
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Dalton
 Transactions

www.rsc.org/dalton

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


A highly efficient binder for the selective recognition and determination of Hg(NO3)2 concentrations in 

kidney and liver tissues of a fish using fluorescence method is described. 
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3',6'-Bis(diethylamino)-2-(pyridin-2-ylmethyl)spiro[isoindoline-1,9'-xanthen]-3-one (L) was synthesized 

for the selective fluorescence and colorimetric recognition of Hg2+ at pH 6.0. In addition, L was useful for 

imaging Hg2+ in fish kidney and liver tissue using a fluorescence microscope. Spirolactam ring opening of 

L for Hg2+ recognition is strongly influenced by the nature of the mercury salt and found to be NO3
–-10 

induced. Other mercury salts such as HgCl2, Hg(CH3COO)2 and Hg(ClO4)2 failed to induce fluorescence 

and colorimetric response of L under the same experimental conditions. For instance, the former salt does 

not exhibit spirolactam ring opening but forms a new ionic compound (H3L)2[Hg6Cl18]∙2H2O (1), which 

structure has been elucidated by single crystal X-ray diffraction. This might be explained by 1) the higher 

covalent nature of Hg2+ and, hence, for the lower acidity of the metal center and its inability to induce the 15 

ring opening reaction, and 2) bulky anion, in the case of Hg(ClO4)2, which is also ionic, leading to steric 

hindrance to accommodate within the N(Et)2 group upon spirolactam ring opening. 

Introduction 

Mercury, a well-known toxic metal, causes strong damage to 

the central nervous system, various cognitive and motor 20 

disorders, and Minamata disease.1 United States 

Environmental Protection Agency (USEPA)2 recommends 

0.002 mg L–1 as a maximum mercury tolerance level in 

drinking water. 

Several techniques such as. spectrophotometry,3 atomic 25 

absorption spectrometry,4 inductively coupled plasma-atomic 

emission spectrometry5 and voltammetry6 are available for the 

determination of mercury traces. However, most of these 

techniques require sophisticated and costly instruments 

associated with complicated operational procedures. 30 

Fluorescence detection of Hg2+, being widely used in 

biological, toxicological and environmental studies, offers 

significant advantages over other methods, e.g. non-

destructive nature, high sensitivity, and instantaneous 

response.7 Recently, we have developed several sensors for 35 

cations,8 including some for Hg2+.9 

Fish seems to be the most important source of Hg2+ in a 

human body,10 and, thus, determination of Hg2+ in different 

organs of a fish is vital. Although plenty of Hg2+ selective 

fluorescence probes have been reported,11 their use for the 40 

trace level determination of Hg2+ in various fish organs is 

rare. For this purpose, we have studied Labeo rohita 

(Hamilton), a freshwater indian major carps, which is a rich 

source of protein for human beings having a high commercial 

demand on the market.12 45 

Visible light excitable fluorescence probe is highly 

demanding for biological studies as it minimizes the sample 

damage and native auto-fluorescence events, associated with 

ultraviolet excitation. Rhodamine derived probes have a long 

wavelength absorption and emission properties to provide a 50 

convenient platform for colorimetric “naked eye” and/or 

fluorescence recognition via spirolactam ring opening.13 

Recently, interaction of a quinoline containing rhodamine 

6G derivative with different Hg2+ salts such as HgCl2, HgI2, 

Hg(NO3)2 and Hg(ClO4)2 was reported.14 Among them only 55 

nitrate and perchlorate salts induce spirolactam ring opening 

and, hence, allow their colorimetric and flurescence 

recognition.14 The present probe was found to be a dual sensor 

that undergo fluorescence enhancement in presence of both 

Hg2+ and Cr3+. However, we have directed and confined our 60 

attention to 3',6'-bis(diethylamino)-2-(pyridin-2-

ylmethyl)spiro[isoindoline-1,9'-xanthen]-3-one (L)15 as a 

possible Hg2+ sensor and performed comprehensive studies on 

the influence of the nature of mercury salt for spirolactam ring 

opening in L. 65 

Results and discussion 

Although compound L was reported recently,15 we have 

applied new synthetic approach (Scheme 1), allowing to avoid 

using highly toxic phosphoryl chloride. 
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Scheme 1 

The UV/vis spectrum of L exhibits an absorbtion band 

centered at 545 nm, which is characteristic for the closed 

spirolactam ring (Fig. 1). In the presence of Hg(NO3)2, the 5 

band is red-shifted to 555 nm with the appearance of pink 

color (Fig. 1). HgCl2 and Hg(CH3COO)2 failed to change the 

color. Thus, L is useful for the naked eye detection of 

Hg(NO3)2 in the presence of different cations (Fig. 2). 
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Fig. 1 Changes of the UV/vis spectra of the L solution (10 μM, DMSO–
H2O (3:7, v/v), 0.1 M HEPES buffer, pH 6.0) with the externally added 
Hg(NO3)2 (1.0, 2.5, 7.5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 250, 500 
µM). The left inset shows the plot of absorbance of L (10 μM, DMSO–
H2O (3:7, v/v), 0.1 M HEPES buffer, pH 6.0) at 555 nm as a function of 15 

the externally added Hg(NO3)2 (1–500 μM). The right inset shows the 
naked eye color of L (10 μM, DMSO–H2O (3:7, v/v), 0.1 M HEPES 
buffer, pH 6.0) with the externally added Hg(NO3)2 (500 µM) (a), and 
free L (10 μM) (b). 

 20 

Fig. 2 Naked eye (top) and UV light irradiated (bottom) color of L (10 
μM, DMSO–H2O (3:7, v/v), 0.1 M HEPES buffer, pH 6.0) in the presence 
of different metal nitrates (500 µM): free L (1) Fe3+ (2), Hg2+ (3), Mn2+ 
(4), Mg2+ (5), Cd2+ (6), Cu2+ (7), Pb2+ (8), Co2+ (9), Ni2+ (10), Ag+ (11) 
and Zn2+ (12). 25 
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Fig. 3 Changes of the emission spectra of the L solution (1 μM, DMSO–
H2O (3:7, v/v), 0.1 M HEPES buffer, pH 6.0, λex = 540 nm) with the 
externally added Hg(NO3)2 (0.1, 0.25, 0.75, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 25, 
50, 100 µM). The inset shows UV light irradiated color of the free L (1 30 

μM) (a), and L (1 μM, DMSO–H2O (3:7, v/v), 0.1 M HEPES buffer, pH 
6.0) with the externally added Hg(NO3)2 (100 µM) (b). 

It was found that L exhibits very weak fluorescence at 575 

nm (Φ = 0.05). Gradual addition of Hg(NO3)2 leads to 

maximum of ~22 fold fluorescence enhancement (Φ = 0.25) 35 

(Fig. 3). The plot of the emission intensity vs. Hg(NO3)2 

concentration generates a sigmoidal graph with the linear 

region up to 10 µM of Hg(NO3)2 (Fig. 4), which is useful to 

determine the concentration of Hg(NO3)2. No significant 

changes of the fluorescence intensity of L have been observed 40 

in the presence of 100 equivalents of common cations (Fig. 5). 
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Fig. 4 Emission intensity of the L solution (1 μM, DMSO–H2O (3:7, v/v), 
0.1 M HEPES buffer, pH 6.0, λex = 540 nm) at 575 nm vs. externally 
added Hg(NO3)2. 45 

In the presence of Hg(NO3)2, emission intensity of L 

becomes maximum in the pH range of 5.0–9.0 (Fig. 6). It 

should be noted, that a higher mercury concentration was 

found in fish grown from lakes having pH 6.0–6.5 or less,16 

and hence, all experiments have been performed at pH 6.0. 50 
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Fig. 5 Emission spectra of the L solution (1 μM, DMSO–H2O (3:7, v/v), 
0.1 M HEPES buffer, pH 6.0, λex = 540 nm) with the externally added 
nitrate salts of Na+, K+, Mg2+, Ca2+, Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, 
Zn2+, Ag+, Cd2+ and Hg2+ (100 μM). 5 

Interestingly, only Hg(NO3)2 can enhance emission 

intensity of L, while other mercury salts such as HgCl2, 

Hg(CH3COO)2 and Hg(ClO4)2 failed (Fig. 7). The proposed 

interaction mechanism of L with Hg(NO3)2 at pH 6.0, leading 

to spirolactam ring opening of the rhodamine unit, with “turn-10 

on” fluorescence is shown in Fig. 8. 
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Fig. 6 Effect of pH on the emission intensities of the L solution (1 μM, 
DMSO–H2O (3:7, v/v), 0.1 M HEPES buffer, pH 6.0, λex = 540 nm, λem = 
575 nm) and with the externally added Hg(NO3)2 (100 μM). 15 

In the case of HgCl2, an ionic interaction between two 

triply protonated (H3L)3+ cations and an oligomeric 

[Hg6Cl18]
6– anion has been observed. Thus, the formation of 

(H3L)2[Hg6Cl18]∙2H2O (1) was found (Fig. 9, Table S1 in 

ESI†). Dimeric species of 1 in the crystal structure are tightly 20 

packed (Fig. 9) through the formation of intermolecular 

hydrogen bonds (Table S2 in ESI†). 
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Fig. 7 Emission spectra of the L solution (1 μM, DMSO–H2O (3:7, v/v), 
0.1 M HEPES buffer, pH 6.0, λex = 540 nm) with the externally added 25 

Hg2+ salts (100 μM). 

The spirolactam ring in 1 remains intact, and, hence, no 

fluorescence change is observed. Thus, HgCl2 does not 

interact with L but forms a new ionic compound. Similarly, in 

the case of Hg(CH3COO)2, Hg2+ failed to react with L. On the 30 

other hand, Hg(NO3)2, exhibiting a salt-like structure, can 

interact with L leading to spirolactam ring opening. The 

nitrogen atom of one of the N(Et)2 functions becomes 

positively charged and, subsequently, the NO3
– anion gets 

closer associated with the {N(Et)2}+ unit due to the dipole 35 

interaction. Interestingly, Hg(ClO4)2, although being ionic, 

cannot open the spirolactam ring of L. This might be due to a 

significantly larger size of ClO4
– being too bulky to 

accommodate within the {N(Et)2}+ group. In case of the 

rhodamine 6G derivative, the NH(Et) function provides less 40 

steric repulsion towards ClO4
– to neutralize the charge 

associated with {NH(Et)}+, resulting in spirolactam ring 

opening.14 

 

Fig. 8 The proposed sensing mechanism of Hg(NO3)2 by L. 45 

Another interesting fact is that two systems [L–Hg(NO3)2] 

and [L–HgCl2] are inter-convertable in the presence of HCl 

and HNO3, respectively. The latter system, obtained from a 

mixture of L and HgCl2 at pH 6.0 can also be prepared from 

the solution of L, Hg(NO3)2 and HCl at pH 6.0. 50 
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Job’s plot indicates a 1:1 stoichiometry of the [L–

Hg(NO3)2] system (Fig. 10). Binding constant of L with 

Hg(NO3)2 has been determined using the Benesi-Hildebrand 

equation (Fig. 11):17 1/∆F = 1/∆Fmax + (1/K[C]n) × (1/∆Fmax). 

Here ∆F = (Fx – F0) and ∆Fmax = Flim – F0, where F0, Fx, and 5 

Flim are the emission intensities of L in the absence of 

Hg(NO3)2, at an intermediate Hg(NO3)2 concentration, and at 

a concentration of the complete interaction, respectively. K is 

the binding constant, [C] is the concentration of Hg(NO3)2 and 

n is the number of Hg(NO3)2 bound each L (here n = 1). The 10 

value of K was found to be 6.68 × 107 M–1. L can detect as 

low as 10 nM Hg(NO3)2 (see Experimental Section). 

 

 

Fig. 9 Molecular structure (top; color code: C = grey, N = blue, Cl = 15 

green, Hg = light grey) and crystal packing (middle and bottom) of 1. H-
atoms and water molecules were omitted for clarity. 
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Fig. 10 Job’s plot for the determination of stoichiometry of the [L–
Hg(NO3)2] system (λex = 540 nm, λem = 575 nm). 20 

The fluorescence response of L towards Hg(NO3)2 in the 

presence of common cations and anions has also been studied 

(Fig. 12). No significant interference has been observed. 
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Fig. 11 Determination of the binding constant of the [L–Hg(NO3)2] 25 

system (λex = 540 nm, λem = 575 nm). 

The 1H NMR titration of L with both Hg(NO3)2 and HgCl2 

further supports the proposed mechanism. In case of 

Hg(NO3)2 (Fig. 13), the spirolactam ring of the rhodamine 

unit opens as the amide NH of the ligand at 7.34 ppm have 30 

gradually lowfield shifted to 7.46 ppm, indicating the binding 

of amide NH to Hg2+. Furthermore, remarkable lowfield shifts 

of the pyridine proton “e” (from 8.11 ppm to 8.42 ppm) and 

the CH2 proton (from 4.23 ppm to 4.60 ppm) further support 

this conclusion. However, addition of HgCl2 do not effect on 35 

the 1H NMR spectrum of L (Fig. 13). 
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Fig. 12 Interference of different ions [Na+ (1), K+ (2), Ca2+ (3), Mg2+ (4), 
Zn2+ (5), Cu2+ (6), Pb2+ (7), Co2+ (8), Ni2+ (9), Fe3+ (10), Ag+ (11), Cd2+ 
(12), Cr3+ (13), Al3+ (14), Mn2+ (15), Cl– (16), OAc– (17), citrate (18), 
lactate (19), HCO3

– (20), H2PO4
– (21)] on the determination of Hg(NO3)2 5 

by L (DMSO–H2O (3:7, v/v), 0.1 M HEPES buffer, pH 6.0, λex = 540 nm, 
λem = 575 nm). [L] = 1 μM, [Hg(NO3)2] = [foreign ion] = 100 μM. 
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Fig. 13 1H NMR titration of L by Hg(NO3)2 (top) and HgCl2 (bottom) in 10 

DMSO-d6. For the labelling of peaks see Scheme 1. 

It is also established that L is highly efficient for the 

recognition and imaging of Hg(NO3)2 in the contaminated 

kidney and liver tissues of Labeo rohita (fish) after 15 days 

exposure to Hg(NO3)2 (Fig. 14). The obtained results are in 15 

agreement with the previously reported data.18 

 

Fig. 14 Kidney (top row) and liver (bottom row) tissues of Labeo rohita 
after 15 days exposure to Hg(NO3)2 (a and d), and after staining with L 
under 100 (b and e) and 400 (c and f) magnification, respectively. 20 

In order to shed some light on the possible structure of L 

and its complex with Hg2+, we have performed static DFT 

calculations, based on the ADF program19 with DFT/BLYP-

D3/TZP as well as ab initio Car-Parrinello and Born-

Oppenheimer molecular dynamics simulations. The former 25 

dynamics simulations have been done by means of the CPMD 

program,20 whereas the latter ones are based on the CP2K 

package.20d,21 In addition, calculations based on the Gaussian 

09.D01 program22 have been performed. 

 30 

Fig. 15 The lowest energy structures of HL+ (top) and L (bottom) 
obtained from ADF/DFT/BLYP-D3/TZP. 
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At first point we have determined the lowest energy 

conformation of L (Fig. 15 bottom). Due to the acidic 

environment applied in the experiments, we have 

subsequently considered various models of the protonated 

form HL+ (Fig. 15 top, and Fig. S1 and Table S3 in ESI†). It 5 

should be noted that the spirolactam ring is already opened in 

HL+ as opposed to the neutral ligand L (Fig. 15). Further 

inspection of the geometry shows that the pyridine ring is 

oriented parallel to the aromatic plane of the rhodamine 

fragment and suggests a π–π stacking interaction. The non-10 

covalent interaction analysis,23 based on the reduced density 

gradient, supports this observation (Fig. S2 in ESI†). 

Furthermore, when the geometry optimization is performed 

without a dispersion correction, these two rings are not 

stacked anymore. In order to include the entropic factors and 15 

describe possible conformations of HL+ in more realistic 

conditions, we have also run ab initio Car-Parrinello 

molecular dynamics simulations by considering the 

temperature value 298.15 K. The results are in line with the 

static DFT calculations and demonstrate that most of the time 20 

the pyridine ring is interacting with the rhodamine plane 

through a π–π stacking interaction (animation HL.mpg in 

ESI†). 

 

Fig. 16 The lowest energy structure of [HL+–Hg2+] (left) and the NOCV-25 

based deformation density channels 1, 2, 3, depicted with the 
corresponding energies, Eorb(1), Eorb(2), Eorb(3), describing the 
specific bonding contributions (right). Red color of i shows the charge 
depletion, whereas blue color demonstrates the electron density 
accumulation due to the formation of bonds with Hg2+. 30 

The ground state structure of L (Fig. 16 left) as well as 

CPMD trajectory (animation HL.mpg in ESI†) suggest a 

possible conformational flexibility of the system arising from 

rotations around the CH2–N and/or CH2–C(Py) bonds. When 

Hg2+ is present in solution it is likely that it will be captured 35 

by both the rhodamine plane and the PhC(O)NHCH2Py 

fragment. It is indeed the case as it can be seen from the 

lowest energy conformation of the [HL+–Hg2+] complex 

obtained from the static DFT calculations (Fig. 16 left). The 

CP2K molecular dynamics simulations at 298.15 K further 40 

points the same lowest energy structure (animation HL-

Hg.mpg in ESI†). The ETS-NOCV bonding analysis 

demonstrates that Hg2+ is strongly bound to the nitrogen 

center of the pyridine ring as well as to the rhodamine plane 

as suggested by the contour 1 and the corresponding 45 

Eorb(1) = –185.0 kcal/mol (Fig. 16 right). The second, less 

important bonding contribution, characterized by the channel 

2 and the corresponding stabilization energy Eorb(2) = –

11.5 kcal/mol, stems from the interaction of Hg2+ with the 

oxygen center. Finally, one can also notice the agostic 50 

interaction 3, formed between the C–H bond and Hg2+ (Fig. 

16 right), which leads to weak stabilization energy Eorb(3) = 

–4.5 kcal/mol. The existence of the interaction between Hg2+ 

and pyridine ring and CH2 unit is consistent with the low-field 

signals of the protons observed in the 1H NMR spectrum (Fig. 55 

13). The structure of [HL+–Hg2+] suggests that the 

fluorescence enhancement can be due to the chelation 

enhancement process (CHEF). It should be noted that in 

Hg(NO3)3, the bond energy, describing the interaction 

between Hg2+ and NO3
– is the weakest compared to HgCl2 and 60 

Hg(OAC)2 (Table S4 in ESI†). This qualitatively explains the 

observed fluorescence enhancement in the former case. 

In order to obtain a qualitative picture of the absorption 

spectra, we have performed a TD-DFT/B3LYP/TZP study 

with inclusion of solvent effects at the COSMO level as 65 

implemented in the ADF program for both HL+ and [HL+–

Hg2+]. The dominant absorption band of HL+ (f = 0.75 a. u.) 

is observed at 550 nm (Fig. 17). It is in good agreement with 

the experimental value of 545 nm. Decomposition of this 

transition into the molecular orbitals shows that absorption is 70 

of the type π → π* and it engages predominantly the HOMO 

and LUMO molecular orbitals located at the rhodamine rings. 

A similar qualitative picture of absorption is observed for 

[HL+–Hg2+]: the maximum peak at 515 nm involves solely the 

HOMO → LUMO transition (Fig. S4 in ESI†). The most 75 

evident difference between the absorption spectra of HL+ and 

[HL+–Hg2+] appeared to be the oscillator strength, which is 

significantly higher in the latter case (f = 0.75 a. u. for HL+ 

and f = 1.18 a. u for [HL+–Hg2+]. This is fully consistent with 

the experimental observations (Fig. 1). 80 

 

Fig. 17 The simulated TD-DFT/B3LYP/TZP spectrum of HL+ in water 
(top) together with the contours of molecular orbitals (0.03 a. u.) involved 
in the dominant HOMO → LUMO transition (bottom). 
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We have finally calculated the S1 excited state of HL+ 

based on the Gaussian 09.D01 program.22 It is found that the 

energy difference between the S1 state and the ground state S0 

is 522 nm which slightly differs from the experimental weak 

emission band found at 575 nm (Fig. S4 in ESI†). Lack of 5 

quantitative agreement with experiments can be related to 

various factors including omission of solvent effects as well 

as to consideration of the simplified model of L. 

Conclusions 

In summary, a new approach for the synthesis of 3',6'-10 

bis(diethylamino)-2-(pyridin-2-ylmethyl)spiro[isoindoline-

1,9'-xanthen]-3-one (L) has been reported. Fluorescence 

properties of L in the presence of different mercury salts have 

been investigated. It is established that only Hg(NO3)2 can 

open the spirolactam ring of L with significant fluorescence 15 

enhancement. Moreover, L is highly efficient for the 

recognition and determination of Hg(NO3)2 concentrations in 

the kidney and liver tissues of a fish using fluorescence 

techniques. The extensive static DFT and ab initio molecular 

dynamics simulations are applied to characterize possible 20 

structures of L, HL+ and [HL+–Hg2+] as well as their 

spectroscopic properties. 

Experimental 

Materials 

Rhodamine B and 2-picolylamine have been purchased from 25 

Sigma Aldrich (India). Spectroscopic grade solvents have 

been used. Either Na+ or K+ salts of anions, and NO3
– or Cl– 

salts of cations were used. Other chemicals are of analytical 

reagent grade and used without further purification. Mili-Q 

18.2 MΩ cm–1 water has been used throughout all the 30 

experiments.  

Physical measurements 

FTIR spectra were recorded on a Perkin-Elmer FTIR-RX1 

spectrometer. 1H NMR spectra in DMSO-d6 were recorded 

with a Bruker Avance 300 MHz using tetramethylsilane as an 35 

internal standard. Absorption spectra were recorded with a 

Shimadzu UV-2450 spectrophotometer. Steady-state 

fluorescence spectra were recorded with a Hitachi F-4500 

spectrofluorimeter. Electrospray ionization mass spectra were 

recorded on a QTOF Micro YA 263 mass spectrometer. The 40 

measurement of pH was carried out on a Systronics digital pH 

meter (model 335, India). Elemental analyses were performed 

on a Perkin Elmer CHN analyzer. 

Imaging system 

The imaging system was composed of an inverted 45 

fluorescence microscope Leica DM 1000 LED, digital 

compact camera Leica DFC 420C, and an image processor 

Leica Application Suite v3.3.0. The microscope was equipped 

with a 50 W mercury arc lamp. 

UV-vis and fluorescence titration 50 

For UV-vis and fluorescence titrations a stock solution of L 

(10 µM) was prepared in DMSO:H2O (v/v 4:1, pH 7.4). 

Working solutions of L and Hg(NO3)2 were prepared from 

their respective stock solutions. Fluorescence measurements 

were performed using a 2.5 nm × 2.5 nm slit width. All 55 

absorbtion and fluorescence spectra were recorded after 15 

min of mixing of L with Hg(NO3)2. 

Quantum yield measurements 

The fluorescence quantum yields were determined using 

Rhodamine B as a reference with a known ref value of 0.65 in 60 

basic EtOH.24 The area of the emission spectrum was 

integrated using the software available in the instrument and 

the quantum yield was calculated according to the following 

equation:25 

 65 

sample = ref×[Asample/Aref]×[ODref/ODsample]×[(sample)
2/(ref)

2], 

 

where sample and ref were the fluorescence quantum yield of 

the sample and reference, respectively; Asample and Aref were 

the area under the fluorescence spectra of the sample and the 70 

reference, respectively; ODsample and ODref were the 

corresponding optical densities of the sample and the 

reference solution at the wavelength of excitation; sample and 

ref were the refractive index of the sample and reference, 

respectively. 75 

Detection limit 

Fluorescence titration of L with Hg(NO3)2 was carried out by 

adding aliquots of the μM concentration of Hg(NO3)2 to L. 

The detection limit was obtained as the concentration, at 

which a sharp change in the emission intensity occurred, 80 

multiplied by the concentration of L:26 DL = CL × CT, where 

CL was the concentration of L, CT was the concentration of 

Hg(NO3)2 at which fluorescence enhanced. Thus, DL = 1 µM 

× 0.01 µM = 0.01 µM = 10 nM. 

Hg(NO3)2 exposure to fish 85 

Ten laboratory acclimatized fish were exposed to Hg(NO3)2 

(0.132 mg L–1, 1/5 of the LC50 value) for 15 days in the 50 L 

capacity aquarium at pH 6.0. They were kept aerated 24 h and 

fed with commercial feeds. Water was replaced every two 

days. 90 

Tissue collection and processing 

Hg(NO3)2 exposed fish were sacrificed to collect their kidney 

and liver tissues, washed in distilled water, fixed in 4% 

paraformaldehyde for 48 h, dehydrated through graded 

ethanol series, cleared in xylene and infiltered with the 95 

paraffin wax (56–58 °C) to obtain paraffin embedded tissue 

blocks. Tissues were sectioned serially having thickness of 8 

µm, and spread over glass slides. 

Staining with L 

Slides were deparaffinized in xylene, hydrated through graded 100 
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series of ethanol, equilibrated with 2% DMSO, incubated with 

L (in 2% DMSO) for 2 min, washed several times with 2% 

DMSO and observed under the fluorescence microscope. 

Fish assays 

Omni trace ultra grade nitric acid (EM Science) was used for 5 

digestion experiments. All glassware were rinsed with dilute 

nitric acid and milipore water before utilization. Microwave 

digestions were carried out using a CEM Discover Labmate 

microwave synthesizer. Samples of fish tissue (100–200 mg) 

were dissected from frozen whole specimens after scale 10 

removal and digested in nitric acid (200–500 μL) at 180 °C 

upon 300W microwave irradiation for 5–10 min. The resulting 

solutions were neutralized with 10 N NaOH and HEPES 

buffer. An appropriate concentration of L (in HEPES buffer, 

pH 6.0) was used to measure the Hg(NO3)2 concentration in 15 

samples. 

Density Functional Theory (DFT) based calculations 

We applied in the ADF/DFT ground state optimizations, the 

BLYP-D3/TZP protocol. For the TD-DFT excited state 

optimization (S1) of HL+ the B3LYP, as implemented in the 20 

Gaussian 09 package, was applied. Similarly, the absorption 

spectra from ADF were generated based on B3LYP/TZP. 

Deformation density contributions of the ETS-NOCV method 

were plotted based on the ADF-GUI interface.27 

Dynamics simulations 25 

Born-Oppenheimer Molecular Dynamics simulations were 

performed using the CP2K 2.5 package (Pade functional with 

Grimme's dispersion correction and DZVP basis sets). 

Calculations were conducted in NVT ensemble at 298 K with 

0.5 fs timestep; over 20 ps of trajectory was collected. 30 

Molecular dynamics simulations at Car-Parrinello level were 

done by means of the CPMD software package, using a plane 

wave basis set with cutoff energy of 100 Ry within a cubic 

cell of 16 Å in length. We used the time step length of 4.134 

atu (0.1 fs) and the inertia parameter for wavefunction 35 

dynamics (fictitious electron mass) is 500 amu. The length of 

simulation was ~ 20 ps. The temperature of 298 K was 

controlled via the Nosé-Hoover chain thermostat. Valence 

electrons were treated explicitly within the DFT formalism 

employing the PBE exchange-correlation functional Grimme's 40 

dispersion correction, whereas for the inner electrons 

description, the Goedecker type pseudopotentials were used.  

VMD software package was used for the preparation of each 

animation.20d 

ETS-NOCV bonding analysis28 45 

Historically, the Natural Orbitals for Chemical Valence 

(NOCV) was derived from the Nalewajski-Mrozek valence 

theory as eigenvectors that diagonalizes the deformation 

density matrix. It was shown that the natural orbitals for 

chemical valence pairs (ψ–k,ψk) decompose the differential 50 

density Δρ into NOCV-contributions (Δρk): 



(r)  vk[k

2 (r)k

2

k1

M /2

 (r)] k (r)
k1

M /2


, 

where k and M stand for the NOCV eigenvalues and the 

number of basis functions, respectively. Visual inspection of 

the deformation density plots (k) helps to attribute 55 

symmetry and the direction of the charge flow. In addition, 

these pictures are enriched by providing the energetic 

estimations, Eorb(k), for each k within ETS-NOCV 

scheme. The exact formula, which links the ETS and NOCV 

methods, are given below after we briefly present the basic 60 

concept of ETS scheme. In this method the total bonding 

energy Etotal between interacting fragments, exhibiting the 

geometry as in the combined complex, is divided into the 

three components: Etotal = Eelstat + EPauli + Eorb. The first 

term, Eelstat, corresponds to the classical electrostatic 65 

interaction between the promoted fragments as they are 

brought to their positions in the final complex. The second 

term, EPauli, accounts for the repulsive Pauli interaction 

between occupied orbitals on the two fragments in the 

combined molecule. Finally, the last stabilizing term, Eorb 70 

represents the interactions between the occupied molecular 

orbitals of one fragment with the unoccupied molecular 

orbitals of the other fragment as well as mixing of occupied 

and virtual orbitals within the same fragment (inner-fragment 

polarization). This energy term may be linked to the electronic 75 

bonding effect coming from the formation of a chemical bond. 

In the combined ETS-NOCV scheme the orbital interaction 

term (ΔEorb) is expressed in terms of NOCV’s eigenvalues (vk) 

as: 

][)( ,

2/

1

,
TS

kk

M

k

TS
kkk

k

orborb FFvkEE  




 80 

where 
TS
iiF ,  are diagonal Kohn-Sham matrix elements defined 

over NOCV with respect to the transition state (TS) density 

(at the midpoint between density of the molecule and the sum 

of fragment densities). The above components Eorb(k) 

provide the energetic estimation of k that may be related to 85 

the importance of a particular electron flow channel for the 

bonding between the considered molecular fragments. ETS-

NOCV analysis was done based on the Amsterdam Density 

Functional (ADF)19 package in which this scheme was 

implemented. 90 

Synthesis of L 

A solution of 2-picolylamine (0.865 g, 8 mmol) was added to 

a solution of rhodamine B (0.958 g, 2 mmol) in EtOH (20 

mL). The mixture was refluxed for 48 h. Then the solvent was 

removed in vacuum and the crude product was purified by 95 

column chromatography with n-hexane:EtOAc (82:18, v/v). 

Yield: 0.586 g (55%). QTOF-MS ES+, m/z (I, %): [L + H]+ 

533.09. Anal. Calc. for C34H36N4O2 (532.69): C 76.66, H 6.81, 

N 10.52. Found: С 78.51, Н 6.76, N 10.62%. 

Synthesis of [Hg3Cl9(H3L)]∙2H2O (1) 100 

A solution of HgCl2 (0.049 g, 0.18 mmol; pH 6.0 maintained 

using HCl) in MeOH was added drop wise to a solution of L 

(0.100 g, 0.19 mmol; pH 6.0 maintained using HCl). The 

reaction mixture was stirred for 1 h at room temperature and 
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the resulting solution was kept for 3 days at room temperature 

while X-ray suitable colourlees crystals of 1 appeared. 

X-Ray crystallography 

The X-ray data of 1 were collected at 150(2) K on a Mar345 

image plate detector using Mo-Kα radiation (rotation anode, 5 

multilayer mirror). The data were integrated with the 

CrysAlisPro software.29 The implemented empirical 

absorption correction was applied. The structures were solved 

by direct methods using the SHELXS-97 program30 and 

refined by full-matrix least squares on |F2| using SHELXL-10 

97.30 Non-hydrogen atoms were anisotropically refined and 

the hydrogen atoms were placed on calculated positions in 

riding mode with temperature factors fixed at 1.2 times Ueq of 

the parent atoms. Figures were generated using the program 

Mercury.31 C34H39N4O2, 0.5(Cl18Hg6), 2(H2O); Mr = 1492.54 g 15 

mol−1, triclinic, space group P–1, a = 10.4157(7), b = 

11.8752(10), c = 19.1618(12), α = 102.897(6), β = 96.838(5), 

γ = 97.923(6)°, V = 2260.5(3) Å3, Z = 2, ρ = 2.193 g cm−3, 

μ(Mo-Kα) = 10.734 mm−1, reflections: 22134 collected, 8405 

unique, Rint = 0.050, R1(all) = 0.0481, wR2(all) = 0.1039. 20 

CCDC 891880 contains the supplementary crystallographic 

data. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the 

Cambridge Crystallographic Data Centre, 12 Union Road, 

Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-25 

mail: deposit@ccdc.cam.ac.uk. 
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