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A R T I C L E  I N F O   

Keywords: 
Chemosensor 
Colorimetric fluorescent dye 
Cu2+ ions 
Rhodamine derivate 
Turn-On 

A B S T R A C T   

A new Rhodamine-based “Turn On” fluorescent probe (E)- 3′,6′-bis(diethylamino)-2-((2,5-dimethox-
ybenzylidene)amino)spiro[isoindoline-1,9′-xanthen]-3-one (WGB) was synthesized. Results show that WGB is 
selective for Cu2+ cations, forming a WGB-Cu2+ complex in a 2:1 stoichiometry, confirmed through density 
functional theory (DFT) electronic structure calculations and reactive molecular dynamics (MD) simulations. 
Theoretical calculations agreed with the experimental data. The detection limit of WGB-Cu+2 complex is 6.76 ×
10-8 M. Preliminary studies employing epifluorescence microscopy demonstrate that Cu2+ can be imaged in 
neuroblastoma SH-SY5Y cells treated with WGB.   

1. Introduction 

New fluorescence probe for the detection of Cu2+ ions have been 
developed in the last decade [1–4] and a wide range of fluorophores 
such as coumarin [5], bis(difluoroboron)-1,2-bis[(1H-pyrrol-2-yl) 
methylene] hydrazine (BOPHY) [6], p-dimethylaminobenzamide [7], 
rodhamine [8], curcumin [9], pyridoxal-5-phosphate [10] among others 
have been used and exploited in diverse applications [11–13]. Most 
fluorescent probes reported in the literature give a fluorescence 
quenching due to paramagnetic characteristics of this metal [14–17], 
thus there are few reports where they describe new fluorescent probes 
with an increase in the fluorescent response. 

From the biological point of view copper is the third most abundant 
trace element in many living organisms including humans, serving as a 
catalytic co-factor for several metalloenzymes including bone formation 
[18], cellular respiration [19] and connective tissue development [20]. 
Studies have reported and demonstrated that this metal, when found in 
high concentrations exceeding normal may generate pathologies 

gastrointestinal disorders [21], dyslexia [22], and liver or kidney dam-
age [23], Menkes syndrome [24], hypoglycemia, Prion disease [25], 
Alzheimer’s disease [26], also a significant environment pollutant [27] 
and besides catalyzing the formation of reactive oxygen species (ROS) 
[28] that are capable of damaging biomolecules and involved in Par-
kinson’s disease. Usually, to detect and quantify this ion there are 
different methods such as atomic absorption spectrometry [29], plasma 
atomic emission spectrometry [30], mass spectrometry [31], voltam-
metry [32], kinetic analysis [33], among others [34–36]. However, 
these traditional methods require expensive equipment. Among the 
techniques that stand out for their high sensitivity and that do not 
require sophisticated equipment is fluorescence, which allows the 
development of new sensors as an alternative method for the selective 
determination of analytes. 

In this work, we present a novel colorimetric and fluorometric 
rhodamine derivative probe named WGB, which can selectively detect 
Cu2+ ions in aqueous solutions. In addition, WGB can be used in the 
environmental sciences to determine the presence of cupric ions in water 
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sources, due to its ability to discriminate qualitatively by colour change 
the presence of Cu2+ and in biological sciences as a fluorescent tool to 
determine the presence of Cu2+ in living cells. The theoretical compu-
tations were also done for the optimized geometric features of WGB- 
Cu2+ complex in a 2:1 and 1:1 stoichiometry. In addition, Reaxff reactive 
molecular dynamics simulations showed very stable 2:1 and 1:1 com-
plex structure Cu2+ coordinated with WGB throughout of simulation. 

2. Experimental 

2.1. Materials and instruments 

The reagents were purchased from Sigma-Aldrich and were used as 
received. Unless indicated otherwise, all solutions employed in this 
study were prepared in HEPES buffer (20 mM; pH 7.4). 1H- and 13C NMR 
spectra were recorded with a Bruker multidimensional 200 MHz spec-
trometer, using the solvent or the TMS signal as an internal standard. All 
chemical shifts are reported in the standard δ notation of parts per 
million. Absorption spectra were recorded at 25 ◦C using a Perkin Elmer 
model Lambda 11 spectrometer. Fluorescence spectra were obtained on 
an Edinburgh Instruments FLS900 fluorescence spectrometer. Data were 
recorded online and analyzed by Origin 8.0 software on a PC. All ab-
sorption and emission spectra were measured in a mixture of ACN: 
aqueous 20 mM HEPES buffer, pH 7.4, 1:1. The X-ray diffraction data 
were collected using a Bruker SMART platform CCD diffractometer with 
graphite-monochromatized Mo K〈 radiation. The emission spectra were 
recorded on an ISS PC1 fluorescence spectrometer. The fluorescence 
imaging was measured using a Zeiss Hal 100 epifluorescence inverted 
microscope. 

2.2. General synthetic conditions of (E)-3′,6′-bis(diethylamino)-2-((2,5- 
dimethoxybenzylidene)amino)spiro[isoindoline-1,9′-xanthen]-3-one 
(WGB) 

A modification of the procedure [37] for the synthesis of II was 
employed. II was synthesized by a one-step reaction of rhodamine B (I) 
with hydrazine hydrate in methanol (Scheme1). To a 0.4 g of rhodamine 
B (I) dissolved in 15 ml of methanol, an excessive hydrazine hydrate 
(0.5 ml) was added and then the reaction solution was refluxed till the 
pink colour disappeared. After that, the cooled reaction solution was 
poured into distilled water and extracted with ethyl acetate (6 × 25 ml). 
The combined extracts were dried with sodium sulphate anhydrous, 
filtered, and then evaporated. Followed to 20 ml anhydrous ethanol was 
added II (0.23 g, 0.5 mmol), an excessive 2,5-dimethoxybenzaldehide 
(0.6 mmol) was added and the mixture was vigorously at room tem-
perature for 24 h. The reaction progress was monitored by thin-layer 
chromatography. After completion of the reaction, the formed precipi-
tate was filtered, washed with cold methanol (3 X 10 ml) and then dried 
in a vacuum, affording 0.17 g product. Obtained the compound WGB. 
1H NMR (CDCl3): δ 9.0 (s, 1H, N = CH), 7.90 (d, 1H, ArH, J = 8.0 Hz), 
7.58 (m, 2H, ArH), 7.11 (d, 2H, ArH, J = 8.0 Hz), 7.06 (d, 1H, ArH, J =

2.0 Hz), 6.89 (s, 1H, ArH), 6.49 (m, 6H, ArH), 3.66 (s, 3H, − OCH3), 3.65 
(s, 3H, − OCH3), 3.30 (q, 8H, NCH2CH3), 1.07 (t, 12H, NCH2CH3). 13C 
NMR (CDCl3): δ 163.3, 153.0, 152.7, 152.5, 152.0, 148.2, 141.9, 133.5, 
128.9, 128.5, 127.4, 127.2, 123.6, 123.3, 122.7, 117.2, 113.4, 108.3, 
106.2, 96.8, 65.2, 55.9, 54.8, 43.4, 11.9. HRMS: [M + Na]+, 
C37H40N4NaO4, found: 627.5370; calcd.: 627,2947. 

2.3. Association constant (Benesi-Hildebrand Plot). 

Fluorescence intensity data for the WGB-Cu2+ complex was plotted 
according to the Benesi-Hildebrand equation [38,39]: 

1/(F − F0) = 1/{Ka* (Fmax − F0) * [Cu2 + ] } + 1/(Fmax − F0) (1) 

where Ka is the stability constant for 1:1 complex formation, F0 is the 
total fluorescence intensity of the sensor (with 540 nm excitation) in the 
absence of Cu2+, F is the observed total fluorescence intensity as a 
function of the Cu2+ concentration, and Fmax is the maximal total 
fluorescence intensity in the presence of Cu2+ in solution. 

2.4. Calculation of the fluorescence quantum yield. 

The fluorescence quantum yield was determined using quinine sul-
fate dissolved in 0.5 M H2SO4 (Φr = 0.546) as standard and was 
calculated using equation (2).[40]. 

Φs = Φr (ArFs/AsFr)(ηs2/ηr2) (2) 

where the subscripts s and r denote sample and reference, respec-
tively; A is absorbance at the excitation wavelength (very dilute solu-
tions), F is the integrated fluorescence intensity, and η is the refractive 
index of the medium. 

2.5. Calculation of detection limit (LOD) and quantification limit (QOD) 

LOD and QOD were determined using equation (3) and equation (4). 
[41]. 

LOD = (3S bl)/m (3)  

QOD = (10S bl)/m (4) 

Where Sbl is the standard deviation of the blank fluorescence mea-
surement and m is the slope of the calibration curve. To determine the 
standard deviation of the blank, 10 fluorescence measurements of a 200 
µM WGB solution were performed. 

2.6. Computational methods 

Quantum chemical calculation: The geometry optimization of the 
closed WGB, open WGB⋅Cu2+ and complex structure Cu2+ coordinated 
with WGB dimer was carried out with the density functional theory 
method by a hydrid functional B3LYP14 functional (Becke’s Three 
Parameter Hybrid Functional Using the LYP Correlation Functional) 

Scheme 1. Synthetic route to WGB. Reagents and conditions: a) hydrazine hydrate, MeOH, reflux; b) 2,4-dimethoxybenzaldehyde, r.t. 24 h.  
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with 6-31G(d,p) basis set. The quantum mechanics calculations were 
performed using the Gaussian 09 software [42]. 

Molecular Dynamics: The molecular dynamics (MD) simulations were 
performed using reactive force field [43] (ReaxFF). ReaxFF is a general 
bond-order-dependent force field method fitted to potentials derived 
from first principles DFT calculations, allowing chemical reactions to 
take place via the cleavage or formation of covalent chemical bonds 
during a MD run. The simulations were carried out using an explicit 
solvent with. Starting configurations were generated in cubic boxes with 
lateral dimensions of 26 Å. The systems were prepared by optimized 
closed WGB, open WGB⋅Cu2+ and complex structure Cu2+ coordinated 
with WGB dimer, and randomly placing water molecules in the simu-
lation box using a packing molecule in defined regions of space called 
Packmol [44]. The ReaxFF parameters used in our simulation were 
adopted [45,46]. The simulations was performed under constant parti-
cle number, constant volume, and constant temperature (NVT ensemble 
with Berendsen thermostat) conditions for 1 ns, where we maintained 
target temperatures of 300 K and 1 atm. A relatively short time inte-
gration interval of Δt = 0.1 fs was chosen in the velocity Verlet algo-
rithm. The simulations were performed using the LAMMPS platform 
[47,48]. 

2.7. Cell culture and fluorescence imaging. 

Human neuroblastoma SH-SY5Y cells (CRL-2266, American Type 
Culture Collection, Rockville, MD) were cultured in MEM-F12 medium 
supplemented with 10 % fetal bovine serum (FBS), non-essential amino 
acids, antibiotic–antimycotic mixture, and 20 mM HEPES buffer, pH 7.2. 
The medium was replaced every 2 days. Cells were washed and the basal 
fluorescence was measured. They were then treated with WGB (5 μM, 
20 min) and washed with FBS, after which their fluorescence was 
determined. The cells were then incubated with Cu-His (200 μM, 15 
min) and their fluorescence determined again. The fluorescence was 
measured using a microplate fluorescence reader and by epi-fluores-
cence microscopy at 63 × amplification [49]. 

3. Results and discussion 

The compound (E)-3′,6′-bis(diethylamino)-2-((2,5-dimethox-
ybenzylidene)amino)spiro[isoindoline-1,9′-xanthen]-3-one (WGB) was 
synthetized for modification of the procedure of Dujols et al.[37]. This 
compound was synthesized by a two-step reaction of rhodamine B (I) 
with hydrazine hydrate in methanol. The reaction solution was refluxed 
till the pink colour disappeared (II). An excessive 2,5-dimethoxybenzal-
dehide was added and the mixture was vigorously at room temperature 
for 24 h. The reaction progress was monitored and after completion of 

the reaction, the formed precipitate was filtered (Scheme 1), which was 
characterized by 1H NMR and 13C NMR spectroscopy (SI Fig. S1A and 
S1B), ESIMS (SI Fig. S1C) and crystallography data. 

The skeleton of the molecule is shown in Fig. 1 and a summary of 
crystallographic data for the compound is given in Table S1 (SI Figs. S2 
and S3). The xanthene and spirolactam in WGB rings are almost 
perpendicular to each other with a dihedral angle of 94.0◦. The 5- 
membered ring (N1/C4/C16/C20/C14) adopts an envelope conforma-
tion on N1 atoms as indicated by the Cremer and Pople puckering pa-
rameters: Q2 is 0.089(2) Å and φ is 355.3(15)◦. N1-N2 bond distance 
[1.376(2) Å] agrees well with the similar bonds in related compounds 
[50,51]. The torsion angle N1-N2-C13-C12, in WGB, is − 172.92(17)◦. 
All other relevant structural parameters (bond distances and angles) are 
as expected and in acceptable agreement with the described analogue 
[51–53] In the crystal packing of WGB, molecules are linked by 
C–H•••π and C–H•••O interactions (Fig. S3 and Table S2). The 
intermolecular interactions C–H•••π are above or below the plane of Cg 
centroids. The molecule contains an additional intramolecular C13- 
H13•••O2 contact (Fig. 1: bottom). 

4. UV–Visible and fluorescence titrations on metal ions 

In order to investigate the selectivity of WGB to different ions, 
UV–Visible and fluorescence spectroscopy studies were performed. Ab-
sorption spectrum of WGB shows four bands with maximums at 240, 
278, 316 and 360 nm (Fig. 2B). The fluorescence spectrum of WGB is 
shown in Fig. S4B which has three maximums at 391, 414 and 536 nm. 
Upon 330 nm excitation, the emission quantum yield (ϕ) of WGB was 
determined to be ϕ = 0.00971, using quinine sulphate as standard (SI 
Fig. S4A y S4B). To study the affinity of WGB to different ions, solutions 
of 20 μM WGB and 200 μM metal cations were prepared (Hg2+, Fe2+, 
Fe3+, Ca2+, Cd2+, Co2+, Cu2+, Zn2+, Mn2+, Mg2+ and Pb2+) in 20 mM 
HEPES buffer (pH 7.4). When Cu2+ ions were added, a colorimetric 
change was immediately observed (Fig. 2A), changes not observed with 
other study ions. Subsequently, the change in the UV–Visible spectrum 
of WGB in the presence of different ions was measured (Fig. 2B), 
showing the appearance of a new band with an absorption maximum 
located at 560 nm when incorporating Cu2+ ions (200 M) to a 20 M 
solution of WGB, confirming that there is a WGB-Cu2+ interaction type, 
while with the other cations there is no significant change in the 
UV–Visible spectrum of WGA, indicating its selectivity towards this 
cation. Since UV–Visible methods have low sensitivity, the change in 
fluorescence emission of WGB was studied. Fig. 2C shows that there is an 
approximately 7-fold increase in the emission intensity of WGB when 
Cu2+ cation is present in the solution. In contrast, the other cations do 
not show an enhancement in fluorescence emission, or it is of less 

Fig. 1. Mutually approximately perpendicular views of the structure of (WGB) showing the atom numbering scheme (top, bottom). Displacement ellipsoids are 
drawn at the 50% probability level. 
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intensity. These results indicate that the synthesized WGB molecule is 
selective for Cu2+ cation, forming a ́́Turn On‘‘ fluorescence metal ligand 
complex probe, this phenomenon is associated with the ring opening of 
the rhodamine spirolactam which in turn undergoes a charge transfer to 
one of the rhodamine ethylamino [54–56]. In addition, when perform-
ing interferent assays, it was determined that no changes were observed 
by the addition of other metals together with Cu2+ ions, which allows us 
to demonstrate and conclude that WGB is very selective for Cu+2 ions 
(Fig. 3). Additionally, reversibility was observed with EDTA, resulting in 
a decay in the 560 UV–vis band upon addition of an excess of this 
chelator and reestablished upon further addition of Cu2+ ions. 

5. Fluorescence titrations on Cu2þ cation and stoichiometry 

Fig. S5A shows the Cu2+ concentration-dependent emission fluo-
rescence spectra of WGB (20 μM). When excited at 540 nm, the emission 
fluorescence intensity at 580 nm increases until reaching a value of 15- 
fold when the concentration of Cu2+ increases from 0 to 200 μM. From 
this data a calibration curve was performed to determine the detection 
and quantification limit of Cu2+ through the formation of the fluorescent 
complex WGB-Cu2+. A linear relationship between Cu2+ concentration 
and total fluorescence intensity was performed. The linear fit gives the 
equation Y = 0.0073 * x  + 0.91. With these data, the limit of detection 
and quantification are calculated to be 6.76 × 10-8 M and 2.25 × 10-7 M 
respectively (SI Fig. S5B). These values are in the concentration. 

range of other similar probes [57] used for the determination of Cu2+

and show that WGB can be used for the determination of Cu2+ in 
environmental and biological samples. Table 1 shows a comparison 
between different copper sensors and the one synthesized in this work. 

On the other hand, a Benesi–Hildebrand [38] graph of the fluores-
cence was made from data in Fig. S5A (SI Fig. S6) which was non-linear, 
indicating that the stoichiometry of the Cu2+ complex formed is 

different from 1:1. Consistent with this, application of the Method of 
Continuous Variation resulted in a Job’s plot (SI Fig. S5C) with a 
maximum at a mole fraction of Cu2+ close to 0.33, indicating a preferred 
2:1 stoichiometry for the complex. To corroborate these results, the 

Fig. 2. A) colorimetric change of WGB in the presence of Cu2+ ion; B) UV–Visible C) Fluorescence spectra of WGB (20 µM) alone and in the presence of several 
different metal salts (Hg2+, Fe2+, Fe3+, Ca2+, Cd2+, Co2+, Cu2+, Zn2+, Mn2+, Mg2+ and Pb2+) in 20 mM HEPES buffer, pH 7.4. 

Fig. 3. Selectivity of the fluorescence enhancement for WGB (20 µM) alone and 
in the presence of several different metal salts (Hg2+, Fe2+, Fe3+, Ca2+, 
Cd2+, Co2+, Cu2+, Zn2+, Mn2+, Mg2 + and Pb2 + ) in 20 mM HEPES buffer, 
pH 7.4. Red bars indicate the fluorometric responses of WGB with 10 equiva-
lents of Fe+2, Fe+3, Ca+2, Co+2, Mg+2, Mn+2, Zn+2, Cd+2, Pb+2, and Hg+2 and 
blue bars represent the fluorescence response after the addition of the same ions 
and 10 equivalent of Cu+2. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Table 1 
Comparison of some colorimetric and fluorometric sensors for Cu2+ detection.  

Chemosensor Signal process Solvent media Detection 
limit 

Reference 

Fluorescence 
Turn-On  CH3CN:H2O 

(1:1; v/v)   4.7 X 10-9 M   [58] 

Fluorescence 
Turn-Off  CH3CN:HEPES 

(95:5; v/v)  
2.45 X 10-8 M  [59] 

Fluorescence 
Turn-On  CH3CN  3.3 X 10-6 M  [60] 

Fluorescence 
Turn-Off  H2O:DMF (9:1 v/v)  1.0 X 10-7 M  [61] 

Colorimetric   
CH3OH:HEPES 
(1:1; v/v)   

1.5 X 10-6 M   [62] 

Fluorescence Turn-Off, 
Colorimetric   DMSO:H2O (4:1; v/ 

v)   
8.0 X 10-5 M   [63] 

Fluorescence Turn-Off, 
Colorimetric  DMSO:H2O (7:3, v/ 

v)   
1.2 X 10-7 M  [64]   

(continued on next page) 
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logarithms of the formation constants of the WGB-Cu2+ complexes with 
stoichiometries 1:1 and 2:1 (log K1 and log K2) were calculated using 
the maximum probability software KEV [68,69] (adjusted R2 = 0.986). 
For the WGB-Cu2+ 1:1 log K1 complex it is equal to 4.00 while for the 
WGB-Cu 2:1 log K2 complex it is equal to 7.86. This indicates that the 
WGB-Cu2+ 2:1 complex is the one that forms mainly as indicated by the 
Jobs diagram. 

6. Computational analysis 

Reactive molecular dynamics using Reaxff simulations showed a 
very stable complex structure Cu2+ coordinated with WGB throughout 
the 1 ns of simulation, see Fig. 4. The average angle (∠ O1—N2—O2) of 
closed WGB and open complex WGB⋅Cu2+, is 105◦ and 111◦. These 
angles indicate that the WGB opens to capture and establish copper- 
centred coordination. In addition, the simulations showed very stable 
potential energy throughout the 1.0 ns of simulation. 

The evaluation of the DFT calculations showed a very stable complex 

structure Cu2+ coordinated with WGB (Fig. 4), indicating that coordi-
nation of copper and complexes of WGB have trans-bidentate no square- 
planar geometry. The average bond lengths between N1,2—Cu2+ and 
O1,2—Cu2+ are 2.290 Å and 1.846 Å. These distances indicate that 
copper binds to N and O. The Copper-centered coordination average 
angles for N1,2—Cu2+—O1,2, N1—Cu2+—N2 and O1—Cu2+—O2 are 
91.492◦, 27.840◦ and 172.681◦. The bond length (C4—N1) of closed 
WGB and open complex WGB-Cu2+, is 1.504 Å and 2.846 Å. 

These bond lengths indicate the WGB opens to capture and establish 
copper-centred coordination. Moreover, the stoichiometry of associa-
tion ligand–metal WGB-Cu2+ was determined based on Job’s method 
(SI. Fig. S5C). The results exhibited that the fluorescence went through a 
maximum when the molecular fraction was close to 0.32, which indi-
cated 2:1 stoichiometry. The electron distributions (Fig. 5a-l) of HOMO, 
LUMO and LUMO + 2 of open WGB-Cu2+ and complex structure Cu2+

coordinated with WGB dimer. The electronic distribution on LUMO + 2 
for the complex was extended to Cu2+, indicating the electron transfer 
from HOMO to LUMO + 2. 

Table 1 (continued ) 

Chemosensor Signal process Solvent media Detection 
limit 

Reference 

Fluorescence Turn-On, 
Colorimetric  EtOH:HEPES  

(1:1, v/v)   1.16 X 10-6 M   [65] 

Colorimetric   
CH3CN:H2O (7:3, v/ 
v)   

1.41 × 10-7 M   [66] 

Colorimetric  
CH3CN  3.7 × 10-7 M  [67] 

Fluorescence Turn-On, 
Colorimetric   

20 mM HEPES in 
water   

6.76 × 10-8 M   This work  
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7. In vitro test 

There are several reports in the literature on the development of 
fluorescent probes for copper, however, those showing a “Turn On” 
mechanism is scarce. WGB is a compound synthesised from rhodamine, 
this compound is characterised by the presence of diethylamino groups 
that show affinity for cell membranes and a spirolactam, this last char-
acteristic allows that when chelating WGB-Cu2+ the ring opens and a 
“Turn On” mechanism is observed. When performing the cellular assays 
to determine if there was any preference of this probe for any type of 
cellular structure, initially neuroblastoma cell lines (SH-SY5Y) were 
incubated and microscopic observation was performed, observing a null 
fluorescence. Subsequently, WGB was added in physiological conditions 
and incubated with SH-SY5Y cells (Fig. 6A), observing the same 
behaviour, then the cells were treated with the histidine-Cu+2 complex 
as a source of Cu2+. Fluorescence was monitored by epifluorescence 
microscopy. A significant increase in fluorescence was observed 
(Fig. 6B) after addition of histidine-Cu+2, showing a distribution in the 
cell body. 

8. Conclusions 

In this study we report the synthesis and structural characterisation 
of a rhodamine-derived compound called WGB, which was tested for 
selectivity and sensitivity to ions of biological interest and environ-
mental (Fe2+, Fe3+, Ca2+, Co2+, Cu2+, Mg2+, Mn2+, Zn2+, Cd2+, Pb2+, 
and Hg2+), showing that in the presence of Cu2+ ions colorimetric 
changes are observed and there is a substantial increase in fluorescence 
(Turn-on), probably associated with ring opening of the rhodamine 
spirolactam with charge transfer to one of the ethylamino of rhodamine. 
On the other hand, when interference tests were performed with the 
other ions under study, only slight changes were observed in the pres-
ence of Hg2+ and Pb2+ ions, showing a stable behaviour of the sensor. 
WGB shows a limit of detection and quantification estimated at 6.76 ×
10-8 M and 2.25 × 10-7 M respectively. Furthermore, it showed a 2:1 
ligand:metal association stoichiometry, which was confirmed through 
DFT and molecular dynamics calculations. Finally, WGB was evaluated 
as a molecular sensor in SH-SY5Y cells, and the fluorescence images 
obtained show that WGB has potential for biological application. 

Associated Content. 
(Word Style “TE_Supporting_Information”). Supporting 

Fig. 4. Angles (O1—N1—O2) of closed WGB (a) and open WGB⋅Cu2+ (b) as frequency distribution and (c) function of time.  
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