accessible procedures for the analysis of
uranyl ion [13—17]. Spectrophotometric methods are still
indispensable because of their simplicity, rapidity and
wide applications [18-22]. Spectrophotometric analysis
will diminish the demand to apply techniques that re-
quire expensive equipment with higher operation costs
such as inductively coupled plasma-mass spectrometry
[23], alpha spectrometry [24], neutron activation analy-
sis [25], X-ray fluorescence [26], gamma spectrometry
[27], laser fluorimetry [28]. Although the above methods
have good sensitivity, they all have some drawbacks, some of
which require extensive chemical manipulation and well-
controlled experimental conditions, and some may suffer from
many types of interferences.

A fluorescent sensor based on intramolecular charge
transfer (ICT) mechanism does not have any spacer
[29,30]. If a receptor, as an electron donor within the
fluorophore, is directly connected with a conjugation
system and forms a new conjugation system with 71-
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electron, resulting in electron rich and electron poor
terminals, then ICT from the electron donor to receptor
would be enhanced upon excitation by light [31,32] In
this study, we present Ac/ as fluorophore which has a
strong “push-pull” 7-electron system, with the pyridine
nitrogen atoms as the electron donor, and ureido group,
as the electron acceptor and Acl undergoes an ICT from
the donor to the acceptor [33].

Experimental
Chemicals

9-amino acridine hydrochloride monohydrate was purchased
from Aldrich and 3-isocyanatopropyl trimethoxysilane
(ICPTS) was provided by Alfa Aesar (Lancaster, UK). Uranyl
nitrate hexahydrate, UO,(NOs),.6H,0, the other metal salts
and chemicals were obtained from Merck (Darmstad,
Germany). The organic solvents were of HPLC grade and
all chemicals were used as received.

Apparatus

All pH measurements were made with a VWR pH-Meter
730P. Attenuated Total Reflectance-Infrared (ATR-FTIR)
spectra were recorded on a Perkin Elmer Spectrum v5.0.1
FTIR spectrometer. 'H NMR spectra were recorded on a
Agilent VNMRS 500 MHz spectrometer. UV-visible spectra
of samples were recorded with a VWR UV-1600 PC Spectro-
photometer controlled by means of a PC. A Varian Cary-
Eclipse Luminescence Spectrometer was used for recording
spectra and making fluorescence measurements. It was con-
trolled by a microprocessor fitted with a Cary-Eclipse soft-
ware package for data collection and treatment. The following
instrumental parameters were employed: excitation and emis-
sion slit widths were both set at 5 nm and photomultiplier
voltage was 720 V.

The Synthesis of Ac/

9-aminoacridine (Ac) was precipitated in neutral aqueous
media by the reaction of 9-aminoacridine hydrochloride
with KOH dissolved in water and was collected on a
funnel by filtration. The precipitate was washed with
water and dried in vacuum at room temperature. Ac/
was synthesized according to a procedure [34], with
some modifications in purification method (Fig. 1).
About 0.388 g of Ac was dissolved in 10 mL of THF
dehydrated by molecular sieve, and then 2 mmol of
ICPTS in 1 mL of dry THF was added drop wise into
this mixture at room temperature. The mixture was
stirred for 1 h at room temperature and then for 24 h
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Fig. 1 Scheme of the synthesis process of Ac/

at 70 °C under N,. After evaporation of THF, the
residue was purified by flash column chromatography
(silica gel, CHCIl3/CH3;0H=20/1, v/v) to provide Acl as
(58 mg, 76.2 %) yellow colored compound. 'H NMR
(500 MHz, DMSO-d6, 25 °C) 0=9.13
(br, 1H, —NH-), 8.25-7.54 (4xdd, 8H, Ar-H), 6.67
(br, 1H, —NH-), 3.75 (m, 9H, —-SiO(CHs);3), 3.26
(m, 2H, -NHCH,-), 1.57 (m, 2H, —CH,CH,-), 0.60
(t, 2H, —CH,Si-).

Results and Discussion

The structure of Ac/ was confirmed by comparing the FT-IR
spectra of both /CPTS and Acl (Fig. 2) which show the
functional groups before and after coupling. The cyanate
group, which contributes a strong vibration band at
2266 cm ', is clearly seen in the /CPTS spectrum and
completely disappears in the Acl spectrum. The peaks at
3316 cm ' and 1699 cm ' reveal urea structure formed in
Acl belonging to N-H symetrical streching and C = O
streching, respectively. In addition, the presence of specifical-
ly the stretching vibration of Si-O-R at 1076 cm ™' shows that
the alkoxysilane is unhydrolyzed.

The fluorescence quantum yield of Ac/ was determined by
using quinine sulfate as the standard (®,,,=0.546 in 0.1 N
H,SO,4) [35]. The experiments were done using optically
matching solutions. Emission spectra were recorded upon
excitation at wavelength of 365 nm and it is assumed that
the sample and the reference are excited at the same wave-
length so that it is not necessary to correct for the different
excitation intensities of different wavelengths. Fluorescence
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Fig. 2 The FTIR spectra of JCPTS and Ac/
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quantum yield of Acl (Pr) was determined according to the
following equation;

F Arer nsz
D, = D,r : 1
! (Fref) (AS ) <nr2ef> n

where F; and F,.are integrated area under the fluorescence
emission spectra measured of sample and standard, respec-
tively; 4, and A4,,, are absorbances at the same excitation
wavelengths of sample and standard, respectively; n; and
nyr are refractive indexes of solvent used for sample and
standard, and ®,,,is quantum yield of standard. Fluorescence
quantum yield of Ac/was determined in ethanol as ®=0.067.
When compared to quantum yield of 9-amino acridine
(®f 0.98), the low quantum yield is due to the grafting
reaction of acridine with the silicon coupling agent which
may interfere with the extensive conjugation caused by alter-
native double bonds and enlarge the energy difference among
levels of electron transition [36].

Influence of pH on the Sensor Performance

The influence of pH on fluorescent property of Ac/ and
complex structure was studied in the range of 3.0-10.0
and the change in the emission intensity of Ac/ in
ethanol solution at different pH values was obtained
(Fig. 3). As seen from Fig. 3, the formation of complex
is relatively constant in the pH range of 4.0-7.0. At pH
values lower than 4.0, however, the percent recoveries
decreased, which is due to the competition of H' ions
with UO3" ions for reaction with the Acl Because pH
value of higher than 4.0 would suffice to convert the
more basic pyridino nitrogen into the corresponding
ammonium ions. Thus the “switch on” state of fluores-
cence takes place in the presence of proton because the
electron pair of the pyridino nitrogen is shared by
proton, which inhibits ICT from urea nitrogen to excited
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Fig. 3 The variation of fluorescence area of Ac/ (10 pM) in the absence
(a) and in the presence of uranyl ion over a pH range from 3.0 to 10.0 at
room temperature

acridine unit and induces the fluorescence increase [37].
It can be clearly seen in Fig. 3, at pH values higher than 7.0,
the percent recoveries also decreased because of electrostatic
interaction between OH™ ions and uranyl ions.

The plot of fluorescence intensity of Ac/ against pH displays
a sigmoid profile in Fig. 3. Analysis according to the following
equation gives acidic dissociation constant of Ac/ [38].

[#[ Foa o
/Fmax—/F

Where F.. and F,;, refer to the maximum and minimum
values of fluorescence emission during the variation of pH
values and pK, is the corresponding acidic dissociation con-
stant. The pK, value of Ac/ was determined by using the
integrated emission intensity for each pH values and has been
calculated as pK,=3.12+0.06.

The fluorescence spectrum of Ac/ alone exhibits emission
maxima at 430 nm and 453 nm in solution (Fig. 4). Upon
addition of uranyl ions to the solution, the emission intensity
of Acl at 430 nm decreases but intensity at 453 nm increases
and red-shifts to 460 nm, and at the same time, new emission
maximum at 485 nm appears. Fluorescence enhancement in
spectra of Acl for different concentrations of uranyl ions
indicates disruption of quenching path way because of com-
plex formation (Fig. 4, inset). Without uranyl ions, Ac/ has
low-fluorescent as there is no ICT from the tertiary amine
group in pyridino moiety to the ureido moiety. However, upon
coordination of uranyl ion with the urethane moiety and
tertiary amine, ICT becomes operative responsible for the
emission enhancement at 460 nm along with the appearance
of a red shift in fluorescence [39]. Same fluorescence en-
hancement in spectra of Ac/ was observed upon addition of
different concentrations of Hg>" ions (Data were shown in
interference part).

pK, = pH + log
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Fig. 4 Emission spectra of Ac/ (10 pM) upon addition of U3 ions in
ethanol-acetate buffer solution (9:1, v/v) at pH 4.5. Inset: Change in
emission intensity at 460 nm depending on concentrations of UO3 " ions.
Aex=365 nm
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Complex Stoichiometry and Association Constant

When Acl forms coordination complex with uranyl ion, the
following expression can be written;

ndcl + mUO3" =(4cl),(UOTT) (3)
The formation constant of the coordination complex, K is
given by:
ety (V03*),]

Where [Acl], [UO3" ] and [Acl, (UO3"),,] are equilibrium
concentrations. The direct relation between the observed fluo-
rescence intensity enhancement (F-Fp) and the using expres-
sion to that UO3 " concentration is given by: [40]

. (Fu=Fy)K[UOT]
F-Fy= (1+K[U0§+}2) (5)

Where Fy denotes the fluorescence intensity of Ac/ in the
absence of UO%Jr ions and F,, denotes the fluorescence intensity
when all of the Ac/ are essentially complexed with UO3 " ions.
Fis the observed fluorescence at each UO3 " ion concentration
tested. By typical double-reciprocal plots (method of Benesi—
Hilderbrand) obtained by fitting a quadruple-reciprocal plots
(1/F-Fy) versus (1/{UO3*1"™) as can be seen in Fig. 5.

1 I Lo ©
(F=Fo)  (F,~Fy)K[U02]""  (Fu~Fo)

By changing m value, m=1, 2, 3, 4 and keeping n constant
(n=2), when the plots of(1/F—Fy) versus 1/[UO3" 1™ are
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drawn, the linearity for m=3 shows the stoichiometry of the
complex is 3:2 and the association constant was calculated as
to be K=7.41x10° M ",

Interference of Foreign Metal Ions

The interference effect of diverse transition—metal ions on the
fluorescence emission of Ac/ was investigated upon addition
of increasing amounts of metal ions and the fluorescence
spectra were recorded in ethanol-acetate buffer solution at
pH 4.0. The fluorescence response of Ac/ to different metal
ions was displayed in Fig. 6. As seen from Fig. 6, fluorescence
emission of Acl quenched by adding Fe**, Cd*" Ni*", Cu*",
Ag", and Pb*". In general, some open-shell transition and
post-transition cations often quench the fluorescence of
fluorophores through the electron or energy transfer between
these metal cations and fluorophores, resulting in fluorescence
decrease [41], whereas, the fluorescence enhancement of Ac/
was observed when UO3" and Hg?" are added. The
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Fig. 6 The effect of metal ions on fluorescence spectrum of Ac/ in
ethanol-acetate buffer (9:1, v/v) at pH 4.5. [4c[]=1.0x10"> mol L™



J Fluoresc (2014) 24:727-733

a
Acl+U0?’
(%]
o
<
T T T T
300 350 400 450
Wavelenght (nm)
2]
e}
<

3(|)0 350 4(|)0 450
Wavelenght (nm)

Fig. 7 Change in UV-vis absorption spectra of Ac/ (20 pM) measured in
ethanol-acetate buffer upon addition of U0 ™ ions (a) and Hg*" ions (b)

fluorescence enhancement of Ac/ might be due to the inter-
ception of ICT process when binding to these cations [42].

UV-vis Study of Complexation

To explore the absorption properties of Acl as a sensing
material for the uranyl ion, in preliminary experiments among
various metal ions tested, it was found that the addition of
proper amounts of uranyl to the solution of Ac/ results in a
change in the UV-vis spectra and hypsochromic shift was
observed (Fig. 7a). Maximum of wavelength shifts to
350 nm from 360 nm and intensity of absorbance increases
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Fig. 8 Change in absorbance of Ac/ (20 uM) depending on uranyl and
mercury (II) ions concentrations
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Fig. 9 Fluorescence intensity of Ac/ (10 uM) in ethanol-acetate buffer
(9:1, v/v) solution at pH 4.5 (a) and in the presence of 50 pM U3 ions
(b) and upon addition of 50 mM sodium dithionite (c)

upon addition of uranyl ions and also new peaks with maxi-
mum at 420 and 445 nm appeared. This is due to the reduction
in 7t-electron conjugation in acridine ring causing to enlarge-
ment in energy level of electron transition when 4Ac/bound to
uranyl ion [43].

Although it was also observed a blue shift in major 7=—7*
electronic transitions of Ac/ in the presence of Hg*" but there
was no increase in optical density of Ac/at 350 nm (Fig. 7b).
Compared to ultraviolet absorption spectra of Ac/ upon
addition of uranyl ions with those of Hg®" ions, it is
clearly seen that there is a distinctive increase in the
presence of uranyl ion (Fig. 8).

The Reversibility of AcI/ UO,*" Interaction

Since the reversible chemosensor can monitor the dynamic
changes in analyte concentration in the environment, the
reversibility of the chemosensor is a very important aspect
for some biological applications. Sodium ditionite which has
strong affinity for uranyl ion was introduced into the solution
containing 10 uM of Ac/ and 50 uM of UO3" to demonstrate
the reversibility of complex formation [44]. As seen from
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Fig. 10 Time response curves of Acl upon the addition of U3 " ion (a)
and sodium dithionite (b) in ethanol-buffer solution (9:1, v/v) with pH of
4.5

@ Springer



732

J Fluoresc (2014) 24:727-733

7“ex

-
365nm O/ O / o~

/ o~ I'r' ""\ \SI\O\ SI50\

O\/

S'\O/
HN-,
é \’f/,/ll2 ||\£\;
O0=C JU# U
NH /‘o\\\\ “/’//
1 | N
O_C‘ + 3yt —
NH i A
X O
2 P l/ 0
N Nty 2himmm
V4
O/
Aem(max) Aem(max)
430nm 460nm
453nm 485nm

Fig. 11 The proposed binding model of Ac/ with uranyl ion

Fig. 9, fluorescence emission of Ac/ which was enhanced in
the presence of UO3" reduced and shifted to blue region
because of the decomposition of complex. The reason of
which fluorescence intensity was lower than that of initial
value was opacity of the solution because of colloidal complex
formation between uranyl ion and ditionite indicating the de-
complexation of Acl

The response time was obtained when Acl was first ex-
posed to uranyl ion concentration of 5.0x 10> mol/dm® and
then sodium dithionite concentration of 5.0x 1072 mol/dm’.
Maximum enhancement in fluorescence intensity of Ac/ was
observed almost in two minutes upon interaction with uranyl
ion (Fig. 10). As seen from Fig. 10, the complex formed was
decomposed almost in 4 min in the presence of dithionite.

Binding Mode of Acl with UO,*"

The fluorescence titration reveals that three of uranyl ions bind
to the two of AcImolecules (Fig. 11). The molecular model of
the complex Acl>,(UO3 "5 as depicted in Fig. 11 indicates that
urethane and the tertiary amine moieties of Ac/ can participate
in the binding with uranyl ions.

Conclusions

A fluorescent receptor, isocyanatopropyl trimethoxysilane
grafted 9-amino acridine for selectively sensing of uranyl ions
has been synthesized and characterized. The study presents
the appropriate selectivity for the determination of UO3" ion
based on fluorescence enhancement of Ac/ upon complex
formation with uranyl ion. Ac/ exhibits turn-on type fluores-
cence phenomena towards uranyl ion in pH-acidic solution.
Fluorescence emission intensity of Ac/ increased upon titra-
tion of uranyl ions and red shift of about 7 nm was observed.
In order to eliminate the interference effect of mercury (II) ion
on assay of uranyl ion, UV-vis titration was carried out. It was
observed that peak maximum of Ac/ in UV-vis spectrum
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shifted to shorter wavelength region and absorbance value
increased upon titration with uranyl ion. These behaviors of
Acl, i.e. functioning in a turn-on mode, displaying high selec-
tivity over mercury ion and other cations, and having a unique
reversible function, make Ac/ a promising candidate as a
fluorescent sensor for uranyl ion.
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